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Abstract
We study a path integral approach to a system of particles in a PT-
symmetric harmonic potential: V (z) = mw?(2%24:2icx)/2. The eigenvalues
and eigenstates of the system have been calculated. We find that the total
energy of the system is real. The connection between the non-Hermitian
and Hermitian Hamiltonians has been discussed and we also establish this
connection in the context of path integrals via a considering model.
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1 Introduction

Bender et al, [1, 2] has argued that hermiticity is not a natural physical re-
quirement for Hamiltonians in quantum mechanics, but rather a mathematical
criterion. This has become evident in his and collaborators’ study of Hamiltoni-
ans that posses real eigenvalues. The matrix elements of the Hamiltonian can be
complex in which the space-time reflection symmetry is preserved. They use the
notation' H = HPT instead of H = HT. A remarkable example of the quantum
system is [2]

H =3 — (id)", (L1)

Lwhere P is linear and has the effect of changing the sign of the momentum operator p and
the position operator z: PpP = —p and PZP = —z. The time reversal T is antilinear and
satsifies TpT = —p, TZT = and TiT = —i.
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where n is a continuous real parameter. They found that for n > 2 the eigenvalues
of the Hamiltonian are real, positive and discrete. On the other hand, for n < 2,
the spectrum is partly real and partly complex.

A system of a particle in PT-symmetric cubic oscillator has been studied by
Bender et al., [3]. In this paper, the ground-state energy of the Hamiltonian
H = %2 + 1—2 + iz was calculated by using high-order Reyleigh-Schrodinger per-
turbation theory and they have found that the energy spectrum of this Hamil-
tonian is real. Later, the time evolution of this system has been studied by
Figueira et al., [4]. They evaluated explicitly various transition amplitudes, for
the situation when the systems are subjected to a monochromatic linearly po-
larized electric field. However, there are a number of examples of PT-symmetric
quantum systems, i.e., [5, 6, 7, 8].

A question arises at this point, whether there is any connection between Her-
mitian Hamiltonian and a non-Hermitian PT-symmetric Hamiltonian. Mostafazadeh
9, 10, 11] has shown that there exists a Hermitian operator p, such that

h=p~'Hp, (1.2)

where h is a Hermitian Hamiltonian and the operator p can be written in the
form p = e?/2. For a simple example, we consider
2 2
p x .
H=—+—+1x. 1.3
5 T3 (1.3)
The ¢ operator corresponds to the Hamiltonian Eq. (1.3) given by ¢ = —2p,
where p is the momentum and we can show that

2 2

h=e’!He? =— +

T
— 1.4
s tot (1.4)

|~

is a Hermitian Hamiltonian.
Another relation between a non-Hermitian and Hermitian Hamiltonian is that
they have the same eigenvalues. Consider

H®, = E,,, (1.5)

where ®,, are the eigenstates corresponding to a non-Hermitian Hamiltonian. We
multiply exp(—¢/2) on the left of Eq. (1.5):
6—4/2H6q/26—q/2q>n — Ene—q/2q)n
hv, = E,\VU,, (1.6)
where ¥, = e=9/2®, and h = e~ V2 He/?.

More recently, Mostafazadeh [11] has studied the path integrals of non-Hermitian
quantum mechanics. He considers the generating functions (partition function)

t

Z[J) =Tt | Texp %/(H—f)f’)dt , (1.7)
0



where J- X represents the source term in quantum mechanics, X = (X1, Xoy ooy X))
are the pseudo-Hermitian dynamical variables and

X =e 2,67, (1.8)

where x,, are the dynamical configuration variable. By means of Eq. (1.8), he
established the identity

t t

T exp %/(h—j-f>dt = e 9 ?Texp %/(H—f-)?)dt e (1.9)

0 0

Next, we would like to find an explicit relation of Eq. (1.9). In the discrete-time
version, we can write the relation [12, 13]

—

(I)(Xn-i-b tn—i-l) = /anK(Xn—i-la tn—i-l; Xna tn)é(im tn)a (1'10)

where ® is the wave function corresponding to a non-Hermitian Hamiltonian and
K is identical to the kernel of the quantum mechanical time-evolution operator

(propagator)
K = <Xn+1 lexp (—iAtH/R)] )Z'n> , (1.11)
with At = t,,41 — t,. Using Eq. (1.8), we obtain

6_q/2¢(in+la tn-i—l) - / e_q/2dX"eq/2e_q/2K(Xn+la tn-i—l; Xna tn)eq/26_q/2q)()?n> tn)

\Il(fn-l—la tn-‘,—l) = / dfnk(fnﬁ—la tn-l—l; fna tn)\ll(fna tn)a (112)
where
U( Tt tost) = € V2(Xppr, tag), (1.13)
and
K(Zpi1s tys1; Ty tn) = € V2K (X1, tnst; X, t)e?? (1.14)

is the propagator corresponding to a Hermitian Hamiltonian
K = (11 |exp (—iAth/R)| Z,) . (1.15)

In this paper, the propagator of an N-particle in the complex potential will
be calculated. The Hamiltonian under consideration is

N

H= Z (— + — (@2 + 22'59?1)) + g Z (& — 7))’ (1 —6y),  (1.16)

ly



where (pj, #;) are canonically conjugate variables of the ith particle in three di-
mensional spaces with unit vectors (éj,és,€3), € is a real constant and k is a
coupling constant. It is obvious to see that H # HT but H = H”T. We choose a
toy model Eq. (1.16) to study because the Lagrangian

N 9 N

m - mw K
L= — - (% £ 2ied) | — - ) — )31 — &y 1.17
( i — (& x)) 1O (E—T)P (=6 (117)

is a function in the quadratic form of (fl, 7;) and we know that the path integral
Eq. (1.17) can be exactly computed.

In the next section, the path integral of the Hamiltonian Eq. (1.16) will be
considered and the propagator will be exactly obtained. The eigenvalues and
eigenstates of the system is also derived in section 3. The connection between
the non-Hermitian and Hermitian Hamiltonians via the path integral will be
discussed in section 4. We also provide a conclusion in the last section.

2 The propagator

The propagator of the system Eq. (1.16) can be expressed in the form

I =[] & (@)t 4,(0),0), (2.1)

where K is given by

K (3(8), £: £(0), 0) = / D (&(r)) exp ?_L / Ly || (2.2)

with

ma? mw? A
L, = TZ - (7] + 2iex)) 7 Z 2(1 — &) (2.3)

We now introduce the center of mass and relative coordinates
N
:szl , Xy =4 — 7 (2.4)
=1

Then the propagator Eq. (2.1) becomes

3N—-6

1= Kx (X(8),1:X(0),0) H K3, (Xi(0),t: X15(0),0). (2.5)



where N > 2 and

X(t) ot
Ky (X(t),t;)?(c)),o) - | D (X(T)) exp % / drily |, (2.6)
X(0) 0
Xi;() t
~ 1
K7 (le(t),t,Xl](O),0> - | D (le(f)) exp | / drix, |, (27)
X15(0) 0
. 2
Ly = %)@ - m‘; X? F imw?.eNX, (2.8)
. 2
m w? 2 K o

2.1 The propagator for the center of mass

In this section, we would like to compute the propagator Eq. (2.6). We start to
consider the equation of motion Eq. (2.8)

X +w?X = iew? = F, (2.10)
which describes the harmonic motion of the center of mass with a constant (imag-

inary) driving force F' = diag(Ficw?, Fiew?, Ficw?). The exact form of the prop-
agator Eq. (2.6) can be found [12] as

Ky (X'(t),t;)?(@),o) — Gx exp (%5;) : (2.11)

where Gy is the prefactor and the classical action, S, is given by

t

st — / drLy = @ ()%(t))?(t) - )?(0))2‘(0)) T M / drX (7). (2.12)

The classical path of the center of mass is easily obtained from Eq. (2.10)

) — X(0)sinw(t — ) + X () sinwr . (2.13)

sin wt




Substituting Eq. (2.13) into Eq. (2.12), we have

2.2
a _  mwZ e Nt - mwN 29 =9 TR
s = e [(X () + X (0)) cos wit X(t)X(O)]
imw?Ne S S

The prefactor can be obtained from

3
N 2 7imw262 t
Gy = Kx (0,£0,0) = (L) e~ Em (2.15)

imhsinwt

2.2 The propagator for the relative coordinate

The equation of motion of the relative coordinate can be easily computed yielding
X+ 02X, =0 (2.16)

where O = w? + Nk /2. Eq. (2.16) describes a motion of a particle for a simple
harmonic oscillator. The path integral of Eq. (2.7) can also be easily done

o S )
K;(lj (le(t)7t7 le(0)7 O) = Gle exp (ﬁsglj) ) (217>

where G, is the prefactor and Sﬁélj is the classical action for the relative coor-
dinate given by

t

—

s¢ = / drLx, = g (X (1) Xy (1) — X,(0)X5(0)) (2.18)

The classical path of the relative coordinate is given by

le(T) _ )le(O) sin Q(t S—lrz'gz: )le(t) sin Q’T. (2.19)
Inserting Eq. (2.19) into Eq. (2.18), we have
S¢. = 2”;%7& [(}Z@(t) + )2'5(0)) cos Ot — )?U(t))?lj(oﬂ . (2.20)
The prefactor can be expressed in the form
5
Gx, = K%, (0,40,0) = (%) . (2.21)



3 The eigenstates and eigenvalues

Next, we would like to calculate the energy spectrum of the Hamiltonian. We
use the fact that

T K ( = Z et Ent/h (3.1)

where F,, is an energy eigenvalue.
From Eqs. (2.11) and (2.14), we find that

TI'KX X t; X 0 Ze—z n+1/2)wt— imeQEQt/RQ‘ (32)
Then the energy spectrum for the center of mass can be expressed
1
E, = (n + 5) fw + mNw?e?, (3.3)

In the same fashion, we obtain the energy spectrum for the relative coordinate
as

E, = (s + %) neY, (3.4)

and the total energy of the system is
E,, = (n + %) Fw + <s + %) (3N — 6)RQ2 + mNw?e?, (3.5)
where n,s = 0,1,2,.... We see that the energy eigenvalues of the system are real

and have been shifted by a constant +mNw?e?
The eigenstates of the system can be evaluated by using the identity

K(Z(t),t Z 0, ( (Z(0))e  Ent/h (3.6)

where W () is the wave function of the system and we also use the Mehler-formula
[14]

1 (z) (2)H. (1) 1 4wyz—<2x(2+y§))<l+zz> 57)
— | = n\Y) = e 1-2 . .
— V1= 22

n!

The wave function U, (X) of the center of mass can be computed

. : y
¥, (X) = (m“N ) Hn< mly w(X+zs)) —moN(X+ie)/h (3 )

V2rpl \ 27h h



where H,, are the Hermite polynomial.
The wave function ®7(X;;) of the relative coordinate is

1
S 1 m \ 4 ms) - 2o
V(X)) = H, | \/ oo X, | e 50/20h :
$(Xy) \/28—51<2N7rh) ( ONh “)6 T (3.9)

and then we can write the wave function of the system in the form

3N—6

T ()?,X'lj,t) = U, (X) [ ®2(Xy)eEnetin. (3.10)
y=1

4 Transformations

Next, we will construct the transformation between a non-Hermitian and Her-
mitian Hamiltonian. Consider the non-Hermitian Hamiltonian of a particle in
PT-symmetric harmonic oscillator

2 2
D mw’ , ,
The ¢ operator can be found exactly in the form [1]: ¢ = —2ep and we can show
that

2 2 2.2
_ D mw® o,  mwe

PHe P = — = 4.2

ePHe T + 5 T + 5 h, (4.2)

since ePre”*P = x — ie. The Hamiltonian h satisfies the hermiticity property.
According to the change of coordinates Eq. (2.4), the non-Hermitian Hamil-
tonian can be written in the form

H=Hx + Hy,,, (4.3)
where
NP? 2N .
Hy = + %2 4 w?ieN X, (4.4)
2m 2
- ﬁl? mw? o K 2y
Hy, =Y 5o T g~ g | (1= ). (4.5)
lj

We observe that Hy is a non-Hermitian Hamiltonian. On the other hand, H X,
is a Hermitian Hamiltonian. The ¢ operator can be expressed in terms of the
momentum of the center of mass: ¢ = —2¢P, and we can show that

eePHe—eP _ esPHXe—sp + Hle =hx + Hle7 (46)

8



where

NP2  mw?N -,  mw?e2N
hx = X4+ — 4.7
X o T 2 (4.7)
Using ¢ = —2¢P, we can establish the relation for the propagator of the center
of mass
T Kx(X(t), £ X(0),0)e" = Kx(X(t),1; X(0),0), (4.8)

where Ky is the propagator of the center of mass corresponding to the Hermitian
Hamiltonian Eq. (4.7) given by

h

3
- - — N 2 7imw252t
(X (). X(0),0) = ( e ) o~

mih sin wt

X eXp {%2”;:5 t ((X%) v X’2(O)> cos wit — 2)?(15))2(0)) } (4.9)

We now write the propagator of the system after transforming

3N—6

x (X(0),6:X0),0) TT K%, (%), %5(0),0). (4.10)

This propagator corresponds to the system Eq. (4.6). It is easy to observe that
the energy spectrum of Eq. (4.10) is exactly the same as Eq. (2.5).

5 Conclusions

The explicit form of the propagator of the system Eq. (1.16) has been obtained
by changing the coordinates via Eq. (2.4). The energy spectrum and the wave
function are also calculated. The total energy of the system is still real even
though the Hamiltonian does not satisfy the hermiticity. From Eq. (2.10), we
can describe a motion of the center of mass of the system in a simple harmonic
oscillator with an external constant field F' in which the energy of the system
will be shifted by the last term of Eq. (3.4). We observe that the Hermitian
Hamiltonian and non-Hermitian Hamiltonians are related to each other through
the similarity transformation, see Eq. (1.2). This relation also holds in the
context of the path integral, see Eq. (4.8).

However, we would like to point out that the model considered in this paper
is quite simple but it provides us a good background in mathematical details. We
can study furthermore for complicated models but still in the quadratic form; for
instance, N-particle in the electromagnetic field with PT-symmetric harmonic



oscillators. The system of particles subjected into PT-symmetric potential type:
(1z)™ is also of interest,

N ) N
= b MY F2\n K 2 =202
Obviously, the path integral of this system cannot be solved exactly. We must

introduce the method of the perturbation to deal with this problem. This work
is in progress.
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