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Abstract

The linear Schrédinger equation with piecewise constant potential in one spatial dimension is
a well-studied textbook problem. It is one of only a few solvable models in quantum mechanics
and shares many qualitative features with physically important models. In examples such as
“particle in a box” and tunneling, attention is restricted to the time-independent Schrodinger
equation. This paper combines the Unified Transform Method and recent insights for interface
problems to present fully explicit solutions for the time-dependent problem.

1 Introduction

The N-particle time-dependent (linear) Schrédinger equation is given by

N 9
m‘?f = (— P i, ,xN,t)> . (1)
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Here h is the reduced Planck constant, z; denotes the 3-dimensional coordinate vector of the
4 particle with mass mj, p; denotes the momentum operator ihV,, for the 4 particle, and
V(x1,...,xN,t) is the N-particle potential. One can argue that is the most important partial
differential equation (PDE) in all of mathematical physics. Standard textbooks such as [12] [19] [24]
rightfully emphasize the solution of in simplified settings, so as to build up the intuition using
exact solutions and their properties. Favorite textbook scenarios consider the one-particle case
N =1 in one (1) spatial dimension with time-independent potential V'(z). The linear Schrédinger
(LS) equation reduces to

oY h?
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where m is the particle mass. Since V(x) is time independent, separation of variables ¢ (z,t) =
o(x)T(t) leads to

2
T(t) = Toe "BU/R - — ;Lmdf' +V(z)p = Ep, (3)



where the energy F is a (real) separation constant. The second equation above is the one-
dimensional one-particle time-independent Schrédinger equation. Even at this point, the problem
is solvable in closed form in only a few cases, such as the free particle (V' = 0) and the harmonic
oscillator (V' = kx2/2, k constant) [12] 19, 24].

The study of Schrodinger equations with piecewise constant potentials is important for a number
of reasons. First, to some extent (see below), analytical solutions are available, allowing the devel-
opment of more physical intuition using scenarios such as the particle in a box, and the piecewise
constant potential barrier [24]. Piecewise constant potentials also provide the simplest example
of a periodic potential, using the Kronig-Penney model [24]. Second, multiple-scale perturbation
theory [5] (177, (18] shows that the approximation of a complicated z-dependent potential using a few
constant levels results in accurate leading-order behavior, provided the levels are adequately cho-
sen. This is also evident from the Rayleigh-Ritz characterization of the eigenvalues of [19, 24],
which depends only on weighted averages of the potential. As such, the understanding of with
piecewise constant potential is of central importance to the study of quantum mechanics. From
a physical point of view, the qualitative features of a potential can often be approximated well
using a potential which is pieced together from a number of constant parts [16] 24]. For instance,
although the forces acting between a proton and a neutron are not accurately known on theoretical
grounds, it is known that they are short-range forces, i.e., they extend a short distance, then drop
to zero quickly. These forces are well modeled using a piecewise constant potential [24].

Nonetheless, the solutions that are found in the piecewise constant setting are often restricted
to single-mode solutions of , explaining the phenomena of tunneling and trapping [12, 19, 24].
Solutions of the initial-value problem (IVP) for are not readily available. The presence of
both discrete and continuous spectrum exacerbates the use of straightforward linear superposition.
Extensive discussions of this are found in [21), 22], but even there the required superposition result
is not immediately found. The goal of this paper is to solve the IVP for using the Unified
Transform Method (UTM) due to Fokas and collaborators [9], 14} [15], combined with more recent
ideas generalizing the UTM to allow for the explicit solution of interface problems [4, [7], [, 28], [30),
29, B31]. In what follows we present ezplicit, closed-form solutions of the IVP for with square
integrable initial data. The solution formulae produced are eminently suitable for asymptotic
evaluation, and, if so desired, the location of the discrete and continuous spectrum for the problem
may easily be deduced from the solutions presented. It should be noted that the knowledge of these
spectra is not required for the construction and evaluation of the solution formulae.

Recently, the UTM has been used to construct explicit closed-form solutions of classical inter-
face problems [4] [7, [8, 28], 29, 31]. These are initial-boundary value problems for partial differential
equations (PDEs) for which the solution of an equation in one domain prescribes boundary con-
ditions for the equation in adjacent domains. The standard approach using classical methods to
approach such problems is to solve the PDE in each domain, pretending that the boundary values
at the domain edges are given. Once solutions in each domain are constructed, the conditions at the
interface (e.g. continuity of the solution and/or some of its derivatives, etc.) are imposed, resulting
in nonlocal equations to be solved for the unknown boundary values at the interfaces. For generic
initial conditions, these nonlocal equations are often only solvable numerically. By incorporating
the conditions at the interface at an earlier stage, many interface problems can be solved in closed
forms [4), 7, 8 28], [29] 31].

The first problem tackled was that of heat-flow in composite walls or rods [7], or equivalently,
diffusion in piecewise homogeneous media [4, 23]. This was followed by the investigation of an



interface problem for the linear free Schrédinger equation [29], where we worked with wave functions
that are continuous across the interface, but their derivative may experience a jump. We apply the
same techniques to the IVP consisting of (2)) with ¢ (x,0) = () € L2(R). We regard this problem
as an interface problem with interfaces located at the discontinuities of the potential V(z). The
wave function 1 (z,t) and its derivative ¢, (z,t) are assumed to be continuous across the interfaces.
The first condition is a requirement following from the probabilistic interpretation of the wave
function, while the second condition follows from integrating the equation across an interface and
allowing the length of the integration interval to limit to zero [24]. For simplicity, the independent
variables occurring in are rescaled so that, in effect, we may equate m = 1, A = 1. Thus in
what follows, we consider

where V(z) is a piecewise constant potential. The case where V' (z) is a delta function (point
singular potential) is covered in [27]. We begin our discussions with the case of a single potential
jump in Section [2] where many of the steps of the general method are illustrated in a simple
setting. This is followed by the general case of n jumps in Section |3} Finally, we apply the results
of Section [3] to the important case of a potential well or barrier in Section [

In Section [5] we construct a map from the initial conditions to the values of the function and
its first spatial derivative evaluated at the n interfaces. The existence of this map allows one to
change the problem at hand from an interface problem to a boundary-value problem (BVP) which
allows for an alternative to the approach of finding a closed-form solution to the interface problem.
This was explored previously by the authors for the heat equation in [30].

2 A step potential

We wish to solve the classical IVP

W = =Yg + O‘(w)d}v —00 < x < 9, (5&)
P(z,0) = (), —00 <z < 00, (5b)

where

. o1, x <0,
o(z) = { az, x>0, (6)
and limg_, 10 ¥(z,t) = 0. We treat this as an interface problem solved by
B w(l)(x,t), x <0,
1/1(337t) - { ¢(2)($,t), > 07 (7)

where 1) (z,t) and ) (z,t) solve

i = — ) 4 ap®), x <0, (8a)
i = — @ 1 4y, x>0, (8b)
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Figure 1: The potential a(z) in the case of one step.

with initial conditions

D (z,0) =V (2), x <0, (92)
O (,0) =45 (@), x>0, (9b)

»M(0,1) =0?(0,1), t>0, (10a)
YN0, 1) =P (0, 1), t>0, (10b)

as in Figure
We follow the standard steps in the application of the UTM and begin with the local relations [9):

(e—ikz—&-wlt,(?b(l))t :(e_ikx—i_wlt(i’l/)g) _ k‘d)(l)))z, x <0, (lla)
(e—ikx—&-wgtw(Z))t :(e‘ikz+w2t(i¢§2) _ W,(?)))m x>0, (11b)

where w;(k) = i(a; + k%) for j = 1,2. Note that, as is common in the UTM, the w; differ from
the standard convention for dispersion relations by a factor of ¢. Thus for dispersive problems w;
is purely imaginary. Integrating over the strips (—o0,0) x (0,¢) and (0, 00) x (0, t) respectively (see
Figure , and applying Green’s Theorem [I], we have the global relations

0 0 t
/ emtheterty (D (g 1) dg = / e~*eyiD (x) dz + / 13 (10, 5) — ky™M(0,5))ds,  (12a)

0

/ " emhaaty @ (z, 1) do = / ey (@) da / e (12(0,5) — kg0, 5)) ds. (12b)
0 0

0

Let Ct ={2€ C:Im(z) >0}, C~ ={z € C:Im(z) < 0}. We define the following:



Figure 2: Regions for the application of Green’s formula in the case of two semi-infinite domains.

0
PV (k) = / ek (g, 1) da, z <0, t >0, Im(k) > 0,
(1 0700 1
Pu= [ e e v <0, Im(k) > 0,
—00
VP (k,t) = / e k) (2, 1) du, x>0, t>0, Im(k) <0,
0
12 (k) = / koD () da, r>0, Tm(k) < 0,
0
t t
go(w,t) = / ewsw(l)(O, s)ds = / ewsw(z)(o, s)ds, t>0,weC,
0 0
t t
g1(w,t) = / ewsngﬁ,l)(o, s)ds = / ewswg(f)(o, s)ds, t>0, weC,
0 0

where in the last two definitions we have used the continuity conditions . With these definitions
the global relations become

1t (k, 1) =081 (k) + igi(wi, t) — kgo(wr, 1), ke Ct, (13a)
2@ (k, 1) =08 (k) — igi(wa, t) + kgo(wa, ), keC . (13b)
We wish to transform the global relations so that go(-,t) and g¢1(-,t) depend on a common
argument, —ik? as was first done in [4, 23]. To this end, let
VO (k) = ik(1 + a; /K*) Y2,

In this manuscript we define z/2 as follows. Given z € C, let z = re® where § = 0, + 2mn for
n € Z and —m < 0, < m. Then, 212 = \fret»/2einT . Thus, for a given value of z, 21/2 takes two
possible values correspondlng to even or odd n. These two values are denoted v/z = 1/re??/2 and
—/zZ = —\/re!®/2. Thus, we have



V) (k) = iky /1 + % VD (k) = —U)(k),

which make up a two-sheeted expression with branch points at +i,/a; leading to branch cuts in the
complex k plane along [—i/a7,i\/a1] and [—i\/ag, i /az]. These cuts are straight-line segments
between the endpoints on the real or imaginary axis, depending on the signs of a; and aq. Using

the transformations k — vU)(£k), with j = 1 in (T3a) and j = 2 in (I3D]), we have the transformed
global relations

GO (VO k), 1) =i (VO (k) + igr (—ik?, 1) = v (k) go(—ik?, 1),

& (v

=i (VO (k) + gy (=i, 1) - V(l)(—k)go(—ikQat),
& (v
& (2

where Re(k) > 0 in and ( and Re(k) < 0 in (14b) and (14c]).

To determine the regions of vahdlty of (T4), let /1+a/k2 = \/re/? = \/r(cos(6,/2) +
isin(6,/2)) where —m < 6, < 7 as in the definition of the square root above and
—2a Re(k) Im(k)

0 ) = Re()? + Tm(1)2)? + a(Re(k)? — Tm(k)?)’

Re(k)(1 + cos(6,))
Re(k)(1 + cos(8p)) — Im(k) sin(Gp)>
Re(k)(1 4+ cos(6p))
2(Re(k)? + Im(k)?)
Re(k)2 4+ Im(k)? — a + /(Re(k)2 + ITm(k)?)2 + 4o Re(k)2> '

)

(e

(1 pmibrsnty )
(

(

Since —m < 0, < 7 by definition, cos(#,/2) > 0. Now, the final three terms in the above expres-
sion are all positive. Hence sgn(Re(—iv\9)(k))) = sgn(Re(k)). The same calculation for —k gives
sgn(Re(—ivW) (—k))) = —sgn(Re(k)). In summary,

sgn(Re(—iv)(+k))) = £sgn(Re(k)).
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Figure 3: The regions Dg), j=1,2,34.

Inverting the Fourier transform in ((13)) we have the solution formulae

1 [, ~ 1 [ .
) = [ eGPy de o [ et g o)  hgo(er, ) dk, (152)

27 J_ o

WO t) = [Py k- o [ g o, ) kg ) dk, - (15D)

27 J_

for x < 0 and x > 0 respectively. Examining the second integrals in the formulae above we see it
is possible to deform farther into the complex plane as follows:

1 [ . . 1 .
YW (x,t) =5 /OO elkw*wltwél)(ls) dk — Py o eke=wt (g, (wi,t) — kgo(wy,t)) dk,  (16a)
(2) 1 * ikz—wat 7(2) 1 ikx—wat [
W@ (2 1) :2/ ehrorty Dy b — = [ ket (g (g 1) — kgo(ws, ) dk,  (16b)
T J 0o 2 aDg)
where '
DY = (ke DY : |k > R}, (17)

with D) the j*™ quadrant of the complex plane. The regions Dg) for j = 1,2,3,4 are as shown
in Figure |3| where A = max;{|oy|} and R > V2A is a sufficiently large constant. The reason for

integrating around Dg) rather than DU in is to avoid singularities in what follows.

(1)
R

Next we let & = vU)(k) when integrating around D}’ and k = vU)(—k) when integrating

around Dg) so that go(+,t) and ¢1(-,t) have a common argument and all integrals with unknown

terms are integrated around D%). That is, becomes

7



1 [ .
1) eikr—wit (1)
W0t =5 [ et ) a

1 1) 2 iK (18a)
_ i) (—k)z+ikt 2 i
2 aDgf)6 <y(1)(f<a)gl( i, t) + rigo(—iK ’t)> ds,
Lo
WO (e, t) =5 / ethr=wrt 3 () qk
1_00 ) 2 iK (18b)
il @ (k)z+in?t ik ) — a2 ) de
"o apgﬁe <y<2>(ﬁ)91( i, 1) — kigo(—iK”, )) K

Using the transformed global relations (T4a)) and (T4d) valid in D*) one solves for go(—ix?,t)
and g (—ixk?,t). Noticing that 1) (=) = —vU) (k) we denote vV (k) by v9). In the remainder of
this section the argument of all #\9) is k. Substituting the results for go(—is?,t) and g(—ix?,t)

into one finds

1 [ .. K(V(l) _V(Z)) )2 A
(1) _ ikx—wit,7 (1) _ M atir?t 7(1) (1)
Y (z,t) o /_OO e Yo (k) dk oD 2 () + V(Q))e Yo (l/ ) dr

_ K —ivMatin?t 7
/8D§;1) 7r<1/(1) + 1/(2))6 w ( V )

e_zy(l)qu(l)( ) )d/{

(19a)
for x < 0. Similarly,
]. > ; ~ K . (2 .2, A
(2) _ - tkz—wat 7(2) N (2) iv@a4irx?t 7(1) [ (1)
VO (@) = /ooe D2 (k) dk /{mg) e e (1/ ) d
“(V(l) - V(Q)) i@ z+in2t 7(2) (2)
* /aD(4> 2@ (D + )¢ %o (‘” ) dr
R (19Db)

K @z 1) [ (1)
+ /8D§§) ey —|—1/(2))6 (0 <1/ ,t) dk

W —v®) e e (@

for £ > 0. The first three terms in Expressions and depend only on known functions.
The last two terms in ((19a)) and are analytic for Re(—iv))) = — Re(ir(?) = Re(k) > 0. Note
that 1)) (y(l),t) and 12 (—V(2),t) decay exponentially fast for || — oo when Re(x) > 0. Thus,
by Jordan’s Lemma, the integrals of exp(—iv(Maz)p™d) (1/(1), t) and exp(—ivMz)p@ (—I/(Q), t) along
a closed, bounded curve in the right-half of the complex s plane vanish for x < 0. In particular
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Figure 4: The contour £ ) is shown as a green solid line and the contour L¢ is shown as a green
dashed line.

We consider the closed curve LY = Lpu) U Eé) where L) = 8D ) n {rk : |k] < C} and
={k € D : |k| = C}, see Figure

Smce the mtegral along Lo vanishes for large C, the fourth and fifth integrals on the right-hand

side of (19a)) must vanish since the contour £, becomes D™ as C' — oc. For the final two

~

integrals in Equation (19b)) we use the fact that for > 0 the integrals of exp(iV(Q)x)w(l) (V(l),t)
and exp(iu(Q)x)zﬂ@) (—1/(2) , t) along a closed, bounded curve in the right-half of the complex x plane
vanish. Thus, we have an explicit representation for w(l)(a:, t) in terms of only initial conditions:

1 o0
W (g gy =t [T gika—wit )V (1
oWt =5 [ et ar

/i(l/(l) — y(2)) —ivWatin2t 2(1) (1)
B /8Dgl> 27TI/(1)(V(1) —|— y(2))€ wo (V ) dH (20&)

B R Watik2e0(2) [ (2)
bépg>waxn-%u@»€ 7 ()

for x < 0, and

1 00
(2) t . zk:c wat dk
WOt =g [ e
w@gtin?t 7(1) (1)
/aD(4) 7[' V(l) + 1/(2))6 % (V ) dr (20b)

/ () _,,<2>)
" Japw 27w(2) D 1 ,@)

ez‘u(2>m+m?t%2) (_V(2)) dxk,



for z > 0. Note that the denominators in (20a)) and (20b]) are zero at the branch points k = +i, /0.

However, these points are avoided by integrating over the boundary of Dg).

The expressions (20a) and (20b)) provide fully explicit solutions for the IVP (j5). They are
written in a form containing more familiar exponents by letting k = ik+/1 + a1 /k? in the second

and third integrals of (20a) and kK = —iky/1+ ao/k? in the second and third integrals of (20b)).
Then

(1) 1 * ikz—wqt 7(1)
y (x,t):%/ eike—wit b () dp

1— /1 922 ‘ .
Y e T
oDy o <1+«/1+%)

1 ikz—wit,7(2) ( a1 — az)
- e B8 (kg f1+ 2222 g,
/3D§)7r<1+\/1+°‘1kzaz> K

(21a)

for x < 0, and

1

<k 2(2)
1/;(2)(:1:,75):% / ethe—waty 2 (k) dk

1 ikz—wat 7.(2) a1 — Qa3
- /8D<1) _ on—a c 1/10 Ry k2 dk
B (144 /1 - o V (21b)

1—4/1— G
_|_/ k ez’k;:c—wgt?f)((]l) (—/{3) dk‘,
oy o (1 44 /1 %)

for x > 0. It appears that our solution depends on an extra parameter R. However, observe that
faDS’) -dk = fapg’) -dk + §, where 8DS), 8Dg’) and R are as in Figure . Since the integrands

in are analytic in Dg) (and therefore R), ¢ -dk = 0. Hence, [, -dk = faDR -dk for any
R > A, and our solution is independent of the value of R chosen. The same argument is true
for (21b)).

Before we begin the asymptotic analysis, it is useful to deform the contours in back to the
real line. We examine the branch cut introduced in of the form \/@ . In a= a9 — oy
but it may be different in later sections. If a > 0 the branch points are at +i\/a. We fix the
branch cut to be on the finite imaginary axis running from —iy/a to iy/a by defining the local polar
coordinates

- 6
k'_Z\/a_r e 17

- '02
k"'l\/&—?!@l 5

where —7/2 < 61,02 < 37/2 as in Figure @ or —37/2 < 63,04 < 7/2 as in Figure Similarly,
if a < 0, £4/—a are the branch points. We fix the branch cut to be on the finite real axis running

10



Figure 5: The contours 8Dg) and 9D

B and the region R.

from —v/—a to v/—a by defining the local polar coordinates

/ 0
k + —a = T5€ 5’

/ 17
k - —a = Tﬁez 6,

where — < 05,0¢ < 7 as in Figure
If the branch cut is on the imaginary axis then deforming 8D§%1) to the real axis and using the
local parameterization —7/2 < 01,0 < 37/2 as in Figure @ one finds

00 Vva )
/ o, £ (k) dk 2][ f(k)dk+i/ fre3™? 4iv/a) dr
oD —oo 0 (22)

3m/2 _ ) Va .
— lim ie/ f(ee +iva)e do —i / f(?"e_m/2 +iv/a)dr,
e—0 _71_/2 0

as in the dashed red line in Figure EI where ffooo -dk is a Cauchy Principal Value integral. The
third integral in can be contracted to a zero radius using integration by parts [25, p. 128].

Deforming 8Dg') to the real axis when the branch cut is on the imaginary axis requires the local
parameterization with —37/2 < 63,04 < 7/2 as in [6bl Then

00 0 )
/ f(k)dk = —][ f(k)dk +i/ f(re™? —i/a)dr
aDg) —00 —Va

.. /2 0 - 0 . 0 —3mi/2 . (23)
- 21—{% i€ /_%/2 flee” —iv/a)e' df — i /_ﬁf(re —iv/a)dr,

as in the solid green line in Figure m Again, the third integral in can be contracted to a zero
radius using integration by parts [25 p. 128]. If the branch cut is on the real axis then deforming

11



Figure 6: Branch cuts for \/@ and the local parameterizations around the branch points. In (a),
a > 0 and the local parameterization around the branch points +iy/a with —m/2 < 61,02 < 37/2.
In (b), a > 0 and the local parameterization around the branch points +i\/a with —37/2 <
03,04 < /2 . In (c) a < 0 and the local parameterization around the branch points ++/—a with
- < 95, Og < .

8Dg) and GDS) to the real axis one finds

/a o fwan=f Z F(k) . (24)

and

/8 o FE) k= —][_ Z (k) dk, (25)

as in Figure [8]
In what follows we consider as > «1. Then, GDS) in (21a)) can be deformed as in and

8Dg) in (21b) can be deformed as in ([22).

(1) = / ezt j{V) (1) dk+1][ oD ()eika—ert g, (26)
™ —0o0

2 ) _

for x < 0, where

a(l)(l{j): 1 <<1_ 1+Ollk;_2052> A(()l) (_k)+21/}(()2) (k /1+061k_2a2>>,
T4 /1+ 52

and

¢(2) ((L‘,t) :1/ eikxfmtlzj((f)(k) dk + 21][ a(Z)(k>eikmfw2t dk
m

+

ag—aq ‘ A
Z/ (0(2)(7‘63”2/2—1—2'\/W) —0(2)(T€_m/2—|—im)) (27)
0
> e(r—\/M)x+it(7"2—a1—2r\/W) dr,

12



Figure 7: The deformations of 8Dg)

real line when the branch cut is on the imaginary axis.

(as a red dashed line) and 8D1(§’) (as a green solid line) to the

Figure 8: The deformations of aDg) (as a red dashed line) and 8Dg’) (as a solid green line) to the
real line for the case when the branch cut is on the real axis.

13



for z > 0, where

a® (k) = ! ((1 — 1= B0 (k) + 24 (k\/l - 3“2» :
14 /1 — @02 k k

At this point, we are ready to use asymptotic analysis. The large-time leading-order behavior
of with initial conditions which decay sufficiently fast at t+oo is easily obtained using the
Method of Stationary Phase [5]. Notice that the third integrand of is decaying for x large and
positive. Thus, this integral does not contribute using the Method of Stationary Phase. We choose
x/t == <0 for x <0 and z/t =2 >0 for x > 0. We obtain

2
Y ;
I(Tl—cu)t—%
e

1— 1+4(a;§a2)) 1&(()1) (_T%)JFMA’(()Q) (l; 1_,_4(04;;0(2))

1

W) | 1+ /14 2e1z02)

71

i ﬁ—a )t_ij 41—z — (2 d(a1—ae
I o) 0 ) i (3 )
2/t 2 1+ 1_4(a1g0¢2)
72

The oscillations that are expected as a consequence of dispersion are contained in exp(zt(’y J4—
a;)). In Figures |§| and |1 . 0 the envelopes of the solutions are plotted in black as a dot- dashed line.
The real part of the solution (plotted as a solid line in blue) and the imaginary part of the solution
(plotted as a dashed line in red) are centered around the t-axis. Using the Method of Stationary
Phase one must look in directions of constant z/t. In Figure [9] we consider solutions for z/t = —4
and in Figure |10 we have solutions with #/¢ = 2. In both figures a; = 1, a0 = 2 and ¥g(z) = e~ ".

The Method of Stationary Phase is not useful for considering the nature of solutions near the
barrier at = 0, since requiring ¢ to be large implies that x is large if /¢ is to be constant. In order
to evaluate the solution formulae numerically near the interface one could use techniques presented
n [20, 33, 34]. It may also be possible to use asymptotic techniques similar to those in [6].

Notice that when a3 = as = 0 the problem reduces to the IVP for the linear Schrodinger
equation on the whole line. It is easily seen that the solutions and reduce to the
solution of the problem found using Fourier transforms split into the appropriate domains for the
free particle problem.

3 n potential jumps
We wish to solve the classical problem

i = —ae + a(x), —00 < x < 00, (28a)
%b(%o) = 1/)0(@7 —00 < <00, (28b)

with

14
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Figure 9: The real (red dashed) and imaginary (blue solid) parts of the leading order behavior as
t — oo of (V) along rays of z/t = —4 with ¢g(z) = e, a1 = 1, and ag = 2.

-4 1

Figure 10: The real (red dashed) and imaginary (blue solid) parts of the leading order behavior as
t — oo of (@) along rays of z/t = 2 with ¢ (z) = e a1 =1, and as = 2.
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: >
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Figure 11: A cartoon of the potential a(x) in the case of n interfaces.

oq, r <,
a9, 1 <x <X
a(z) =
Oy, Tp—1 < T < Ty,
Qnt1, T > Ty,
and lim|x‘_>oow(x,t) = 0. We repeat the same steps as in the previous section, but now for

an arbitrary number n of constant levels of the potential a(x). As a consequence, the formulae

obtained are significantly more involved, but no less explicit. The experience gained from the

previous section provides the insight necessary to proceed with the general case presented here.
We treat the problem as an interface problem solved by

w(l)('rvt)a r <,

¢(2)($7t), 1 <z < T2,
Yz, t) =9 (29)

w(”)(x,t), Tpo1 < T < Ty,

D (1), T > Ty,

which solve the n +1 IVPs

i) = —pU) + o), (30a)
$9(x,0) = o (), (30D)

for z;_1 < x < zj;, with xg = —00 and x,41 =00, j = 1,...,n+ 1. The solutions of the IVPs
are coupled by the interface conditions

O (), t) = UtV (), 1), t>0,
W (2, t) =P (25, 0), t>0,

for1<j<mnasin Figure
We begin with the n 4 1 local relations
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(e herwity @), = (e7hereit (i) — kpU))),, 251 <z < aj, (31)

where wj(k) = i(aj + k?) for 1 < j < n+1 and 29 = —co0 and x,,+1 = oo. Applying Green’s
Theorem and integrating over the (possibly unbounded) strips (z;—1,x;) x (0,t) for 1 < j <n+1,
we have the n + 1 global relations

/ )
Tj—1

z; . t . . .
emhrteity () (2 ¢) da = / " ekl (2) do + / =Rt (1) (a5, 8) — kD) (25, 5)) ds

zj_l 0
t
B / C_ikxj_1+sz(iwi(£j) (xj—].a S) _ kw(j) (xj_17 S)) ds.
0

As before, we define the following for j =1,...,n+ 1:

@E(j)(k,t) :/ ’ eiik"”dj(j)(a:,t) dz, zj—1 <z < Ty, t>0,
Tj—1

0y = [ oy (2 da I |

0 0 ) -1 < T < Zyj,

Tj—1

g5 (w, 1) = / e V) (a5, 5) ds = / eyl (25, 5) ds, t>0

0 0
A t ' t '

0= [ oy s = [ em Dy ) ds t>0

0 0

For convenience we assume the interfaces are shifted such that 1 = 0 and z; > 0 for all j > 2.
All but four of these integrals are proper integrals, and they are defined for k € C. The only ones
that are not valid in all of C are ™ (k, t), 7,2(()1)(/@) (valid for Im(k) > 0) and ¢+ (K, ¢), 1,2(()"“)(16)
(valid for Im(k) < 0).

With these definitions the global relations become

e p D (k1) =380 (k) + ig\) (wi, ) — kgl (w1, ), Im(k) >0,  (32a)
it (e, £) =5 (k) + e *% (ig") (w;, 1) — kg{ (w;, 1))
— e gy ™ (wy 1) — kgl (s, 1), keC,  (32b)

et ) (ke £) =gV (k) — e * (ig{" (w1, 1) — kgl (i1,1),  Im(k) <0, (32)

where 2 < j < n. As in the previous section we transform the global relations so that géj )(~, t) and

g%j )(-, t) depend on a common argument. Let

V(j)(k)_ikm7 j=1,....,n+ 1

Using the transformations k = +v)(k), we have the transformed global relations

17



e O M 1) =g (V) +igi!) — v Wgg"), (33a)
et (M) (—y (D) 4) qﬁ(() (-t )—i—zg( )—1-1/(1) (n, (33b)
GO, 0) <3 e 5D )

_6—w<f>xj (igl™Y = gDy, (33¢)
—1iK (7 ’LI/( >CC
e IO (), 1) =3 (D) + ﬂ@g<*+u0><”> (33)
A (e )
e D WD, ) =Y () — e (gl gy (330)
e~ (D) gy (D) (k1)) i D () g (k) )y (33f)

where 2 < j < n and g((]j) = gé])( iK%, 1), g (]) (j)(—mg,t) ) = pU)(k), for 1 < ] < n. In order
for to be well defined Re(x) > 0 for 1) and (33f). Similarly, Re(x) <0 in and (33¢).
Equations (33c|) and (33d)) are valid for all x € C.

Inverting the Fourier transform in we have the solution formulae

o0t =5 [t oo [ et (ig 0 — ko e,n) dk, (i)
27 27 J_
. 1 1 [, :
me>2/Z“W¢<Ww2/MWWW%ﬁMW>@W%MM
s T
o0 o (34b)
o et (160w 0) — kgl (g 1)) b,
s
,l/](’n+1) fL’,t :i o eikwfwn+lt,lﬁ(n+l) k dk
2 0
1700 o (34c)
— 5 eik(z—an)—wni1t (iggn) (W1, t) — k‘g(()n) (wn+1,t)> dk,

for 2 < j <n,and z;_1 < x < z;. We deform these integrals into the complex plane. Using

18



Cauchy’s Theorem and Jordan’s Lemma we have

1 [ . 1 A .
U)(l)(x,t) :/ €Zkz_w1t’¢)él)(k‘) dk — — /aD(S) ezkac—wlt (Zggl)(wla t) . k‘g(()l)(wl,t)> dk,
o0 15

2 2T
(35a)
. 1 [°°. NG 1 , ; ;
(4) — ikz—w;t ) (J) = ik(z—xj)—w;t [+ (3, . _ @y, .
Y (x,t) 5 /_Ooe i (k) dk 5 8D$)e 3w (291 (wj,t) — kgg (w],t)>dk
_ i eik(zijfl)fwjt (Zg(]il)(w t) _ kg(]*l)(w t)) dk
o oD 1 59 0 5 )
(35b)
WO, =g [ et ) a
m —0oQ
1 (@—n) (n) (n) (85¢)
o ik(x—xpn)—wp41t [ (7 . n
o aDg)e (zgl (Wnt1,t) — kg (wnH,t)) dk,

where Dg) is as in and Figure 3| Again, we wish to transform the integrals involving g(()j )(-, t)

and ggj )(', t) in each of the solution formulae above so these terms depend on —ix?. As before, we
deform to Dg) (with A = max; o], R > v/2A). Choosing k = vU) (k) on 8Dg) and k = -9 (k)

on ODg) we have

1 [
R B ML

1 (1) 2 1K (1) (1) (363)
- —ivH (k)z+ikst 1 d
D (g ) =L [T giko—wit ()
P (x,t) = e Yy (k) dk
2 J_ s
_ 1 —ivD (k) (x—x;)+ir2t ik () (4)
or - e g V(j)(,i)gl +rgy’ ) de (36b)
i ) (k) (z—zj_1)+ikt ik (-1 _ . (-1
+ 5 op® e j SO (R) 91 K9 dk,
1 [ . ~(n
WD (@ ) =o— / etkaen ity (7D (k) dk
™ —0o0
1 (n+1) 2 K (n) (n) (36¢)
il w "t (k) (e—xp)+icst (Vv () n
T on oD ¢ (y(nﬂ)(/@)gl 90 ) d,

where géj) = g(()j)(—’ilﬁJQ,t) and ggj) = g%j)(—mQ,t).

Using the 2n transformed global relations valid in Dg) (133a)), (33c), (33d), and (33f]) one solves
for g(()j ) and ggj ). This amounts to solving the 2n x 2n matrix problem

A(R)X (—ik2,t) = Y (k) + e 1Y (1, 1), (37)
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where

n) . . @\ T
X(_Z/€27t) = (g((]l)?g(()2)7"'7g(() )7Zg§1)’zg§2)7"'72g§ )) Y (38a)
P 7,(n n 7 7n(n n T
Y (k) = = (@000, ), B (v @), BT (<)) (3sb)
R R o R T
Vi, t) = (SO0, B, 0, O (@), GO ) (380)
and
Alr) =
V(l)e—w(l)xl i —iv(Mgy
V(2)e—iu(2)ml _V(Q) e—iu@)mg } _e—iu(Q)ml 6—1'1/(2)332
|
V(n)efiu("):pn_l _V(n)efiu(m:rn i —iv(™ g, efw(”)zn
)@@z (@)@ T, W@z @y ’
i :
_V(n)ez'z/(")xn,1 V(n)eiu(")mn i ™Mz, Mg,
—y("+1)€iv(”+1)wn } i+ g

where all ) are evaluated at x. The matrix A(k) is made up of four n x n blocks as indicated by
the dashed lines. The two blocks in the upper half of A(k) are zero except for entries on the main
and —1 diagonals. The lower two blocks of A(k) are zero except on the main and +1 diagonals.

Every term in the linear equation A(k)X(—ik?,t) = Y (k) is known. By substituting the
solutions of this equation into , we have solved the LS equation with a piecewise constant
potential in terms of only known functions. It remains to show that the contribution to the solution
from the linear equation A(k)X (—ix2, t) = e""*t)(k,t) is 0 when substituted into ([36).

To this end consider A(k)X (—ir2,t) = e~*’tY(k, t). We solve this system using Cramer’s Rule.
We factor A(k) = A¥(k)AM (k) where

—i(D)
e~ W'

Let A;(k,t) be the matrix A(x) with the j* column replaced by e~i"*tY(k,t). Similar to A(k), this
matrix can be factored as A;(k,t) = e*""QtAL(H)Aéw(m, t). Hence, det(A;(r,t)) = e~ det(AéM(/i, t)).
The terms we are trying to eliminate contribute to the solution in the form

i@ (a—zj)tir2t [ 5 (4) ()
/aDg) e j <y(j)gl + Kgg > dx, (40a)
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and

i@ (z—xj_1)+ikt ﬂ G- _ . G-
/aD<4> ¢ ' (W‘)gl o ) o 1w
R

for 1 <j<n,2<j<n+1,respectively with 2;_; < < x;. Using Cramer’s Rule these become

—iv0) (z—z; R det(AMn("{at)) det(-AM(/f))
/8Dg1) e ( ) (1/(3) det(jM(/i)) +Hdet(A§VI(Fg))> dk, (41a)

and

M M
/ eil/(j)(:rfzj—l) i det(Aj_l]\—Zn(Kl’ t)) _ Hdet(Aj_]&[(K/, t)) dl‘&, (41b)
6D§24) 1/(]) det(.A (K,)) det(A (’{))

respectively. Here we have used the factorizations of det(A(x)) and det(A;(k,t)). As is usual in
the UTM we use the large x asymptotics to show the terms are 0.
(4)

Observe the elements of AM (k) are either 0, O(k) or decaying exponentially fast for k € D}’ .
Hence,

det(AM (k) = (k) = O(K"),

)

for large k in Dg . Expanding the determinant of A;w (k,t) along the 5 column we see that

Kdet(Aj-V[(/-i, t)) _e_z.y(j)(m_ggj)l{det(A;-V[(/i, t))
det(AM (k) c(k)
— o~ (@—z;) Z co(r)ei e O (,,(@, t)
=1
+ cpn(r)e o D) (_V(M)’ t) ’

e—iu(j)(x—zrj)

where ¢;(r) = O(k°) and zj_1 < x < x;. The terms eizer® () (19, t) and
e imev mﬁ“” (—V(“_l), t) decay exponentially for k € Dg). The integrands in are analytic for
Re(k) > 0. Similar to the argument on page @ since the integral along E(Cil) vanishes for large C', the

integrals must vanish since the contour £ ) becomes dD™ as C' — oo. The uniform decay of
the ratios of the determinants for large x is exactly the condition required for the integral to vanish

using Jordan’s Lemma. Hence, the solution to is where g(()j)(—iﬁ2,t) and ggj)(—z'ﬁ,t) for
1 < j <n+1 are found by solving

A(r)X (—ir%t) = Y(k), (42)
where A(k), X (—ix?,t), and Y (k) are given in Equations (38d)), ([38al), and (38b)) respectively. As

in the previous section, deforming to the real line is possible using —. However, one must
be careful to avoid any poles present in .
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Figure 12: A cartoon of the potential a(x) for a potential well or barrier.

4 Potential well and barrier

As an example of the general method given in Section [3] in this section we solve the classical
problem of the finite potential well or barrier:

iwt - _/‘/}zz + a(x>wa (43)
for —oo < z < 00 and
0, <,
alz) =< a, 1 < x <o,
0, x > T9,

with the initial condition t(x,0) = () and lim, . ¥(z,t) = 0.

The problem of a finite potential well or barrier is a standard textbook problem in quantum
mechanics [12], 19 24]. In such texts this problem is usually solved using separation of variables,
i.e., assuming 9 (z,t) = X (2)T(t). The x problem, X" + (£2 — a(x))X = 0 is solved in the three
different regions. Separation of variables is only useful if the initial wave function ¥ (x,0) can be
expanded in terms of solutions of the time-independent Schrddinger equation [24]. Solving the
time-independent Schrédinger equation is equivalent to studying the forward scattering problem
with the specified potential. The “scattering matrix” (see [2, Equation 1.3.3] or [I1] p. 104]) is

The zeros of a(§) are the discrete eigenvalues for the problem. With some straightforward work we

find
a = e’f“ cosn(x o — — 72(2 ’ ) sinh(x o —
(€) ( h(zav o = €2) TN h(z2v €2)> : (44)

This problem is examined in many excellent texts including [2 [3, 10} [IT].

The potential well or barrier problem is the standard example to introduce students to the
concept of quantum tunneling which is a phenomenon where a particle “tunnels” over a barrier
that it cannot overcome in the classical mechanics setting [26]. The closed form solutions we
present at the end of this section all depend on the initial conditions from each of the three regions
and quantum tunneling is clearly present. Finding the closed form solutions is as easy as letting
n=2 a0 =a3 =0and ag = « in as in Figure Again we denote g(()j) = géj)(—z'm2,t),
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ggj) = %j)(—mQ,t), for j = 1,2 and v\ = v (k). Solving in the case of n = 2 we have
n @ (2 (2

solutions for g, ’, g,’, gy ,gf valid in Dg). Let

J ) . ixov izov(2)
A(/i) —o (ilﬁ(e_zm'/@) 4 1) + V(Z)(e—wczu(Q) _ 1)> <’Ll€(1 _ iz (2)) i l/(z)(l | pim 2 ))

=44 ((a + 22) sin(xgy(z)) + 22 Cos(x2y(2))> '
The solutions with the appropriate values of g((]j ) and ggj ) are

—ixor(2) iz (2)
izou'?) _ gimav ] .
¢ Jeretintt 1) i)

w(l)(x,t) :i /00 6ikm_w1t7ﬁél)(k‘) dk+/ 1o

27 oD A(k)

2ik(k — iy(2)) —izor @ ik2t 7(2) (2)
RX—1ToV 1K _ d
+ /6D§{,‘) Al e Py (=) dr

(45)
2ik(k + i) w (2220 @) 1int, 7(2) . (2)
v K d
¥ /aD;;> A Yo () de
4k 2y~
_ k(z+z)+in?t, 7(3) . d
/aDg) A(H) € wO ( ZK’) R,
for x < 0,
¢(2) (ZL‘ t) _i /OO eik:v—w2t1]}(2) (k) dk +/ 22"%(’% + Z.V(Q))eiu<2)(a:2—$)+m2t12)(1) (Z/’i) dk
o ) 0 oD A(k) 0
_ / k(K + iV(Q))Q eil/(2)(a:271)+m2t1%2)(_V(2)) dk
ot VA A(k)
ak @ (zo—z)+ir2t 7 (2) 1 (2) d
+ /BDEQL) 71/(2)A(/@)6 Yy (V) de
; ) . P
o / 22&("1 w )e—w(2>:c+fix2+m2tw(()3)(_iﬁ) dk
8Dg) A(’%) (46)

A(k)

ar iu<2)(x—$2)+m2t ~(2) (2 d
+/8D§§) 7}/(2)A(/€)€ vy (=) dr

. o (2) ) . ~
_ / Zinls = W) @ @)+t )0 o) e
oD

ﬂ(“+iV(2))2 iv() (zo+x)+int 7(2) 1, (2)
w X x K d
+/ o SR B (k) ds

; iv(2)Y A
/ 22’%(’% + )ew(z)z—l—ncz:g—i—mQtw(():i) (—i/ﬁ) dH,
oD A(rk)
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for 0 < = < x5, and

> ikrx—wst 7.(3 4/<;1/(2) Kz —a)+ik?t, ] )
) (1) = / ok 3t¢(() (k) dk — /(9D(4> A efi(za—2)+ tw(()l)(zl‘i) dk
R

2k (ks + iv?) K(wa—x)+in?t,7(2) (_ (2)
i /aD<4> T AR R

2ik(k — i k(zo—x)+ik2t 7
B /aD<4> W (2= 40252 (02 (1)) dis

i (1 _ €2i1/(2)12>

* /aDg Ar)

er(@m) iRt 8) oy

when x > x9.

Using the change of variables k = ik in , k = —ik in , k = iky/1+ ;5 in the second,
third, fourth, and fifth integrals of , and £ = —ik/1 + 1% in the last four integrals of we
find

1 > ikr—wit,)
oDz, t) = / ety (k) dk

ikz—wit, 7 (1)
4 /8 " D) crERd
- / 2]62 (1 + \/q) eik<x+;p2\/@)*wlt¢(2) ki«/1— g dk (48)
D' A(ik) ’ -
R
267 (1= /T —35) ik(z-2o/T=5 ) -t ; .
K| x—T k2 wit 7(2) — - 75
+/aD§$> Alik) ) " ( v k2> :
2 a
[ VTR et an
ap® A(ik) ’ ’
R

for z < 0,
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T [ ikt 7
¢(2)(:L',t) :27T/ ezkas Qt'(/](()Q)(k)dk

_/ 2k2(1 - m) ’Lk(%*l’g)*h)Qt,(;(l) < kol1— Oé) dk
op@ A (ik/T+3) ’ K
+/ kQ(m )2 zk(z—mz)—wztﬁ(”(k) dk

oo B (14 ) :

4 —ezk(xfxg)fo.ut 7(2) —k) dk
/aD@) A (ik/T+ 3) Yo LR
2k2 1+ m zk(erIz +5)- w2t
_ ky/1— 7 dk (49)
i A (1T ) :

2k2( 1 + k)2) ik ~(1
4 et (z—z2)—wat, 7(1) (kF) dk
/aD;” A(=ikyT+ ) " i

+/ k (m ]‘)2 zk(x—i—zg)—wztd;@)(k) dk
ap® A (= zkm) ’

- /8Dg) A(—ik\/@)
N 2k%(1— /T+ %) ehle—may/THg)—wat )3) ([ J1 D) g
i A(—Z]C\/Hj) 0 k2 )

oD\ k?

for 0 < z < x9, and

ezk(x—xz)—wthﬁ(()?) (—k) dk

1 [ s
V(1) = / eibr—est ) (1 d

4k%,/1
+/<91)(1) ﬂelk(x w2) wstl/’ ( ) dk

A(—ik)

2K (1+ 1 - 33)
el (z—2)—wst 7, (2) -
. /BD(D * 7 (k;ﬂ) dk (50)
. / 2k2(1 — @gmmrwgt@@) —kF dk
oV A(—ik) ’ v

+ / a(e /173 _ gikee /1)
opW A(—ik)

eik(r—Qrg)—wst,@ég) (_k) dk;’

when x > xo.

Remarks:

e If one lets @ = 0 in — then the Fourier transform solution to the free Schrédinger
equation on the whole line is recovered.

e In order to numerically or asymptotically evaluate these expressions one could use techniques
presented in [6], 20, [33] [34].
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e As stated at the beginning of this section, is solved in standard quantum mechanics
texts using separation of variables and the study of the forward scattering problem with the
specified potential. The zeros of a(¢), the (1,1) component of the scattering matrix, are the
discrete eigenvalues for the problem. The zeros of a(£) cannot be found explicitly but it is
clear that the zeros of a(&) for £ purely imaginary correspond to the zeros of the denominators
of — with i€? = w;(k). The contribution of the discrete spectrum can be recovered
explicitly by deforming contours in the complex plane to the real line, resulting in a sum of
residue contributions corresponding to the eigenmodes of the problem. This is done explicitly
for other problems solved via the UTM in [14].

5 Initial-to-Interface Map

The construction of a Dirichlet-to-Neumann map, that is, determining the boundary values that
are not prescribed in terms of the initial and boundary conditions, is important in the study of
PDEs and particularly in inverse problems [13, [32]. In this section we construct a similar map
between the initial values of the PDE and the function (and its first spatial derivative) evaluated at
the interfaces. This map allows for an alternative to the approach of finding solutions to interface
problems as presented in the first four sections of this paper. Given the initial conditions one could
find the value of the function and its derivatives at the interface(s). This changes the problem at
hand from an interface problem to a BVP. At this point, the BVP can be solved on any segment
using any number of methods appropriate to the given problem.

In this section we construct the initial-to-interface map for the IVP . We begin by evaluating
the 2n x 2n linear equation att ="1"

A(R)X (—ik%,T) = Y (k) + e 5 TY(k, T), (51)

where A(k), X(—ir? T), Y(k), and Y(k,T) are given in (38). Using Cramer’s Rule to solve this
system we have

_ det(A;(x,T))

g(()J)(_ZH2?T) - det(A(n)) ’ (523‘)
F 1 ) i

where 1 < j < n and Aj(k,T) is the matrix A(k) with the j*" column replaced by Y (k) +
e*i””QTy(/f, T). This does not give an effective initial-to-interface map because depends on the
solutions ©) (-, T'). To eliminate this dependence we multiply by ket and integrate around

Dg), as is typical in the construction of Dirichlet-to-Neumann maps [14]. Switching the order of
integration we have
T . . o2 kdet(Aj(k, T
/ 1/)(])(:5]-,8)/ re (=9) 4k ds :/ et e (A;(r, T)) dk, (53a)
0 oD\ oD det(A(x))
T
, . 4 det(Ajyn(k, T
/ wg(f)(:cj,s)/ ke (75) dpg ds = —z'/ ein?t T 2C (Ajin(, 7)) dk. (53b)
0 oD\ oD% det(A(x))
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Using the change of variables ¢ = x? and the classical Fourier transform formula for the delta
function we find

» 1 w2 kdet(A;(k,T))
() (g ) =L / t d 54
dj (1:]7 ) aDg)e det(.A( )) /{7 ( a)
(4) .t :_Z/ mzt"idet(Aj-i—n(HvT))d 4b
1/}:1: (xjv ) T 6D(4) € det(A(Ii)) K. (5 )
To examine the right-hand-side of (54) we factor the matrix A(x) as A" (k)AM (k) where A" (k)
is given by (39). Similarly, A;(k,T ) e~ T AL (i )AM (k,T). Using these factorizations,
becomes

M
Dy 1) =1 in2 () K det(Aj (x,T))
YV (xj,t) _W/apg)e Tot (AT () dk, (55a)
() (a0 :;7’ ik2(t—T) R det(A]Jrn( T))
Yy (x_]at) - /(9D(4)e det(AM( ) dk. (55b)

Asin Section the elements of AM (k) are either 0, O(x) or decaying exponentially fast for x € D( )
and

det(AY (x)) = c(r) = O(x"),
for large & in Dg‘). Expanding the determinant of Aéw (k,T) along the j* column we see that

M
=) PINA S T)) _ iateomy B a0, )

det(AM (k) K)

Zn:cz e G0 (0, 7)

/=

o

—_

+ C£+n(,{)e—ix,gy(¢>1/;(e+1) (—u(“l),T) :

where ¢y(k) = O(k°) and zj_1 < z < ;. The terms eizer ) (0) (v, T) and

e~ tmev (0&(&1) (—V(Hl), T) decay exponentially for k € Dg) and the integrands of are analytic
for Re(k) > 0. As in previous sections, since the integral along E(é) vanishes for large C', the
integrals must vanish since the contour £ ) becomes 0D® as C' — .

Since the terms involving the elements of )(k,T') evaluate to zero in the solution expression
the initial-to-interface map for is

1 2k det(AM(f-s))

69 (1) = /6 o et O (56a)
—i wdet(AM (k)

P9 (25, 1) = ﬂ/apgﬁe —det(Aj\j(ﬁ)) d, (56b)
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where A;(k) is the matrix A(x) with the j*! column replaced by Y (k) and is factored as A;(k) =
.AL(/@)A;V[ (k). Equation is an effective map between the values of the function at the interface
and the given initial conditions.

Remark. Since the problem is linear, one could have assumed the initial condition was zero

for x outside the region z, 1 < z < xy. Then, the map would be in terms of just @Z)((f)(-). Summing
over 1 </ <n+ 1 would give the complete map for a general initial condition.
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