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Complex effective path: A semiclassical probe of quantum effects
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We discuss the notion of an effective, average, quantum mechanical path which is a solution of the
dynamical equations obtained by extremizing the quantum effective action. Since the effective action can,
in general, be complex, the effective path will also, in general, be complex. The imaginary part of the
effective action is known to be related to the probability of particle creation by an external source and
hence we expect the imaginary part of the effective path also to contain information about particle
creation. We try to identify such features using simple examples including that of an effective path through
the black hole horizon leading to thermal radiation. Implications of this approach are discussed.
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I. INTRODUCTION

The study of a quantum mechanical system interacting
with an externally specified classical background is of
importance in several physical contexts. Such an external
classical source will, in general, lead to vacuum polariza-
tion and particle production. Well-known examples of
these phenomena occur in the study of the Schwinger
effect [1-3], particle creation in an expanding universe
[2,4], and black hole evaporation [2,5]. A powerful tech-
nique to study such external source problems is that of
the effective action which captures the quantum effects
through a c-numbered effective action functional, S.; =
I', of the dynamical variables [2,3]. In general, the effective
action will be a complex quantity with its real
and imaginary parts being related to vacuum polarization
and particle production, respectively. Conventionally, one
writes down the effective dynamical equations for the
system by varying only the real part of the effective action,
thereby identifying the quantum corrections to the classical
equations. For example, in the case of an electromagnetic
field, such an approach will lead to the Euler-Heisenberg
effective action, which can provide quantum corrections to
classical Maxwell’s equations [3,6]. The imaginary part of
the effective action is not usually considered in such a
variational principle since in many applications the effect
of vacuum polarization dominates over that due to particle
production.

It is interesting to ask whether one can extend the above
formalism to include the effects of the imaginary part of
the effective action as well since it could, potentially,
provide a formal procedure for handling the back reaction
due to particle production. The obvious procedure would
be to look for the solutions of 6I' = 0 where both the real
and imaginary part of I' are retained. These equations
will, in general, be complex rendering the solutions also
to be complex. For example, in the elementary context of
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nonrelativistic quantum mechanics, such a solution is the
effective average path X(z; x, t,; x, #;) obeying the appro-
priate boundary conditions at the end points. This function
will, in general, be complex and one would presume that its
imaginary part will contain some information about the
particle production due to the external source. The primary
aim of this paper is to investigate the properties of this
function.

It might seem that, since the effective path X(r) is a
solution to the effective field equation 6I' = 0, it can be
determined only after I' is explicitly obtained which, in
turn, would depend on the system under consideration. We
shall see, however, that there is a simple way of character-
izing X(¢) as a path integral average of all paths so that it
can be expressed as an integral involving the standard path
integral kernel. (This idea was first developed in [7] but we
could not find any follow up of this idea in the literature,
hence we shall provide fair amount of details of the ap-
proach in this paper.) This is the approach we shall use to
investigate the properties of X(¢) in this paper.

In the above discussion, we have made a correspondence
between the imaginary part of the action with the existence
of phenomena-like particle production or vacuum instabil-
ity. This is indeed the case for the specific examples which
we will be concerned with in this paper. However, it should
be mentioned that one can have situations in which imagi-
nary terms arise in the Euclidean action due to other
reasons, which are usually topological. One key example
of this is in the context of terms in the Minkowski action
which are odd under time reversal. When analytically
continued to the Euclidean sector such terms can give
rise to an imaginary part in the Euclidean action.
Examples of this include topological terms, the Wess-
Zumino term, the Chern-Simons term, etc. (see, e.g.,
Ref. [8]). We will not be concerned with actions containing
such terms in this paper.

The plan of the paper is as follows. In Sec. II, we briefly
review the concept of the effective path as a solution to the
effective action equations and its connection with the path
integral. We evaluate the effective path in the case of a
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harmonic oscillator interacting with an external source in
Sec. IIT We show that the effective path for this case is
complex and its modulus square can be related to the total
energy input into the system by the external source due to
the production of particles. (Interestingly, the effective path
in this case is similar to a complex quantity constructed by
Landau and Lifshitz in [9] to solve the problem of a forced
oscillator in classical mechanics.) We next consider
(Sec. IVA) the effective path for a nonquadratic system
with potential —1/x? and evaluate the modulus square in a
suitable approximation. We find that this quantity has a
rather curious form in that it contains a ‘‘Planck spectrum.”
We know, however, from previous work [10] that the
problem of thermal radiation from a horizon can be
mapped to that of quantum mechanics in an inverse-square
potential. We study (Sec. IV C) the properties of the effec-
tive path in this context and show that its modulus square
can be related to the Hawking temperature (except for a
factor of 2, the origin of which has been discussed exten-
sively in the literature [11]). In Appendix B we also extend
the results of [7] to a more general class singular potentials
with the hope that it will be of future use.

II. EFFECTIVE ACTION AND THE CONCEPT
OF EFFECTIVE PATH

We shall begin by introducing the notion of an effective
path and its relation to the standard effective action. We
shall work in the context of point quantum mechanics
because it is adequate for our purposes; the generalization
to a field theoretic context is conceptually similar though
mathematically more involved. In the context of point
quantum mechanics, the path integral kernel describing
the system is given by the Feynman path integral

K(xy, ta]xy, 17) = (xa, tox1, 1) = [@x(t) exp%S[x(t)],
(1)

where the sum is over all the paths satisfying the indicated
boundary conditions. This suggests a very natural defini-
tion of an effective average path using the path integral
average:

J DxxexpliS/h]  (xy, t|2(1)|xy, 11)

X(r) = J DxexpliS/n] (o by 1)

2
In terms of the path integral kernel, the effective path can
be expressed as

X() = (xa, 2(0)]xy, 11)

(xa, tlxy, 17)
[P dxxK(xy, thlx, )K(x, t]xy, 17) 3)
K(x,, ta]xy, 1) '

We can evaluate this function once we know the path
integral kernel for the system. While the path integral
average in Eq. (2) appears to be a natural quantity to define,
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it should be noted that—being a transition matrix element
rather than the expectation value of an operator—it is, in
general, a complex quantity (which is probably why it has
not received any attention in the literature; we could not
find any published study of this quantity except in Ref. [7]).
But what makes X(7) important is that it is a solution to the
effective action equations 6I" = 0 including the imaginary
part of the effective action. We shall now provide a short
proof of this claim for the sake of completeness.

The standard procedure for defining the effective action
is as follows. We introduce an external source J(¢) and
define

i
expg WIJ(1)] = (xo, to]x1, t1>J

- [ D expy (st + [awonn)
4)

where W[J] is the generating functional for Green func-
tions. Functional differentiation of the generating function
with respect to J then immediately leads to something very
similar to the quantity in Eq. (2), and, of course, is used in
the literature:

_ BW[J] . <)C2, t2|fc(t)|x1, t1>J
X[J] - 8.] N <X2, t2|x1, t1>1 ’ (5)

which is the effective average path of the system for the
specified boundary conditions but in the presence of the
external source. This relation can be inverted to get
J = J[X] and hence allows us to naturally define a func-
tional of X, I'TX], as the Legendre transform of W[J] with
respect to J as

I[X] = wi/] - f JOX(0)dr, ©)

where J is now considered a functional of X. It is easy to

see that the functional derivative of I'[X] is given by
orxy _ Q)

0X

Thus, the extremum condition for effective action, giving

the effective, quantum corrected, dynamical equation,

oxI" =0, implies J = 0. Therefore, its solution is just

X[J] evaluated at J = 0 which is

SWIJ]
oJ |0

_ (xa, B |2(0)|xp, 11>’ )

Xlol= (xa, 1lx1, 17)

the effective path given by Eq. (2) in the absence of the
source. Since the effective action can, in general, be com-
plex, it follows that the complex nature of X(7) contains
information about the complex nature of the effective
action. It is this aspect of the effective path which we
will focus our attention on using simple examples.
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III. EFFECTIVE PATH FOR FORCED
HARMONIC OSCILLATOR

We begin by considering the case of a harmonic oscil-
lator coupled linearly to an external source, J(t). We will
assume that J(¢) was switched on and switched off suffi-
ciently fast when ¢ — *o0o. The oscillator evolves from
the initial vacuum state in the asymptotic past to the final
vacuum state in the asymptotic future. The in-out vacuum-
to-vacuum amplitude can be calculated [12] to be

1 -
Ol = exp(~ o lT@P), ©)

where J(w) is the Fourier mode of J(7) at the oscillator’s
natural frequency, w. Since the oscillator can only absorb
quanta at its natural frequency w, we see that only the
Fourier mode of J(¢) at the natural frequency of the oscil-
lator is relevant for particle production.

The calculation of the effective action for this system
proceeds in a straightforward manner. By definition,

expliW[J(1)]/n] = ]fDx(t) expiS[J(2), x(1)]/h, (10)

where the action is given by

1 4
S[x, J] = — [(EXDX - J(t)x)dt, (11)
with D as the standard harmonic oscillator differential
operator. The path integral for the system can be computed
by elementary procedures to give

exp[iW[J(1)]/ 7]

= (detD)~(1/2) expﬁ [ dt f dt'J(1)G (1, £)J(¢), (12)

where G is the Feynman Green function for the harmonic
oscillator. The corresponding generating function is given
by

WLI(1)] = % f JOI)G (e, £)drdr!

sinw|t — 7|

/
1o dtdt

= i@l + [s0s0)

13)

apart from a J-independent part from the (detD)~'/2 which
is irrelevant for our purpose. Using the definition,

() = [ ded' e = (I (0), (14)

we see that the imaginary part of I'[J] is precisely the in-
out matrix element (which, of course, can be evaluated
directly in this simple case):
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1 .
Ooul0) = exp(— _— |J(w)|2). (15)

The transition probability is the modulus squared of the
amplitude

7 2
LIWR) g

|<Oout|0in>|2 = CXP(_ % D)

from which we can read off the energy transferred to the
oscillator by the external source to be

& =3lJ(w). a7
Thus, a time-dependent source with nonzero J(w) driving a
harmonic oscillator does produce transitions of eigenstates
so that the “in”” and the “out” states are different with the
amplitude given by the imaginary part of the effective
action.

All this is fairly standard and we shall now introduce the
effective path for the system as a solution to the effective
dynamical equations obtained by extremizing the effective
action. It is obvious that while the equation of motion is the
same as the classical one,

i+ w’x = J(), (18)
its solution should be now obtained in terms of the

Feynman Green function (rather than the standard retarded
Green function) which makes the effective path complex:

X(1) = [ A'G (s, I + (1), (19)

Here x”(?) is the solution to the homogenous equation of
motion without the external source. The oscillator in the
absence of external force evolves as

sinw(t, — 1) sinw(t — t;)

xH(1) = x,

(20)

- X —
sinw(t, — 1) sinw(ty — 1))

between the boundary points x;(¢;) and x,(z,). Letting
t, = —t; = T and taking the limit {7 — oo, we see that
xf vanishes in our case when we consider sufficiently large
time intervals. This gives the effective path to be
e—iwlt—t’ |

2w

= [arsw)s e 00 ) + e~ o)
w

X(1) = f A1 G (e, ) (1) = f eIt

t l . o 0 l . g
:f dt’](t')—e iw(t—1t") +[ dt/J(t/)_elm(t t)’
— 20) t 2(1)
(21

with the real and imaginary parts
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smw(t — 1)

mnn—f At (0
1 f () sma)(t — 1)

f At (s /)w, (22)

- xcl(t

cosw(t — 1)

ImX() = f aty@) D o)

where x(¢) is the classical solution to the driven oscillator
evaluated with retarded boundary conditions;

xalt) = [ttt )3(0)
= [dl’J(t’) sinw(t — 7) 0(t—1)
w
[ arsy =0, (24)

It is obvious that the net effect of the source is to introduce
an imaginary part to X(z) and modify the real part by an
extra term.

Since we have already shown that the effective path X(r)
is a solution to the effective action equations, one can also
compute the effective action for our system by evaluating it
for the effective complex path given above. An elementary
calculation shows that the result is given by

1 1
X ] = 5 fdt(XeffJ — 20 Xpp) = 5 fdtJXeff)

(25)

so that

1
Im F[Xeff] = 5 fdt.]IHlXeff (26)

— fd,dtlcosw(t_t/)J(I)J(,/)
dw

_ s e

=15 lJ(w)?, 27

which agrees with the result obtained in Eq. (15).

We will now highlight the above aspects with an explicit
example. Consider the source J(r) = |t|e ™, which is
chosen specifically to distinguish the cases in which the
particle production occurs from those in which it does not.
We have seen that the energy that goes into the system
from an external source is proportional to the modulus
square of the Fourier mode of the source evaluated at w,
the natural frequency of the oscillator. For our choice of
J(1) = |tle A" we have

()\2 _ w2)2

|j(w)|2 = m,

(28)
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which vanishes for the parameter A = w and hence there is
no particle production in that case. We have tabulated the
results for the two cases, one with a general A and the other
with A = w:

J(t) []e= A [t]e—el

XL,](I) 2(). w )smmt

“”(w(2+mt )+ w?t) 9([) _
e MA( 2+A/)+w l)
T A
e +AD+w’t
(W)G( )
(A2 —o 2) sinwt +

e w(— 2+wr)+w 1)6( I)

RCX(I) xcll)\:w

N SRR
4%%#%%%
(A2 —w?) sinwt
(té)(w /\) +
W)g(_ )
(A2 —w?) coswt 0
(@ + A2

ImX(r)

2_ 22
X2 Ll 0

(@A)

=2ImW W-a'l

|j(w)|2 [

It is obvious that the imaginary part of the effective path
is related to the particle production and vanishes when
there is no particle production. Further, when At — oo we
can approximate the real and imaginary parts of X(z) by

(A? — w?) sinwt

~ _ (2= w?) coswt
ReX(r) = PSSR ImX(r) =T
It follows that
2 X% j 2
£ = l; l%“=mw (30)

giving a direct relation between the particle production rate
and the squared modulus of the effective path. It is also
worth mentioning here that the effective path which we
get as the solution of the effective action equation of
motion, interestingly, gives an interpretation to the com-
plex quantity,

) = % + iwx, 31)

constructed in [9] purely as a mathematical trick for solv-
ing the problem of the forced harmonic oscillator. The
energy input into the system in terms of £ is

|(c0)|?
B

We can identify the corresponding real and imaginary parts
in X(¢) and &(z) apart from a factor of w. This elementary
illustration shows that even in the context of such a simple
system the concept of the effective path can be related to a
tangible result.

E =

(32)

IV. INVERSE-SQUARE POTENTIAL IN QUANTUM
MECHANICS AND APPLICATIONS TO HORIZON
THERMODYNAMICS

The results in the above case are rather simple because
the coupling was linear. We next investigate the complex
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path formalism in the case of a nontrivial example, involv-
ing one-dimensional inverse-square potential. The primary
motivation for this arises from the fact that the problem of a
scalar field in the Schwarzschild background—and, more
generally, in any spacetime in which the near-horizon
geometry can be approximated as Rindler—can be reduced
to the dynamics of a particle in an inverse-square potential
across the singularity. We explore the nature of the effec-
tive path in this potential and show that it has some curious
features that can be applied to the problem of black hole
evaporation.

A. Complex effective path for the inverse-square
potential

We will consider an inverse-square potential of the form

h2<2+1)1 @
2=
2m 4) x* x?

where a, @ are constants. Since a is real, @ > A2 /8m. To
calculate the effective path in this case, we will use the path
integral average. The kernel for a particle to propagate
from points (x;, ;) to (x5, #,) in an inverse-square potential,

Vix) = (33)

V = —ax 2 is given by (see Appendix A 1 for details)
. m
K(ty, x|t x))=e (l/2)m(y+1)(%(t2_tl))(xlx2)l/2
im(x2+x3)7, .o mx;x,
<exp| a2 | ) G4
P 20(t, —1,) 177 \nlt, — 11)

where H ;2)(z) is the Hankel function of the second kind of
order

1 2maé

Y =a4l-—

PR (35

which is a dimensionless constant and we have substituted
for @ from Eq. (33). The effective path defined in Eq. (3) is
given by the integral,

(xa, L|R(D)xy, 11)

X() = (x2, tolxy, 1)

1 foo
= dxxK (x,, t]x, ) K(x, t|xy, ;).
K(xy, tolxy, 1) J oo » b
(36)
Substituting the kernel from Eq. (34), we get,
X(1) = Aexp[_zm (ia + 1)]
codf (]
2a\t, —t t—1t, 1, — 1
[mGEEs)]
h(t, — 1)
/ dxx2eirs H(Z)(px)H(Q)(qx), 37)
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where we have defined

A= m(ty — 1)
20(t, — )t — ;) (38)
_ mx; and _ mxy
P =G —1) T= 3, — 1)

Note that A has the dimension of inverse length squared
while p and ¢ both have dimensions of inverse length.
Since the interesting physics takes place when a particle
crosses the singularity at the origin, x = 0, we will take
x;=—€ at 1y =0 and x, = € as 1, — o with limit
€ — 0" taken eventually so that the particle has to cross
from left to right in the late-time limit. To begin with, it is
convenient to keep 7, and #, arbitrary and take the limit at
the end of the calculation. Under these conditions, the
effective path becomes

—me> \7!
X(l) = \e” 1(77/2)(za+l)|:H(2)< )]
h(t, — 1)

d i H(2)< —mex )H(z)( mex )
[ et = i)™ i, —
(39)

Unfortunately, the integral in the above expression cannot
be evaluated exactly in closed form but we can calculate it
under the limit € — 0" as follows. We first express the
Hankel functions in the integrand in terms of the Bessel
functions which reduces the integral to the form,

= d W H(z)( —mex )H@< mex )
f e =) i, — 1

=(1- COth7Ta)2[ dxx2e™ J;,(px)J1q(gx)

1 o _
S ma / de?e M (pa)J —ia(gx)

1 — coth 0 2
+ w [ dxx*e™ (J;,(px)J —i4(gx)
sinhra —o0

+ J_ia(px)Ji0(gx)).

Now we can use the following identity (see [13]):

fodxx“le*“szM(,Bx)J,,(yx)
_ BHyra WA 2 T(m + (v 4w+ A+ 2))
2V TEHIP(p + 1) I'm+ u+ DI'(m + 1)
1E)
4da )’
and evaluate the integral in the limit of € — 0% (see

Appendix A 2 for details). In the same limit the Hankel
function in the denominator can be approximated by

27T (—jq)z® N 21T (ia)z 1@
T T '

(40)

m=0

¥?
F(—m,—,u—m;v—i— I;BZ), (41)

H2(2) =

(42)
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With these manipulations the effective path can be ex-
pressed as

1
— iy pmal2 ~
X(1) ile D (43)
where
ma/2 2 i
e . me ta
. 2= (—i 2 1+ —2ma
{ 27 [F(=ia)] (fl(fz_fl)) (L+e™)

X (=id) 3 2(ia + 1/2)[(ia + 1/2)
B e_’"’/22"“[r(ia)]2( me>
2 h(t, — 1)
X (—iA)7¥2(=ia + 1/2)T(—ia + 1/2)
e™ ./

——— N7 (—iA -3/2
27Tasinh77a( iA)

t» — t\ia t» — t\—ia
Aer@=) =) e
t— tl t— tl

Dz[ﬂwzkmxmgfnﬂm

+ iziai(ia) (h(giztl))_mem]. (45)

)_’“(1 T o2
T

and

Based on our previous analysis of the forced harmonic
oscillator in Sec. III, we would expect |X|*> to contain
information about the analogue of particle creation in a
quantum theory. It is obvious that |X|?, arising from the
above expression, will be quite complicated partially due
to the fact that it is evaluated for finite time and space
interval. To understand the physical significance of this
quantity, it is again useful to take the limit of 7, — oo with
t; = 0and € — 0". In this limit, one can ignore transient
terms which oscillate rapidly and obtain a simpler expres-
sion for |X|?. Somewhat tedious but straightforward alge-
bra (see Appendix A 3) yields an interesting final result:
We find that |X|? increases linearly with time, allowing us
to define a constant, finite rate which itself takes a very
suggestive form as

(e Yoet) o

where
N=——— 47

has the form of a Planckian spectrum of particles. If one
thinks of d|X|?/dt as the rate of production of particles,
then it is rather curious that we have a thermal radiation
term related to a parameter in the potential, a. Obviously,
in this particular quantum mechanical example, this result
has no physical interpretation but we will next show how
this result connects up with radiation from a horizon.
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B. Quantum mechanics of the scalar field
near the horizon

It turns out that the problem of a scalar field near a black
hole spacetime (more generally in any spacetime with a
horizon when we consider the Rindler limit of the horizon)
can be reduced to that of a quantum mechanical particle in
an inverse-square potential. In that context, the d|X|?/dt
can be thought of as a rate of production of particles by the
horizon and the mathematical result obtained above ac-
quires a physical meaning.

We shall first briefly sketch how the problem of a scalar
field near a horizon can be mapped to a quantum mechani-
cal problem of a particle in an inverse-square potential
[10]. Consider a scalar field in a 1 + 1 spacetime with
the metric

ds* = B(r)dt* — B~ (r)dr?, (48)

where B(r) has a simple zero at r = r with B'(r) = dB/dr
being finite and nonzero at ry. [We will work with the
(1 + 1) dimensional system since it captures all the essen-
tial physics.] The vanishing of B(r) at point r = r( indi-
cates the presence of a horizon. Near the horizon, we can
expand B(r) as

B() = Bo)(r — 1) + OL(r = o] = Blro)(r — ro)
(49)
Note that in the Schwarzschild case, B'(rg) = ry? with

ro = 2M as the Schwarzschild radius. The field equation

for the scalar field ®(z, r),
mjc?

hZ

(D + >(I) =0, (50)

when written for the metric in Eq. (48) becomes
¢ 2B(r)"'9?® — 9,(B(r)a,®) = —mic*h2d.  (51)

We substitute the following ansatz for ® in the above
equation:

O, 1) = oot L) (52)

VB
and find that ¢ (r) satisfies the equation
_R &y _

2 dr?

a
=0 Y
where @ = h?w?/2c?[B'(ry)]? near the horizon (Note that
in the near-horizon limit, the term with m, does not con-
tribute in the leading order.) For the Schwarzschild metric,
@ = h*w?r}/2c? hence we see that a has dimensions of
A2, as it should. With x = (r — r,), and mass, m put in, this
equation is same as the Schrodinger equation for a particle
in an inverse-square potential, —a/x?,

R
2m  dx*

R -1 N
X
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where @ = a/m and we take the energy eigenvalue & — 0
at the end of the calculations. Thus, the problem of the
scalar field in the Schwarzschild background is equivalent
to the quantum mechanics of a particle in an inverse-square
potential near the origin.

C. Horizon thermodynamics

With the problem of a scalar field in the Schwarzschild
background reduced to an effective quantum mechanical
problem in an inverse-square potential, we can identify the
parameters of potential in the two situations:

h? 1\ 1 nw’ry 1
Vix) = —(a*+-)5=— 0—, (55
() 2m (a 4) x2 2mc? X2 (33)
which gives for a,
a)zr(z) N\I/2  wr
= - = ~— 56
“ < c? 4) c (56)

in the high-frequency limit. In this case, substituting for a
in our expression for d|X|?>/dt obtained earlier gives

2 8GM 1
dX@F _ —3[hw<N + —)] 57)
dt mc 2
where
N = ! = : 58
_e2ﬂ'a_1_ehw/kBT_1’ (58)
with the temperature being given by
hc? 1
. : (59)

T = =
47GMky  4mM

where the second result is valid in natural units. (The time
asymmetry in our boundary conditions, #; =0, t, — o0
makes it meaningful to treat d|X|?/dt as a rate.) The
expression N, of course, represents a Planckian spectrum
of particles at temperature T and the part N + (1/2) cor-
rectly describes the Planckian energy density of a cavity at
temperature 7 along with the zero-point contribution. The
temperature 7 = 1/47M, however, is twice the usual tem-
perature associated with black holes. This feature is well
known in the tunneling derivation of the black hole tem-
perature and has been extensively discussed in the litera-
ture [11]. While the topic is still somewhat controversial,
the origin of this extra factor is attributed to using singular
coordinates at the horizon [14]. Since we have started with
Schwarzschild coordinates (which are ill defined at the
horizon) it is probably natural that we get this result.
Thus, the effective path approach seems to capture the
Planck spectrum (with the temperature off by a factor of 2
which occurs in some other tunneling computations as
well) along with zero-point energy. So the squared modu-
lus of X(#) does contain information related to the produc-
tion of particles, this time in a fairly nontrivial setting.
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V. CONCLUSIONS

The concept of effective action is a well-known tech-
nique that is used in the literature to study various
aspects of quantum field theories in classical backgrounds.
The effective action is, in general, complex and its real
and imaginary parts contain information about the
vacuum polarization and particle production. In using the
effective action to describe the back reaction effects, one
usually uses the real part of the effective action and dis-
cards the imaginary part in order to obtain real equations of
motion.

On the other hand if we retain both real and imaginary
parts of the effective action and obtain the equations of
motion, then the solutions will be, in general, complex.
Because the imaginary part of the effective action contains
information about the particle production, it seems likely
that the solutions to the complex effective action will give
us a handle to explore particle production. This motivates
us to study a quantum effective path X(¢) (in the context of
quantum mechanics) which is a solution to 6I'[X] = 0.
Fortunately, this X(7) can be expressed as an integral over
the path integral kernel and hence can be evaluated, in
principle, if the kernel is known.

In practice, the calculation turns out to be quite compli-
cated. To gather a preliminary insight we studied two
important examples in this paper. The first one is the case
of a forced harmonic oscillator in which we could directly
link the complex effective path to particle production in the
asymptotic limit. The imaginary part of the effective path is
generated solely by the nonzero Fourier mode of the ex-
ternal source at the natural frequency of the oscillator.
The modulus square of the complex effective path gave
the particle production rate in the system. (We also found
that the complex effective path obtained in this case also
provided a nice interpretation to a quantity which was
purely a mathematical construction by Landau used in
the case of a forced harmonic oscillator.)

The second case we studied was that of an attractive,
inverse-square potential. It was known from previous work
that the problem of a scalar field in a spacetime with a
horizon (in which the near-horizon geometry can be ap-
proximated as Rindler geometry) can be mapped to the
Schrédinger problem in an inverse-square potential. We
expect the emission of particles by the black hole to get
mapped to the propagation of the particle through the
singularity at the origin in the equivalent Schrodinger
problem, even though there are no time-dependent sources.
In this case, the modulus square of the effective path can be
interpreted as a rate of the emission of particles. This
expression correctly gives the Planckian distribution along
with the zero-point contribution for the Hawking radiation.
The temperature of the Planckian distribution turns out to
be T = fa/4wM, which is twice the standard value for
Hawking temperature. This factor of 2 discrepency has
been noticed in the literature previously and arises when
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one uses coordinates which are singular at the horizon and
hence is probably understandable.

Finally, we would like to make some comments regard-
ing the nature of the potential (V(x) & —x~2) considered in
the last section and the existence of an imaginary part in the
trajectory. The first example we studied in Sec. III has an
explicitly time-dependant external source and hence it is
not surprising that we encounter particle production and an
imaginary part to the classical trajectory. In the case of an
inverse-square potential there is no explicit time depen-
dance but we still obtain an imaginary part to the
trajectory. In fact, the wave equation for a scalar field in
the black hole spacetime—which contains the physics of
black hole evaporation—does get mapped to such a static
potential. It is, however, known from previous work that
particle creation can occur even in the absence of explicit
time dependance. A well-studied example of this is the
Schwinger effect in which one obtains a steady particle
production in the presence of a static electric field. In
this particular case, the wave equation can be mapped to
an inverted harmonic oscillator [10] for which the
Hamiltonian is unbounded. In a way, it is this singular
behavior of the Hamiltonian which leads to the particle
production. (In contrast, the wave equation in the presence
of a constant magnetic field gets mapped to a normal
harmonic oscillator with a bounded Hamiltonian and, as
expected, one does not have any particle creation in a
constant magnetic field.) The current situation is very
similar: The wave equation in the black hole spacetime
gets mapped to an inverse-square potential and it is well
known that this potential leads to a Hamiltonian which is
not Hermitian. In the previous work [10], which connects
up particle production in the black hole spacetime with the
inverse-square potential, one crucially used the singular
structure of the potential (and an integration around a
singularity in complex plane) to obtain the result. This
work has established the essential connection between
the singular nature of the Hamiltonian in these potentials
(both in the context of black hole spacetimes as well
as in the context of the constant electric field) and the
production of particles. We, therefore, believe that the
path integral formalism studied in this paper leads to com-
plex trajectories for essentially the same reason viz. that the
Hamiltonian is non-Hermitian. It would be interesting to
investigate this question further and see whether one can
provide a direct and rigorous proof for the existence of
complex paths for a certain class of Hamiltonians which
are unbounded or non-Hermitian.

ACKNOWLEDGMENTS

S.S. is supported by the Council of Scientific and
Industrial Research (CSIR), India. T.P.’s research is par-
tially supported by the J. C. Bose Research Grant of DST,
India. We thank the referee for useful comments.

PHYSICAL REVIEW D 85, 025011 (2012)

APPENDIX A: DETAILED CALCULATION
OF SOME RESULTS

1. Path integral kernel for an inverse-square potential

The path integral kernel is defined by
K(xy, Tlxy, 0) = fDx(t)e(i/h)[fg ai(1/Dm=ax )] a7y

To evaluate the kernel, we use the perturbative series
expansion, which gives

— (—ia\" (T
K(xp, Tlxy, 0) = Ko (xa, 1|1, 1) + Z( 7 ) '[0 dt,

n=1
Iy )
x[ dt,l,,...[ dt

f n dx (“Ko(x/“’ tivilx;t; )) (A2)

where Ky(x,, t,]x,¢,) is the
Introducing

free-particle kernel.

Gz x13 E) = f " dTe UMETK(x,, Tlx,, 0)  (A3)
0

we have

—ix
G(Xz, X135 ) GO X9, xl, + z< )
L dx
f (l_[ GQ(X]+1,XJ,E)>
—ia\"
= Golxp, X3 E) + Z(T) G

n=1

(A4)

We need to sum up the above series so as to get the closed
form for the kernel. To do this we employ a trick [15] in
which we first express the free-particle propagator,
Go(x5, x;; E), in terms of the Hankel functions and then
use their orthogonality relation to evaluate the n-th order
product, G,,.

1 1/2
Golxy, x 13 E) = (2}1;) ekl

= (o Joxve 2 ) H )

( )(xlxz)l/Zf dvvs;T(lv/Z)

X H) (kxo) HY (kxy), (AS)

where k = z;l”—zE Upon inserting the expression for G, the

n-fold integrations can be performed using the orthogonal-
ity relation

f dxH(l)*(k )H(l)(k ) — 26(v — V')
0

vsinhvar ’
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and we obtain

2m\n+1 (x;x,)'/2 oo wsinh(var)

G,(xp, x 3 E)=|—| ——F— | dv—F—7~

n(x2, x1; E) (zh) D .[0 VV2+1/4
X HY (k) HY (kxy). (A6)

We substitute this expression for G, and sum the resulting
geometric series to get

G(xy, x 13 E) = (%)(Xlxz)l/z [000 dv

X H' (kxy) H')* (kxy),

v sinh(vr)
Vi 4 1/4 + 2
(A7)

which is the exact expression and is similar to the free
Green function in Eq. (A5) with an addition to the denomi-
nator of the integrand. Noting that the free-particle kernel
can be written as

m 1/2 im 5
Ky = <—2 ihT) exp[ﬁ (x3 — x1) ]
=¢ (1377/4)(2]1 )(x1x2)1/2

im(x] +x3)7,,0) (mx1x;
Xexpl:ith :IH]/2 T )

(A8)
We can obtain the kernel for the problem by suitable

replacements in the free-particle kernel due to the modified
denominator in (59) from (57) as

K(t, x-t1, _ (1/2)177('y+1)< ) 1/2
(t x2| LX) =e AT (x1x2)

im(x? + x mxx
X exp[ (ZIhT 2):IH(72)< fz;" 2) (A9)

I, = (1 — cothma)? fjo dxx?e™ J,(px)J;4(q)

67277'11

N (sinh7ra)?
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where
1 2ma
=4-+—— A10
Y R (A10)
When o = 0, we have y = 1/2 and the expression reduces

to the free-particle kernel.

2. Evaluation of the integral in Eq. (40)
We have

I — d A H(z)( —mex )H(2)< mex )
f e = i)™ i, — o

=(1- cothwa)zf dxx?e™ J,,(px)J,4(qx)

> [ dxx2er J_ ia(PX)J — 10 (gx)
sinh“7a

1 — coth .
1 (L~ cothma) [ dexe™ (7, (px)] o)
sinh7ra —oo

+ J—ia (Px)Jia (CIX))

Using the following identity (see [13]):

(A11)

fo dxx*t! e*“sz#(,Bx)JV(yx)

_ Bry e wrr AT 2 P(m + (v + p + A +2))
27w+ 1) & Tm+p+ DI(m + 1)

X<;§2>n1F( m,—u—mv+1 ,32)

the three integrals in / can be evaluated in the following
manner:

(A12)

(1 + ¢2ma) [ " A2 T, (px)ia(g2)

(1 + e72m) (pg)@(—iA)"e 32 & T(n + ia + 3/2) L 'qz
4 y F n, —ia—n;ia + 1;,—
i

(sinhma)?  2%91T(ia + 1)

= n!l'(n + ia + 1)

_em™2(1 + e”")( me? )ia (—iA)73/227a 2 T(n + ia + 3/2)

Z(Sinh’ﬂa)z fl(tz - tl)

I'ia + 1)

= n!l'(n + ia + 1)

(t2 - tl)m62 )n . . (t — I 2
X F(—n, —ia — nyia + 1; .
(Zhi(t — 1)t = 1) ( o t — t) )

This expression cannot be simplified further in the general case. However, we are interested in the € — 0 limit when only

the n = 0 term contributes and the expression reduces to

e7ra/2(1 4 e—27ra) (_i)\)—3/22—ia

11:

67711/2(1 + e—27m)

62 ia
- (=iA)y 22 (i) Pia + 3/ (7 )

2772

2(sinhwa)®>  [[(ia + DP

m 2 ia
T(ia + 3 /2)(7h o < m)

(A13)
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The integral I, is same as /; with a — —a. Therefore,

1

I, = (sinhma)? f, dxx2e™ J_,(px)J_i,(qx) = e 21 (a — —a)

—ma/2 2ma 2 —ia
_ _p-2maf ;17; ) (= i)y 22 [T (ia) P (—ia + 3/2)(%)
—ma/?2 —27a 2 —ia
__¢ (21 7; ¢ ) (A2 ()T (~ia + 3/2)(%) . (Al4)

Similarly, we can evaluate the third integral as well,

_ (1 = cothmra)
sinh7ra
2e” ™

A TTEY ) foo dxxzei/\xz[Jia(px)‘]—ia(qx) + Jia(qx)‘]—ia(px)]
(sinhma)? Jo

— DT ia g —ia(_—;)\ —(3/2) o r + 3 2\n 2
¢ [p g “(=id) (n+3) (p ) F(—n,—ia—n;—ia+ l;q—2>+(a—>—a):|
14

I [ dx e L (p0 () + T )]

" inhma)’l 20 —ia)  Znll(n + ia + 1) \4iA
e " T o h—t ia _ t2 — f\ia
- OV (L 3/2{ w(—) + w( ) } AlS
2ma sinh'n'a( 4) ¢ t— 1 ¢ t— 1 (AL5)

Combining the results,

1= Il + 12 + 13
mwa/2 2
e . me
. 2=l (=i 2(
{ 27 [F(=ia)] h(t; — 1))
3 e_”“/22i“[l—'(ia)]2( me?

? h(t, — t,)

S e (iR em(22 ) om0 ) (A16)

27ra sinh7ra t—t t— 1

)m(l + e 2ma)(—iA)"¥2(ia + 1/2)0(ia + 1/2)

)7"“(1 + e 2ma) (= i) (=ia + 1/2)T(=ia + 1/2)

3. Evaluation of | X|? in Eq. (46)
We have the effective path,

1
X(t) = —ire™? —, Al7
()= —irem (A17)
where [/ is given by Eq. (A16) above and
D |:i2i“F(—ia)( me? )ia N i2i“F(ia)( me* >_iae_”“]. (AL8)
m (1, — 1) 7\l — 1)

In general, |X|? arising from the above expression will be quite complicated. But, working in the limit of #, — oo with
t; = 0and € — 0", we will be able to extract a meaningful result. To see this, first note that I, I,, and D can be written as

7T(1/2(1 + *277(1) ‘/7 1 2
e e T me
I, = — a? + —ex [i 20 + o + +ia1n7i|
: 27ra(—iA)¥/? sinhma Coshwav 4%P ( v+ e 2n(t, — 1)
777-11/2(1 + *27Ta) ‘/7\/71 2
e e G _ . me A19)
L, =— a? + —ex [—120+ + —lalni] (
2 27ra(—iA)3/? sinhzra Vcoshma 4P ( ) 20(t, — 1)
i T me? me?
=_’7 0+ ialn—" 14 pma 0 — ial
i sinhﬂ'a{eXpl:l ia n2h(t2 — f1)] e exp[ i ialn

el

where
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¢ = arg[['(ia + 1/2)],

0 = arg[l'(—ia)],

Then, one sees immediately that

L+ ie™?(1 + e ?m)

PHYSICAL REVIEW D 85, 025011 (2012)
and ¢ = arg[ia + 1/2]. (A20)

e mexp[—i(46 +2¢ + 2¢) — 2ialn(me? /2n(t, — t1))]

2 4~ i(0+d+)
a- + —e
4

D 2a(—iA)¥?sinhma \ coshma

Similarly,
Iy jem
D 2(—iAN)73/2/asinhma

(,—1)
(t 1)

e™explialn T+e ™ eXp[—ialngz_[t;]

ClSil’lh’]TClJ 1. 1+

exp[if + ialny 22— ] +e T exp[—if — ialns2E—

me ]
2h(t,—1;)
(A22)

Imposing the late-time condition #, — oo with #{ = 0 and
€ — 0, and ignoring the oscillatory terms which do not
contribute on the average, we can simplify this expression.
In this limit, we can neglect the contribution from the I5/D
term altogether while the prefactor in the (I, + I,)/D term
gives

2h(t

X2 = /\zez’"’q + e 2™)? gsinhma <a2 N l)
4a®A3sinh®7a  coshma 4
4nt 1
= (—)[N + —](a2 +1/4), (A23)
ma 2
or
2 4h 1
dX@F _ (—)[N + —](a2 14, (A24)
dt ma 2
where
1
N=———. A25
eZﬂ'a -1 ( )

It is worth mentioning here that if we include the leading
transient terms, then the above expression gets modified by
an extra term:

dIX()]* _ (4h>[N+ +N(N + l)cosf:l(a +1/4),
dt
(A26)
where
me*
£= (g s) a0 £ 20 120 (A2)

The factor 4/N(N + 1) has the physical meaning of the
root-mean-square fluctuation of the photons in the Planck
spectrum (see, e.g., [16]). Given the large phase in the
cosine term (when & >> 1), one may say that the relevant
term varies rapidly between —{/N(N + 1) and /N(N + 1),
matching the magnitude of thermal fluctuations of photons
in a bath. What is probably remarkable is that a similar
result was obtained years back [17] in a completely differ-

1+ e ™ exp[—i20 — 2ialn(me?/2n(t, — t1))]
(A21)

|

ent context. In [17], the authors showed that the Fourier
transform of a classical plane wave with respect to the
Rindler time coordinates leads to a very similar expression
with exactly the three terms. It is not obvious why the
effective path method should lead to such a result and this
similarity is worth investigating. We hope to do this in a
future publication.

APPENDIX B: EFFECTIVE PATH FOR A CLASS
OF INVERSE-SQUARE POTENTIALS

In general, an evaluation of the effective path requires
the knowledge of the path integral kernel and tractability of
the integral which appears in Eq. (3). In many cases of
interest, algebraic difficulties prevent the analysis of the
effective path in an explicit form. Given the fact that it
could be a useful tool in probing particle production, we
present, in this appendix, some specific cases in which such
a calculation can be performed. We also provide the cal-
culational details for X(7) including the case considered in
[7] since we could not find these details in the literature.

The simplest context in which the relevant equations are
tractable occurs for a special class of inverse-square po-
tentials having the form V(x) = I(I + 1)A?(2m) 'x 2
where [ is an integer. Note that this potential has o > 0
unlike the case in the previous section and we would like to
probe the nature of an effective path across the singularity
in order to display the tunneling feature via a complex path.
For such a case, y = ({ + 1/2), and we can, using the
property of Hankel functions of half-integral orders [13],

(n + k)! 1

H)L (@) = 1 H{j]o (2 Z <kl (n — ! Qig)F B
write the generic kernel as
K, (xa, tolxy, 1)
-1/2
(¥) ®

where K/, is the free-particle kernel. The result is a finite
series for any particular choice (half-integral) of vy and can,
in principle, be used to evaluate the effective path for any
given value of .
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As an example of the use of this result, we will consider
the nature of the effective path near the origin along the
lines studied in [7] for a more general case. For this
purpose, we will see that it suffices to look at two starting
simple nonzero values, / = 1 and 2. For the first case,
a = h?m~ " and y = 3/2, so that we have the result which
is obtained earlier in [7], viz.
in(t, —

t)
1 - 71}1(1/2()52, tlxy, ).

K3/2()C2, tzlxl: tl) = { X x
142

(B3)

The effective trajectory for this case is

1
X35(1) = m deK3/2(2|x, NxKs ) (x, t]1)
dxK; »(2|x)xK »(x|1
= g J e )
{ ity — 1) _ A2 (5 — (1 — tl)}
x -7y MmN
mxX| Xpx m> X xyx?
_ oy dmPml = 06— 1) — 1)
Qain)2m(mx,x, — ih(ty — 1;))
X exp(iAF2)D(%(iN)'/?), (B4)
where

= Xt — 1) + xy(t — 1)

(t, — 1)

and ®(x) is the probability integral. To study the small 7
behavior, that is, € = a(t, — 1;)/(mx;x,) < 1, we use the
properties of ®(x) [13], and get

X30(t) = x(1) — h2w
m=x|Xx,

X [x7' = (1/2)imAexp(iAz?)] + - - -
To the same order in € the classical trajectory is given by

h*(ty — 1)t — 1)

(B5)

x (1) =x — S +0(e’). (B6)
m-x;X,Xx
In the limit 7 — 0, effective trajectory becomes
I ) [l 1)
X30(1) = % — 2 5 Uls ! —ims(®]. (B7)
m=X| X,
Using
1in(1)(x +in) ' =% —ind(x), (B8)
n—
we can rewrite this as
. R -0k —1)
Xap(t) = ¥ = —2 1 (BY)

m?x,x,(% + in)

We shall now evaluate the effective path for [ = 2 (for
which y = 5/2) to the same order. In this case the kernel is
a series with three terms,

PHYSICAL REVIEW D 85, 025011 (2012)

K55 (xs, tlxy, )

. {1 _ih(t, — 1)
mxi X,

3t —1n)?

2,22
m-xyx;

}K1/2(X2y BLlxy, 1)
(B10)

The calculation for the effective path proceeds in the same
way although the algebra becomes tedious. Working out
the effective path to the same order in € again shows a
similar pattern as Eq. (B9):

n*(t, —1,)* . 5H (1, — )t — 1)
Xsp(f) = 5 + 22 07 g O M 7 OV T 1))
sp(t) =% prpeRe T X )
(B11)

Note that classically the particle cannot cross the origin
and, in fact, the classical trajectory in Eq. (B6) has a
singularity at X = 0. However, the complex effective tra-
jectories in Egs. (B9) and (B11) are nonsingular at x = 0
since it can move over to the imaginary axis. The trend
persists for higher values of y as well, displaying the
excursion into the complex plane near the origin. This
can be shown quickly in symbolic terms. For any y >
5/2, we will have
G G
K, 2I1) K1/2(2|1){1 R e
Cy-1p2 }
()7~ 12)

Now, the effective path is

(B12)

Xy(t) K (zll)l:[dXXKl/z(le t)Kl/Q(X tll)

A A A,
(1+—1+ o2 )
X (x)? (xxp)7 712

B, _
(1+ﬁ+ BZ2+--~+47 172 )] (B13)
xx o () (x1x)7 1/2

For the first few terms we have

G _ G _}
X1X2 (xlx2)2

1
X0 = K@ {1 B

X [chl/z(zll) T (Ay/xy + By /3Ky (211)

+ f(Ay, Ay, By, By, x1, X3)

dx
X f?K1/2(2|x, DK o (x, 1) + ] (B14)

Then, we can easily see that in our limit of € < 1,

X, (1) = ReX, + ilmX,, (B15)

where the imaginary part essentially comes from the in-
tegral in Eq. (B14) which is the probability integral. Thus,
the result obtained for y = 3/2 in [7] turns out to be true
for a much wider class of potentials.
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