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The resolvent of supersymmetric Dirac Hamiltonian is studied in detail. Due to
supersymmetry the squared Dirac Hamiltonian becomes block-diagonal whose ele-
ments are in essence non-relativistic Schrodinger-type Hamiltonians. This enables us
to find a Feynman-type path-integral representation of the resulting Green’s func-
tions. In addition, we are also able to express the spectral properties of the super-
symmetric Dirac Hamiltonian in terms of those of the non-relativistic Schrodinger
Hamiltonians. The methods are explicitly applied to the free Dirac Hamiltonian, the
so-called Dirac oscillator and a generalization of it. The general approach is applica-
ble to systems with good and broken supersymmetry. Published by AIP Publishing.
https://doi.org/10.1063/1.5020545

I. INTRODUCTION

The idea of supersymmetry (SUSY) in non-relativistic quantum mechanics was first introduced
by Nicolai' in 1976 for analyzing spin systems with a (0 + 1)-dimensional version of supersymmetric
quantum field theories. SUSY quantum mechanics became popular when Witten’s model was intro-
duced in 1981.2 Since then SUSY has become an important tool in studying properties of models
in quantum mechanics and statistical physics.? Jackiw* observed that the square of a 2-dimensional
Dirac particle subjected to an external magnetic field is directly related to the non-relativistic Pauli-
Hamiltonian of the same system. This observation triggered a more extended study of SUSY for
the Dirac Hamiltonians.>® Indeed, under certain conditions the Dirac Hamiltonian may be treated as
supercharge of some non-relativistic system in SUSY quantum mechanics.”~® Such a SUSY structure
in turn proves to be very useful in studying the spectral properties of the Dirac Hamiltonian. For an
overview of relativistic quantum systems exhibiting SUSY, see Ref. 10.

Inrecent years, SUSY has also become a key concept in characterizing condensed matter systems
known as topological superconductors'! and also plays a crucial role in explaining quantum phenom-
ena in carbon-based nano-structures like nano-tubes and graphene. In the latter, the two-dimensional
Dirac Hamiltonian is used in characterizing its electronic transport properties.'> Here SUSY plays
a crucial role, for example, in understanding phenomena like the unconventional quantum Hall
effect.!3

In the present paper, we study the resolvent of the Dirac Hamiltonian with the SUSY structure. We
show that Green’s functions resulting from the resolvent can be determined by means of path integrals
for the effective non-relativistic Lagrangians. The spectral properties of the Dirac Hamiltonian can
be derived in a simple way from those of the associated Schrodinger Hamiltonians. We also present
explicit applications to a few examples of the Dirac system.

In Sec. II, a stage is set for studying the SUSY properties of the Dirac Hamiltonian. In particular
the spectral properties of a supersymmetric Dirac Hamiltonian are shown to be given explicitly via
those of a corresponding non-relativistic N = 2 SUSY Hamiltonian. Section III deals with the path
integral representation of Green’s functions based on the effective Schrodinger Hamiltonian. The path
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integral used is formally equivalent to Feynman’s, in which the classical action is replaced by the
effective action corresponding to the effective Schrodinger Hamiltonian. Sections IV-VI are devoted
to solving examples which include the free Dirac electron, the Dirac oscillator, and a generalized
Dirac oscillator. Concluding remarks are given in Sec. VII.

Il. SUPERSYMMETRIC DIRAC HAMILTONIANS

Supersymmetric (SUSY) quantum mechanics, as defined by Witten,” are characterized by Hamil-

tonian Hsysy and a set of self-adjoint operators Q; (i = 1, 2, ..., N) acting on some Hilbert space H
and satisfying (see, e.g., Ref. 3)
{Qist}:HSUSYéija isj:1929~-~aN7 (21)

where {A, B} := AB + BA denotes the anti-commutator.

To study the SUSY-structure of the Dirac system, we restrict ourselves to the case of N =2 which
involves only the three operators, Q1, Q», and Hgsysy acting on H. Here, instead of dealing with Q;
and Q,, we define complex supercharges

_1 ~ i_ L
0= ﬁ(Ql +i02), 0O N

These operators and the SUSY Hamiltonian close the superalgebra,

(Q1 —i02). (2.2)

(0.0") = Hsusy, 0*=0=(0")". (23)

In addition, we introduce the so-called Witten operator W which is a unitary (non-trivial) involu-
tion on ‘H, commutes with the SUSY Hamiltonian, and anticommutes with the complex supercharges,
that is,

wi=w, W?=1, [W,Hsysy]=0, {W,0}=0={W,Q}. (2.4)

See Ref. 3. The projection operators defined by P* = (1 + W)/2 decompose H into the eigenspaces
H* of the Witten operator with eigenvalues +1. Namely,

H=H"®oH, (2.5)
HE=P*H=(|P") e H: W|¥*)=+|P*)}. (2.6)
In the representation in which W is diagonal, i.e.,
W= 1o 2.7
“\o-1) '
the complex supercharges take the form
o=(2) or=( 2" (2.8)
~\oo) IRV2ARA '
where D is not self-adjoint in general. The SUSY Hamiltonian is usually given by
Hysy=10.01= ("2 © 2.9)
susy =19, =\ o pip) .

However, more generally, within the framework of the SUSY algebra (2.4), we may choose the SUSY
Hamiltonian in the form

(2.10)

H =a{Q, 0"} + g9l =
susy =a{Q, 0"} + & ( 0 aD'D + £y

aDD" + &g 0 )
where a and gp are arbitrary real constants with a > 0. In studying the Dirac problem, such a
modification is not imperative but useful. We treat the two diagonal elements H{, , = aDD' + &

Usy
and Hg ¢, = aD'D + g as the SUSY partner Hamiltonians. As in the usual SUSY case, the partner
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Hamiltonians are isospectral. Let £* and |¥7) denote the eigenvalues and eigenstates of Hg gy,
that is,

Hiyoy W) = 8% ¥5). @.11)

It is obvious that e* > &j and €™ = ¢~ = ¢ for € > g¢. The eigenstates |¥Z) for the same eigenvalue
& > g are related by the SUSY transformations

DY) =(e — e)/al¥;). DI¥;)=+/(e - s0)/al¥}). 2.12)

For & = &g, there might exist eigenstates in %~ or in H* or in both. In that case, SUSY is said
to be unbroken. If &y does not belong to the spectrum of Hg, ., and H{ ., , SUSY is said to be
broken.

Now we consider the Dirac Hamiltonian

Hp=ca - (p - fA) + Bmoc? 2.13)
.

Here @ and S are the 4 X 4 Dirac matrices, c is the speed of light, my is the rest mass, and e is the
charge of an electron. Notice that the scalar potential is missing in (2.13). In the present paper, we
study only the case where the scalar potential is absent.

We employ the standard representation of the Dirac matrices

(0 (10 -
“‘(ao)’ ﬁ_(O—l)’ @14

where o is the unit vector based on the Pauli matrices, and let
€ 2
D=co - (p——A), My =mgpc”. (2.15)
c

Then we can express the Dirac Hamiltonian (2.13) in the form

Hp = (Q+ QT) + MoW =V20, + MW (2.16)

or
Hp=("0 P 2.17
D_(DT—MO)' (2.17)

The operator D specified by (2.15) is not self-adjoint unless the vector potential A is real.

Evidently, in Witten’s sense, H = (Hp — MyW)? is the SUSY Hamiltonian of N = 1 with super-
charge Q1 =(Hp — MyW)/ V2. In the approach of Thaller’ and Beckers and Debergh,® the Dirac
Hamiltonian itself is supersymmetric in the sense that it has the odd part Hgdd =0+ Q" and the even
part H’*" = MoW with respect to W, obeying {Hgdd, W}=0 and [H7", W] =0. In the following
sections, we shall, however, treat the Dirac Hamiltonian (2.13) or (2.16) in the framework of SUSY
quantum mechanics of N = 2. To this end, we pay attention to the squared Dirac operator which turns
out to be (block) diagonal,

(2.18)

T 2
H%:{Q’QT}_i_Mg:(DD +M0 0 )

0 D'D+M;

It le) is taken as the SUSY Hamiltonian, then its diagonal elements are SUSY partners.
Since DD' and D' D behave as ~c?p?, we introduce a mass parameter m > 0 to make the squared
Dirac operator look like a Schrodinger Hamiltonian; namely,

1 HY 0
Hsysy = -—Hp=( %" = ), (2.19)
2mc 0 H SUSY

where
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1 1
Hiysy=5-— (DDT+MF),  Hggy = Py (D'D+M3), (2.20)
acting on the subspaces H*, respectively. In other words, we choose a = 1/2mc?* and g9 = M7 /2mc?
in (2.10). The diagonal elements of the squared Dirac operator modified with the mass parameter
are indeed the Schrodinger Hamiltonians for a non-relativistic system of mass m in form. The mass
parameter m introduced above may be identified with the electron rest mass mg, but will be left
unspecified for a while to take note of its formal and arbitrary nature.

Now we can utilize these Schrodinger operators as SUSY partner Hamiltonians by regarding
Hsysy = H}/2mc? as the SUSY Hamiltonian. Furthermore, use of the Schrodinger Hamiltonians
enables us to pursue the Feynman-type path integral representation for the Dirac systems as will be
discussed in Secs. III-VI.

It had been noted by Thaller,” see also Refs. 8 and 9, that the Dirac operator can also be
diagonalized by a unitary Foldy-Wouthuysen transformation Ugyw. Let

|Hp|+ WHp

Urw =
A /2Hg +2My|Hp|
|HD| = \[Hé = \¢2mc2H5U5y (222)

is an even operator, [W, IHpl] = 0. It is easy to show that

; /DD + Mg 0
Hpw = UpwHpU}y, = W|Hp| = (2.23)

0 ~D'D+M?

which implies that the spectrum of Hp can be obtained from the spectrum of Hgw. To be a bit more
explicit, let us denote the upper and lower diagonal elements of Hrw by Hp,,. We may express them

via the SUSY Hamiltonians H;—'USY as follows:

Hiy = £\2mc?HE . (2.24)

Hence the spectrum of Hp which is identical to that of Hgw can in turn be obtained from that of
Hgysy. Although the transformed Hgw is diagonal, it does not have the SUSY structure. The diagonal
elements in (2.23) do not form the SUSY partners. However, the eigenstates |¥) of Hy, are also
eigenstates of Hy, . Hence for & > g9 we have

221

be a unitary operator, where

Hpw Y2 ) = £V2mc?e| V). (2.25)

In addition, in the case of unbroken SUSY, g = Mg/ 2mc? belongs to the spectrum of either H sy
or HS‘USY or to both, and we have

|¥s,) € H' = Hpw Y2, ) = Mol 'YZ, ), 2.26)

W) €™ = Hpy [Vg) = —Mo|¥5).

Hence the spectrum of Hrw and therefore also of Hp is symmetric about the origin with possible
exceptions at +M; cf. Ref. 10. The corresponding positive and negative energy eigenstates |‘}’Z°S/neg>

of Hp can explicitly be calculated from those of Hgw by utilizing the unitary transformation (2.21).
That is,

[WPY = UL [E),  Hpl¥E™) = Vamc2e|¥E™),

(2.27)
Wiy = UL, 1¥;),  Hpl¥pt)y=—V2mc2e|¥Vy®),
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and the Dirac eigenvalues E are given by those of the associated SUSY Hamiltonian, €, via the simple

relation
E = +V2mc?e. (2.28)

With the help of the SUSY transformation (2.12) the positive and negative energy eigenstates explicitly
read

pos 1 (l + \/so/a)l‘P;))
Ve )= ——— , (2.29)
2+2W V1—8()/8|\Pg>
. 1 V1 —¢eo/e|¥Y))
7 P S— : (2.30)
24 2ye07z \ (1+ Veole) 1)

In the case of unbroken SUSY when M € spec(Hp) the corresponding eigenstates are given by
I\ngs> =|¥Z ) and in the case of —~M € spec(Hp) they are by |‘{’2§g =|¥;,)-

In closing this section let us summarize that the spectral properties of a supersymmetric
Dirac Hamiltonian (2.17) are explicitly given via those of the non-relativistic SUSY Hamiltonian
(2.19).

lll. PATH INTEGRAL REPRESENTATION OF THE RESOLVENT

In non-relativistic quantum mechanics, the time-evolution operator can be represented in terms
of a Feynman path integral. In fact, the Schrodinger Hamiltonian being quadratic in the momentum
makes it possible to define the Feynman path integral properly.'*!> In the Dirac theory, the Hamil-
tonian is linear in the momentum. Hence the path integral representation cannot be constructed in a
manner analogous to that for the non-relativistic case. Especially, for the SUSY Dirac problem, it is
desirable to find an effective SUSY Hamiltonian quadratic in the momentum, corresponding to the
Dirac operator. To this end we shall employ the following procedure.

Let us start with the resolvent of the Dirac operator (2.16),

G(z)= #, z € C\spec(Hp), 3.1

which is an analytical function of z in the complement of the spectrum of Hp. Let us write it in the
form

G(z) = (Hp +2)g(z%). (3.2)

Here

8= (3.3)

2
Hy-¢
is the resolvent of the squared Dirac operator H2, defined in the £-plane. The iterated resolvent g(¢)
is easier to handle than the original resolvent G(z) is. While the Dirac operator Hp given in (2.17)
is not diagonal, the squared operator le) is diagonal as shown in (2.18). Hence the iterated resolvent
g(¢) can as well be given in the diagonal form

g o0
= , 34
8 ( 0 g_(g)) 3.4
with
oo o 1
SO £ O hpE g (3.5)

The resolvent G(z) of the Dirac operator Hp may be obtained with the help of the diagonal elements
of the iterated resolvent, in the form
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(3.6)

M) et (72 Do (72
G(Z)=(HD+z)g(z2)=<(Z+ 0)g" (%) g (z) )

Dig*®) (z-Myg (/)

The iterated resolvent g(¢) as well as G(z) acts on Hilbert space . Hence |¥') = g({)|¥) e H
for |¥) € H, which yields on the coordinate base an integral equation,

<I"'I‘I”>=/RS dr’ (r”1g(O e W'Y, (3.7

whose kernel (r”’Ig({)Ir’), denote by g(r”, r’; £), will be referred to as the iterated resolvent
kernel.

Since Hg in (3.3) and hence Hgysy defined by (2.19) are positive semi-definite, the spectrum of
the corresponding Schrodinger operator, spec(H sysy), is on the non-negative real axis of the {-plane.
Considering a contour C encircling counter-clockwise all points corresponding to spec(le)) and using
Cauchy’s integral formula, we can find

o it} _ 30 96; dze ™ g(7), 3.8)

where ¢ and u are any real constants. At this point, recall that the Schrodinger operator H sysy is defined
by (2.19), we replace H2 on the left-hand side by 2mc?H sysy. Moreover, we let u = (2mc*h)”!. Then
the quantity on the left-hand side of (3.8) can be understood as the unitary evolution operator of the
system with the Schrodinger Hamiltonian Hgysy if ¢ is identified with the time parameter. In the
coordinate representation, (3.8) may be written as

K(I‘” I' t)__%mé ( —1t(/2mch (r// I‘ g) (39)

which relates the resolvent kernel to Feynman’s kernel (or the propagator)
K", r';1)=(r"|e"Hsvsr /g7y, (3.10)

We also note that the iterated resolvent can be expressed as
g(O)=iu / dr exp{—itu(Hp - {)}. (3.11)
0

The integral on the right-hand side converges for Im(u¢) > 0 and { ¢ spec(Hl%). Namely, it converges
on the upper half of the £ plane if # > 0 or on the lower half plane if u < 0. With our choice
u=2mc*h)~!, we consider the integral defined only for Im(¢) > 0. In the coordinate representation,
(3.11) takes the form

g’ r'; )= —h /00 dr P,(r",r';1), (3.12)

where
P v 1) = (| exp{=(it/m) (Hsusy — £/2mc®) Hr'), (3.13)

which we shall refer to as the promotor.'® The promotor for the Hamiltonian Hysy is the same in
form as the propagator for the effective Hamiltonian H.5({) = Hsysy — £ /2mc?. As the propagator
is given in terms of Feynman’s path integral, so is the promotor. While the Schrédinger Hamiltonian
itself is self-adjoint, the effective Hamiltonian is not. However, the Hamiltonian has to be self-adjoint
for the time-evolution operator, but path integration of the promotor does not require self-adjointness
of the effective Hamiltonian.

The corresponding diagonal elements of the iterated resolvent kernel are given by

g, ' H)="Ig" (é“)lr)— h/ dr P7(r", 1’ 0), (3.14)
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where
PE(r”,r'; 1) =(r"| exp(~ (lt/h)Hﬁ»({)}IH (3.15)

and

(o— (DD + Mg - £), Hop() = — (DU)+M2 Z). (3.16)

One of the merits of utilizing the iterated resolvent is that the kernel of its components can

be represented by means of Feynman’s path integral for effective non-relativistic systems. Let

[(r r, t) represent the classical Lagrangian associated with the effective Hamiltonian H>, (§ ). Then
the promotors can be expressed as Feynman’s path integral

r(t)=r" i t
Pz(r”,r’;t): Drexp{—/ ds E?(i‘,r,s)}. (3.17)
i Jo

r0)=r"
If the system with the effective non-relativistic Lagrangian is path-integrable, the diagonal elements
of the iterated resolvent kernel can be determined via (3.14).

The resolvent kernel G(r”’, r’; z) = (r"’IG(z)Ir"), or Green’s function, of the Dirac operator is
given as the coordinate representation of (3.6); namely,

(3.18)

(z+Mo)g*(,r';2%) Da'")g (", r';z%)
G@r",r';2)= ,
DI (gt 1,22 (z— Mo)g (r",r';2%)

where D(r'’) is the operator in the r”’ representation, satisfying (r"IDIr"y = D(r"")6(r” —r’). If the two
non-zero elements of the iterated resolvent kernel are found in closed form, then all the elements of
Green’s function must be obtained in closed form.

In obtaining the above results, the SUSY-structure is a sufficient but not a necessary condition.
The recent approach is applicable even to the case where the Dirac operator is non-supersymmetric,
i.e., not of the form (2.17), insofar as its squared Dirac operator is (block) diagonal. A notable example
is the Dirac-Coulomb operator for the Dirac electron in the hydrogen atom problem, which is not in
the form (2.17) but whose square is diagonalizable. The path integral for the Dirac-Coulomb problem
has been explicitly and exactly calculated without SUSY.!”

IV. THE FREE DIRAC HAMILTONIAN

The simplest example for the general approach discussed above is that of the free Dirac Hamil-
tonian for which D' = D = co - p and M = moc?. Let m = my as this choice is physically most natural.
For simplicity, we use m for the electronic mass rather than mg from now on.

First we treat this system by using the path integral representation. The effective Hamiltonian
is

_pr om0 pt A
Hg (= 5 = 5 = om ™ 2w @.1)
with
W)= /c* —m*c?, 4.2)

The effective Hamiltonian (4.1) is nothing more then that of the Schrédinger Hamiltonian for a free
non-relativistic particle of mass m with an additive constant acting on #* = L2(R?)®C?. The effective
Lagrangian corresponding to (4.1) reads

2
@ )

)= 4.3

Ly r 1) = 2 2m (4.3)

As is well known, the path integral for (4.3) can explicitly be calculated,'*!'>!3 whose result leads

the promotor (3.13) to the form
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m \3/2 i/m t
pt //’ ’;IZ( : ) _(_ N2 b2 ) . 4.4
' aie exp{h 2t(r r’) +2m,u(§) 4.4
With the help of the integral formula No. 3.478.4 in Ref. 19,Rea > 0,Re b > 0,
/ dr 172 expl~aft - bt} = |~ exp{~2Vab}, 4.5)
0 a

and assuming a small positive imaginary part of the mass, i.e., Im(m) > 0, we can deduce the resolvent
kernel for the squared Dirac Hamiltonian, x =r"" — 7/,

g r' )= exp{(i/7) p({)lxl}, (4.6)

1
47|x|(hc)?
from which follows via (3.2) the resolvent kernel for the free Dirac Hamiltonian

RO - @-x
in +cu(Z?)— + Bmc* +z ). 4.7
47r|x|(hc)2( e M)+ Bme Z) @7

This is the well-known result [see, e.g., Eq. (1.263) in Ref. 10].
The spectral properties of the free Dirac Hamiltonian can directly be read off from those of the
free Schrodinger Hamiltonians

Gr' . r';z)=

2 2
+ p mc
Hgygy = m + > 4.8)
using the plane-wave solutions. With k € R? denoting the wave vector, the spectrum reads
2k* me?
==+ —. 4.9
“Tom T2 9

The free Dirac spectrum E = £Vm2c* + ¢2h2k? is immediately recovered via (2.28). The correspond-
ing positive and negative eigenstates are easily be obtained from the non-relativistic plane-wave
solutions via the general relations (2.29) and (2.30).

V. THE DIRAC OSCILLATOR

As asecond less trivial example let us consider the so-called Dirac oscillator’®-23 characterized by

D=co - (p+imwr) and Mo = mc?. With these definitions the corresponding Schrodinger Hamiltonians
(2.20) read

HE, =p—+ﬂw2r2¢(2—wS-L+§hw)+m—cz (5.1)

SUSY ™ 2m h 2 2 '
where
L=rxp, S=0/2)0o 5.2)

denote the orbital and spin angular momentum operator, respectively. Introducing the spin-orbit
operator

K=28 L/ +1=J*/i* - L*/i* +1/4, J=L+S, (5.3)

which obviously commutes with H ;-'USY, J% 7 3, and L2, the above pair of Hamiltonians reads

2 2
. )/ m 55 1 mc
HSUSY:%-FE(U r- =+ (K+§)hw+7 (54)
The ansatz
+ _ plo) (o)

an./'m,-rr(r) =R, (r)cpjmj 0, ), (5.5)

where gaj(z) denotes the spin spherical harmonics®* (see also Appendix A), will reduce the eigenvalue
problem of (5.4) to that of the standard non-relativistic harmonic oscillator with an additional spin-
orbit coupling in three dimensions. The radial wave functions R;‘ZT) are identified with the well-

known radial wave function of the harmonic oscillator.”> The eigenvalues of (5.4) are explicitly given
by

5:;}»’0_=ha)[2n+j+1—0'(j+1)]+mcz/2, 56
Enir =h[200+ 1) +j+ aj] + mc?)2,
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where n € Ny denotes the radial quantum number and the total angular momentum quantum number
j= 2 2, ... takes half odd integers and o = +1. Hence, we have g, = 5‘; o= &4 Jtl—o As explicated
in Appendlx A let us note that /, j, and o are not mdependent quantum numbers as they are related

by j =1+ o/2. That is, for fixed j, we have the relation R 'T) =R . For a detailed discussion of

nl-o"
the spectral properties, we refer to the work by Quesne;> here we are only interested in the SUSY

ground states. Obviously we have g9 = 6‘5 1 =mc?/2. Thatis, SUSY is unbroken and the ground state
energy, which belongs to the spectrum of H{, . only, is infinitely degenerate as it does not dependent
on the total angular quantum number j. Indeed, observing that

y K-1
Di=co - (p — imwr) = —ihco - er(a + %r - ), 6.7
r
where r = re,, one realizes that the radial part of the eigenfunctions ‘I’+ ywithn=0and o =1,
1 mw .
R&r )(r)ocrl exp{—ﬁrz} I=j—-1/2,
are all annihilated by the operator (5.7).
Finally let us note that the SUSY transformations (2.12) explicitly read
DYy, | = iV2mhon,
DT\P;M Ly = —I2mhe2(n+j+ DY
(5.8)
DY, . = —i\2mc2hw2(n + ¥ n+1,/m -
D‘I];,j,m,- | = iV2mhw2(n+ 1+ )P T

and can be derived by explicit application of (5.7) using the property (A3) of Appendix A and
established recurrence relations of the radial functions of the harmonic oscillator.?
A. Path integral representation for the Dirac oscillator

The effective Hamiltonians associated with the Dirac oscillator explicitly read

#2(5).

2m

(5.9)

p’ 1
Hip ()= = —+ 2w2r2 ¥ (K + E)hw -~

Due to the spherical symmetry of the above Hamiltonian, the promotor associated with it can be
expressed in a partial wave expansion of the form

P10 = ZP(,(r" r'i) Z (07 )B (6. ¢, (5.10)

mj=—j
where the radial promotor can be expressed in terms of a radial path integral
r(t)=r" i ¢
le(r",r';l)z Drexp{£/ ds L3, r, t)} (5.11)
r(0)=r’ 0

with effective radial Lagrangian, « = o(j + 1/2),
£ m, m o, I+ DR @A)
Eeff(r,r,t)zir —EU)I" —W'F m

which in essence is that of the radial harmonic oscillator in three-dimension and its path integration
has explicitly been calculated by Peak and Inomata®®?’ resulting in

mow(rr" )2 imw ,, 5 il () mwr'r
Pi N, /;t — . i 7 + / t ol + +\¢ I : g 513
g’[(r rsh) 71 sin wt &P 2h (r ro)cotw 2hm e12 sin ( )

+ hw(k +1/2), (5.12)
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with ,ui(g“ )= p* (&) +2mhw(k+1/2) and I,/ denotes the modified Bessel function. The -integration
can be performed using the integral formula (derived from 6.669.4 in Ref. 19)

© e 1 tNab\ TA/2+p-v)
dg— exp{——(a + b)t coth q}Iz - = W, p(at)M, ,(bt)  (5.14)
/0 sinh ¢ 2 P\sinhg | rvapr(i+2p) 20 0

with integrability conditions a > b, Re(1/2 + p — v) > 0, and Re ¢ > 0. The explicit integration
yields

o0 . "' T(p = vE+1/2) 2 5
/O P 071 0) = T R S Wm0y o), (5.15)

where p = /2 + 1/4, v¥({) = u2.()/4mwh, rs = max{r”, r'}, r« = min{r”, '}, and W,, and M,,,
are the Whittaker functions. We finally arrive at the iterated Green’s function for the Dirac oscillator

J
gi(r",r';é’):ng(r",r’;{) Z 95’2)(0//’¢//)¢;’;)(0/’¢/) (5.16)
jo mj=—j ' '
with
I(p—v*()+1/2)
2methw(r”r )21 (1 + 2p)

and ¢ denoting the complex conjugated and transposed spinor of ¢. From the poles of Green’s function
in the complex z-plane, we may deduce the spectrum. These poles occur in the Gamma function of
the numerator of the iterated radial Green’s function (5.17), that is, for

vi(Q)=n+p+1/2, neN. (5.18)

S )= Woe, o (r2mw/MM,, p(rimw/h), (5.17)

Hence the poles occur at
F=mct+omho2n+j+ 3T o(j+ 1) - 5] (5.19)

and the spectrum of the Dirac oscillator explicitly reads

Ef., —mc\/l+ Rn+G+1)—oG+1)],
“ (5.20)

E, . _=-mc \/1+%[2(n+1)+j+aj].

Obviously we have E Ljtl—or _En,, > Which implies that the spectrum is symmetric about the

origin with the exception of the ground state energy E+ =mc? which belongs only to the positive
part of the spectrum. Note that the spectrum can also be obtained directly from (5.6) using the
established relation (2.28).

VI. A GENERALISATION OF THE DIRAC OSCILLATOR
Let us now consider a generalisation of the Dirac oscillator characterised by
D=co - (p+ihVU), Moy=mc>’. 6.1)

Here the “superpotential” U is initially assumed to be an arbitrary function on R*. The corresponding
Schrodinger Hamiltonians now read

HE =i+h—2((VU)2¢AU)¢gS'(VU Xp) (6.2)
SusY = 5. T om m ) ’

Obviously SUSY is unbroken if one of the functions

W5 (1) < exp(FU@} X (63)

belongs to the Hilbert space H*, respectively. In the above, y , is an arbitrary constant 2-spinor. Note
that both ¥; ; and ¥ , cannot be simultaneous ground states as, for example, a rapidly increasing
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superpotential U(r) — oo for r — oo will lead to an normalizable \P(J)r, , but then Yo, is not square
integrable.

In order to be a bit more explicit, let us consider that the superpotential is a spherical symmetric
function. In that case, VU = U’(r)e, and thus U’ describes a so-called tensor potential.28 The quadratic
superpotential U(r) = (mw/2h)r* gives rise to a linear tensor potential and characterises the previously
discussed Dirac oscillator. For a recent discussion on generalisation of the Dirac oscillator, see, for
example, Refs. 29 and 30. For a general spherical symmetric U, the corresponding Schrodinger
Hamiltonians take the form

2 2 2777
fusr =+ 3 (U720 U7 = 20
The adjoint of the above Dirac operator (6.1) reduces to

K. (6.4)

mr

r

D' = —ihicor -er(ﬁr - + U’(r)), (6.5)
and the condition for unbroken SUSY, that is, D“I’ar I 0 with ‘I’g 1 :Rgl)gaj(;), leads to a radial
B > 7

wave function of the form

RSV ol expl-U(r), 1=j—1/2,
which becomes normalizable if the potential U is well behaved at the origin and increases rapidly
enough for large r. Note that for o = —1 there exists no normalizable SUSY ground state. Let us also
mention that for a rapidly decreasing superpotential, U(r) — —oco as r — oo, SUSY is also unbroken
with ground state ¥ , = Ré;l)go](.r;_l) belonging to the sector o = —1 and
E y

Ré;l)ocr”l explU()}, [=j+1/2.

In either case, the SUSY ground state is infinitely degenerate as in the special case of the Dirac
oscillator.

A. The case of a linear superpotential

Let us consider a simple non-trivial case of a linear superpotential
Ury=yr, v>0, (6.6)

which leads to the following pair of Schrodinger Hamiltonians:
2 2
" p- n L2
Hyygy =5+ (72 T —K)~ (6.7)

As the eigenvalues k = o(j + 1/2) of the spin-orbit operator K are non-zero integers, the above
Hamiltonian H{,, characterizes a quantum particle under the influence of a Coulomb-like spin-
orbit interaction which is attractive for the positive eigenvalues of K where spin and orbital angular
momentum are aligned, o = +1, and repulsive for the case o~ = —1. The situation for Hg g, is just the
opposite.

Let us first consider the subspace o = +1 and make the following ansatz for the eigenvalue

problem: +) (+) +), (+)
+ +) (+ + +) (+

HSUSY nl ‘p)ml = g;l—,i,+anl gp)m, (68)

As in this subspace the spin-orbit operator takes the positive eigenvalues € + 1, this eigenvalue problem

is reduced to that of the standard non-relativistic Coulomb problem
2 2 2,2

pe _hyd+ D) WY\ ow ) ) )

(% N mr * 2m R Jjm _gif’“Rnl Pjm; 6.9)

with effective charge ¢ = #2y(l + 1)/m. Hence the eigenvalue problem is immediately solved when

the R;‘l") are taken to be the radial eigenfunction for the Coulomb problem. With the well-known

eigenvalues of the non-relativistic Coulomb problem —(me*/2A2)(n + 1 + 1)72, the discrete eigenvalues

are obtained,
n2y? t+1 \?
=1 - — . .1
8}::/,'*'1 ( (n+g+1) ’ HENO (6 O)
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The corresponding continuous spectrum of H
be written as

coincides with the full spectrum of Hg, ¢, and may

SUSY uUsy

1
&= %(hzkz +17y?). ke R, (6.11)

In a similar manner, one finds the discrete spectrum for the o = —1 subspace, where [ =j + 1/2

#0,
h2y? ¢\
= 1- , 12
Enjim1 2m( (n+1+€) 6-12)

Obviously we have recovered again the relation £ =&" & jo18s expected. This finally leads

ngj,+1 =<y
to the discrete eigenvalues of the Dirac operator as follows:
2y, 72 12 \2\]'?
E’-:I +1 = Me [ m2c? (1 - (m) ’ (6.13)
- 2 n2y? 12 \2\11?
E;,_ =-mc [1 + 0y (1 (2] (6.14)
The continuous spectrum is given by
1/2
hZ,yZ h2k2
+ _ 2
E;=+mc” |1+ A taa (6.15)

In addition, the positive and negative Dirac eigenstates for the linear superpotential directly fol-
low from those of the non-relativistic Coulomb problem via the general relations established in
Sec. IL.

Finally, let us note that a logarithmic superpotential of the form U(r) = y In(r/ry) also leads to
an exactly solvable SUSY Hamiltonian.

B. Path integral representation for the case of a linear superpotential

Similar to the previous discussion on the Dirac oscillator, the promotor can be expressed in terms

of partial waves [cf. Egs. (5.10) and (3.17)] with effective radial Lagrangian
m I+ Dr: #2 2yk\ 1)
LE ()= =i — ——— — —[y? = == |+ 222 6.16
et (75 7) 2" 2mr? 2m Y r 2m (6.16)
For the 1/r-potential, the path integral cannot directly be evaluated. However, with the help of the
so-called local space time transformation,'®3!-3? it may be reduced to that of a harmonic potential.
To be more explicit, let us introduce a new radial variable s = /7 and a new time 7 with dt = 4s%dr;

the integral expression (3.14) for the radial Green’s function (5.16) can be put into the form

+ 7’ ’ — 1 * + " ’ 1 r,/r 144 I
g = o A diPL 1) = = A drP%,(s", 5", 1), 6.17)
where
s" =s(T) i T .y
PE (5”8, 1)= Dsexp{—/ dr L, } (6.18)
¢t s'=s5(0) h 0 o

now represents a path integral for a harmonic oscillator in the new space-time co-ordinates as the
new effective Lagrangian reads

. ds\2 AA+DRZ m_,, 4iyk
Ly = =2 D T 6.19
S ) ( dr ) 2ms? 20 m 6.19)
where A =2€ + 1/2 and Q = (2/m)\/h2y? — u%((). Hence we immediately obtain the result
. mQ(s"s")!/? mQs’s"’ imQ ,, , dilyk
Py, (5", s 1) = ———1 e "t t Qf + ,  (6.20
s 7 insinQr 2 \insinQr °xP 2"h BT s7)co m T ( )
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which obviously is identical in form with that of the Dirac oscillator discussed in Sec. V A. Hence
we can directly perform the 7-integration using formula (5.14) resulting in

") T (p - vE+1/2)
© mhQ T +2p)

g r'0) Wy o (rsmQ/m)My= 5 (r<mQ/h), (6.21)
where p = A/2 +1/4={ + 1/2 and v* = £271yk/Qm. Again the poles of g7 will lead to the eigenvalues
of the associated Dirac Hamiltonian and occur at the poles of the Gamma function in the numerator,
that is, at v* = n + € + 1 with n € Ny. For the positive energy sector, they can only occur for positive
k =€+ 1, thatis, o = 1, and with v* = 2hy(€ + 1)/Qm the final result reads

2
£+1
Ef,, =szc4+h26272(1 - (;) ) (6.22)

n+{+1

For the negative energy sector, the occurrence of poles requires that k = —€ < 0, o = —1 and leads
to

2
_ 4
En,[,—l = —J m2ct + thz’}/Z(l - (m) ) (6.23)

Finally let us note that Green’s function also leads to the continuous spectrum of the system. In
fact, the branch cut occurring in the definition of Q when taken along the negative half line can be
parameterized by #2y? — p>(¢) = —A? with 1 € R, and directly leads to

Ef= i\/mzc4 +12y2¢2 + 2k 2, (6.24)

where we have identified A = 7ilkl. These eigenvalues are indeed identical to those given in (6.13)-
(6.15) by noting the relationj =1 + o/2.

Itis worth remarking that a logarithmic superpotential of the form U(r) =y In(r/r¢) as mentioned
above the path integration can be done in closed form, too.

VIl. CONCLUSIONS

In this paper, we have studied the resolvent kernel, or Green’s function, of supersymmetric Dirac
Hamiltonians. It has been shown that the iterated resolvent g of the squared Dirac Hamiltonian allows
for an explicit path-integral representation of Feynman’s type. This is due to the fact that squared Dirac
Hamiltonian becomes block diagonal and each block is represented by an effective Hamiltonian which
is of the form of a non-relativistic Schrodinger Hamiltonian. The final resolvent kernel G is then sim-
ply obtained by differentiation; cf. Eq. (3.18). We have explicitly treated the free particle case leading
to a path integral of the non-relativistic free particle; the Dirac oscillator whose path integral represen-
tation was that of a non-relativistic harmonic oscillator with an additional spin-orbit coupling; and a
generalisation of the Dirac oscillator where we have studied the special case of a linear superpotential
leading us to a non-relativistic path integral of the Coulomb type, which can explicitly be calculated.
The path integral representation may also be useful in obtaining semi-classical approximations of
a supersymmetric Dirac Hamiltonian, for example, in cases were the path integral is not exactly
solvable.

We have also shown in this paper that once the spectral properties, i.e., the eigenvalues and
eigenfunctions, of the associated non-relativistic SUSY partner Hamiltonians Hy,, are explicitly
known, the spectral properties of the Dirac Hamiltonian immediately follow. The eigenvalues E of
the Dirac Hamiltonian are explicitly given in terms of the eigenvalues ¢ of the non-relativistic Hg,
via the simple relation (2.28). The corresponding eigenstates are given by those of via the
relation (2.29) and (2.30).

In the main text, we have only considered systems with unbroken SUSY. However, the general
approach is valid for good and broken SUSY. In Appendix B, we briefly realise the free Dirac
Hamiltonian in the so-called supersymmetric representation of the Dirac matrices leading to a broken
SUSY as discussed in the general approach. The resulting partner Hamiltonians (B4) are identical to
those of the unbroken realisation (4.8) discussed in the main text.

+
HSUSY
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Our examples were all based on a Dirac Hamiltonian in three dimensions but the discussion of
Secs. II and 11 is also applicable to Dirac Hamiltonians in one dimension and two dimensions in an
obvious way. Appendix C briefly discusses the one-dimensional Dirac oscillator and its generalization,
the relativistic Witten model. Further examples of supersymmetric Dirac Hamiltonians are briefly
discussed in the textbook by Thaller.!? In particular the Dirac particle in an external magnetic field,
cf. Eq. (2.13), exhibits SUSY and its corresponding partner Hamiltonians are given by the usual
Pauli-Hamiltonian. Hence, whenever that Pauli problem is solvable, as, for example, for a constant
magnetic field, the corresponding Dirac problem is also solved.

Finally let us mention that our approach also applies to radial Dirac Hamiltonians in flat space
as well as in central back grounds like de Sitter and anti-de Sitter space.?? It might also be applied
to cases were no exact SUSY structure and Foldy-Wouthuysen transformation exist using proper
non-relativistic approximations as recently discussed by Jentschura and Noble.>*

APPENDIX A: SPIN SPHERICAL HARMONICS

In this appendix, we briefly review the basic properties of the spin spherical harmonics following
Bjorken and Drell>* (see also the textbook by Thaller!?),

+1/2+o0m; ,mi—1/2
N Y T6.9)

+1/2—om; ,mi+1/2 ’
o= Y, 0,9)

where Ylm ! denotes the usual spherical harmonics defined on the unit sphere S2. In the above definition,
the total and orbital angular momentum quantum numbers j and / are not independent and obey the
relation j = [ + 0/2, where o = +1. Note that / € Ny and / = 0 is only allowed for the case o = +1.
The <pj(.glj) are simultaneous eigenfunctions of J 2 Js, L2, and the spin orbit operator K,

i (0. 9) = (AD)

o) =jG+DiPg). jets.3.3..,
(o) _ (o) . .

J3@5, = mihe;, ", J=mj<j,

L6 7 =11+ D2, j=l+0/2,

Jjm; Jjm;’

(A2)

K¢§n“1j> = chj(.,‘;j), k=0(+1/2).

They form a complete orthogonal set on the Hilbert space L2(S?) ® C? and thus are most suitable
for solving eigenvalue problems of spherical symmetric Hamiltonians like H{;, as discussed in the
main text. Finally let us mention that they obey the relation®*

o- e,g;n‘jj? =), (A3)

Jmj

Also note that in the literature the eigenvalues of the spin-orbit operator are sometimes denoted by
—« and the operator is multiplied by /2. For simplicity, we prefer a dimensionless K with eigenvalues
denoted by «. Finally let us mention the obvious relation

o -p=—ili(o - e,.)(a, - KT_]), (A4)

which was used several times in the main text.

APPENDIX B: FREE DIRAC HAMILTONIAN WITH BROKEN SUSY

Despite the fact that in the main text we only considered systems with unbroken SUSY, the
general approach is clearly valid for unbroken and broken SUSY. As a simple but instructive example
with broken SUSY, let us consider again the free Dirac Hamiltonian

Hp=ca -p — Bmc?. (B1)
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Using the so-called supersymmetric representation of the Dirac matrices'’

0o 0-i -
as_<0_0)’ ﬂ?‘(l 0>v ( )

the free Dirac Hamiltonian takes the explicit form

0 co - p —imc?
Hp = ] . (B3)
2
co - p+imc 0

Hence it is a supersymmetric Dirac operator with D = co -p — imc? and M = 0. In contrast to the
discussion in Sec. III, here, the supercharge is not self-adjoint but leads to the same SUSY partner
Hamiltonians

+ 1 2.2 2 4
HSUSYIw(Cp +mct). (B4)

However, here gy = Mg/ 2mc? =0 and hence cannot belong to the spectrum of above SUSY Hamil-
tonians, that is, SUSY is broken for this choice of supercharge. Nevertheless, Hg,, share the
same plan-wave eigenstates as in the unbroken SUSY case with the same eigenvalues given by

4.9).

APPENDIX C: ONE-DIMENSIONAL DIRAC OPERATORS

The free Dirac operator in one dimension is represented by 2 X 2 Pauli matrices and explicitly

reads
2

_ 2 _ mc cp
Hp=cop+ ozmc —( cp —mcz) (Ch
acting on H =L*(R) ® C2. As in the three-dimensional case, we may define a generalized Dirac
oscillator via the non-minimal substitution p — p — iAU’(x)o3, where U : R — R denotes the super-
potential, giving rise to the standard non-relativistic SUSY Hamiltonians of the Witten model shifted
by g9 = mc?/2,
2 2 2
+ _ p h 72 — mc

Hiysy =5~ + %(U @) FU"(x)) + - (C2)
Hence, whenever the eigenvalue problem of such a non-relativistic SUSY Hamiltonian can be solved,
one immediately has the solution for the Dirac problem. Indeed, let €, = &, — mc?/2 denote the

eigenvalues of the unshifted Witten model Hg; ., — £0; we immediately have the Dirac spectrum

2 [1 4 26

E; =+mc

. C3
o2 (C3)
The corresponding eigenstates are found similarly via relation (2.27). In the non-relativistic limit, we
recover the spectrum of the Witten model,

lim (E;{ - mcz) = €, (C4)

c—0

confirming that the one-dimensional Dirac operator

mec? c(p + iU’ (x))
c(p — kU’ (x)) —mc? ) €5
is indeed the relativistic version of Witten’s non-relativistic SUSY model characterised by the SUSY
partner Hamiltonians (C2).

o=

The special case U(x) = %xz leads to the one-dimensional Dirac oscillator Hamiltonian
2 .
mc c(p + imwx)
Hp= .
b (c(p —imwx)  —mc? )’ (C6)

which obviously is a supersymmetric Dirac Operator with D = c¢(p + imwx), Mo = mc?, and the SUSY

Hamiltonians read
N p m _hw  mc
Hiusy =3 * 30X F 3+ 5 ©
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coinciding, except of the trivial additive constant mc?/2, with the supersymmetric harmonic oscil-
lator in Witten’s non-relativistic model.> Here SUSY is unbroken as the ground state energy
0 = M /2mc* = mc? /2 and belongs to the spectrum of Hy, ... The positive eigenvalues are &, = hiwn +
go,n=1,2,3, ..., and the corresponding eigenstates are given by ¥y (x) = (x|n) and ¥, (x) = (x|n— 1),
where In) represents the standard nth eigenstate of the one-dimensional harmonic oscillator. Finally,
the complete spectrum of the one-dimensional Dirac oscillator reads

h
Ej=mc, Ef=mc*y|1+2n"—, neN. (C8)
mc

Let us note that the positive part of this spectrum coincides with that of the three-dimensional Dirac
operator when o~ = 1 and the negative part coincides with the negative part of the three-dimensional
case if o = —1 is chosen. For a detailed study of the dynamical behavior for this model, we refer
to Ref. 35, which compares the dynamics generated by the above Hp with that generated by the
corresponding diagonalized Hamiltonian Hgw.
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