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Abstract

We study the semiclassical Wigner—Kirkwood (WK) expansion of the partition
function Z(¢) for arbitrary even homogeneous potentials, starting from
the Bloch equation. As is well known, the phase-space kernel of Z satisfies
the so-called Uhlenbeck—Beth equation, which depends on the gradients of the
potential. We perform a chain of transformations to obtain novel forms of this
equation that invite analogies with various physical phenomena and formalisms,
such as diffusion processes, the Fokker—Planck equation and supersymmetric
quantum mechanics.

PACS number: 03.65.Sq

1. Introduction

The problem of the semiclassical expansion of physical states and their energies in powers
of 7 rather than the expansions involving oscillating functions of 72~! has a long history and
was studied and used in different fields of science (see [1] for review) beginning from the
Thomas—Fermi (TF) approximation [1-3]. Being the lowest order in 7, the TF correction to
the classical partition function (heat kernel) takes into account the discreteness of the phase
space treating the Hamiltonian classically.

We consider here Hamiltonians of the form H = T + V where T is the kinetic and V
is the potential energy, respectively. The non-commutativity of the T and V in the quantum
Hamiltonian

. K2
H = —?v2 +V({x;)), (D

where V? denotes the Laplacian and i labels the coordinates, was taken into account by the
Wigner—Kirkwood (WK) approach [4, 5]. (Note: We set the mass m = 1, and all quantities
are given in units of energy E (implying the dimensions: [H] = 1, [t] = —1, [h] = 3/4,
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[V] =1, [x] = 1/4).) We do not specify the form of the, generally non-central, potential V (x)
for n degrees of freedom (x = (x1, x2, ..., x,)). The case of even homogeneous polynomials
satisfying V (Ax) = A" V(x) includes the potentials of the well-known Yang—Mills classical
and quantum mechanics [6-8] (see [9] for a review).

2. The partition function in the WK expansion

The partition function
oo
Z(t) = Trlexp(—tH)] = Y e ", 2)
n=0

which is the Laplace transform of the density of states L[p(E)], is calculated taking the
Wigner transform of the quantum operator exp(— H) and integrating it over the phase space
with measure

dr' = @rzh) " d"x d"p, 3)

where 7 is the dimension of the system.
For the semiclassical expansion it is convenient to use the plane waves as a complete set:

Z(t) = Quh)™" / dr e—iPx/h o —tH oip-x/h 4)

The WK method takes into account only part of the quantum features, but ignores the
quantum fluctuations defined by the concrete form of the potential and dynamics (see [§]
for the discussion of the role of the quantum fluctuations in Yang—Mills quantum mechanics).
Following [10], we can account the non-commuting terms in WK approach setting

e PN — oM PN (x, i 1) = u(x, p; 1), (5)

where H is the classical Hamiltonian and the function W(x, p;¢) is to be determined.
The function u(x, p; ¢) satisfies the Bloch equation, the analogue of the time-dependent
Schrddinger equation:

ou

m +Hu=20 (6)
with the initial condition

lim u(x, p; 0) = e, )

corresponding to the initial condition W (x, p; 0) = 1.

Boundary conditions on u(x, p; ¢) at |x| = oo are in correspondence with the boundary
conditions on W (x, p; t). From (5) and (6) we obtain an exact equation for W (x, p; t), which
we call the Uhlenbeck—Beth (UB) equation):

oW B[, 5 5 5 2i
FTEniy Ve —t(VV)+15(VV) —2t(VV)~V+ﬁp-(V—tVV) w. ®)
Next we expand W in powers of & [5]:
[e.¢]
W= nW; 9)
k=0
and equate the terms with the same power of 7 on both the sides. The result is
oW, 1
a_zk = E[v2 —t(VEV) 412 (VV)?2 =2t (VV) - VIWia +ip - (V —tVV)Wi_. (10)

with conditions Wy = 1, W, =0 fork < 0.
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3. New forms of the UB equation

The expressions (8) and (10) can be written in more compact form, if we introduce the
‘covariant’ derivative D =V — (VV):

oW n? 2i 1 .

S L LA (R R T an
or its recursive form

oW, 1 .

8_tk = E['DZW]{,2+2IP~'DW]{,1]. (12)

We note that the symbol p in (11), (12) denotes a classical phase-space variable and not an
operator. To our knowledge, the forms (11) and (12) of equations (8) and (10) are novel and
have not been given in the literature.

In terms of the operator D, equation (11) resembles a Fokker—Planck equation (FPE) for
W (x, p; t) with the diffusion constant 2> and the constant drift vector —ifip. The relation to
the FPE can be further elucidated by noting that the ‘vector potential’ A = ¢ V'V is a complete
gradient and thus may be ‘gauged out’ by the transformation W — exp(tV)W’, yielding an
alternative form of (11):

oW’ _hz[

2 2i / ’
=5 Vi p VW - VW (13)

If we interpret W/(x, p; ¢) as an one-time probability density and introduce the probability
current (sometimes called the probability flux in the literature [11, 12]):

h2 h2
J = —inpW’ — EVW/ =W (—ihp — ?Vln W’) , (14
we may write (13) in the form of the continuity equation
ow’ , ,
-5 TV I = VoW, 5)

where the potential term acts as a source term leading to a ‘probability loss’ and violates the
local conservation law associated with FPE. Integrating over volume and using the Gauss’
theorem in (15) we obtain

d
— [ Wd'x +/dcr-J/ = —/ VW' d"x, (16)
ot s
where S is the surface confining the volume. If the flux vanishes at infinity we have
a
E/W/d"x = —/ VW d"x. 17

Note that in the right-hand side of (13) and (15) we may substitute the total energy H instead
of the potential V by making the transformation W' = W” exp(—p?t/2), since p commutes
with gradients on the right-hand side of (13) and (14).

The presence of the potential term VW’ (or U W’) in (13) and (15) invalidates the standard
result for the FPE (see, e.g. [11, 12]) that under rather loose conditions on the drift and diffusion
kernels (which are satisfied in our case) all solutions of the FPE must coincide for sufficiently
large times. If drift and diffusion functions do not depend on time, a stationary solution
may exist, and this solution is unique in the sense that all other solutions agree with it after
sufficiently long time. Having the stationary solution of the FPE, one is able to find the general
solution with given initial and boundary conditions (see, e.g. [13, 14]).
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In our case it is clear that stationary solutions to the Bloch equation (6) exist only for the
trivial case of vanishing V. This is evident from (1), (5) and (6): using the second expression
for the probability flux in (14), setting Wy = 0 and using U instead of V in (15), we obtain
the equation

(Vinug)? = F%V(x). (18)

Since ug = exp(ip - x/h) is the solution of the Bloch equation (6) with du/dt = 0, we
arrive at the stated conclusion that there are no stationary solutions to the Bloch equation
for non-vanishing potential. ~Similarly, for the FPE (13) resulting from the substitution
W = exp(t V)W, it is clear from (5) that the only stationary solution is W' = 1 for V (x) = 0.

Keeping this in mind, let us divide the solution to (13) into a stationary and a time-
dependent part:

W'(x, p; 1) = Wy (x, p) + w'(x, p; ). (19)
For V = 0 there exists the stationary solution
/ h2 2 2i /
LFP(X, p)WSt = ? Ve + ﬁp -V Wst =0. (20)
Inserting (19) into (13) we obtain
ow’ , ,
- = (Lep — V)w' — VW, (21)

Following the standard approach to the solution of inhomogeneous first-order differential
equations, we can obtain a formal solution of (21) in the form

t
w(x,p; 1) = — / dr’ elle VI y ()W (x, p). (22)
—0Q0
To this we need to add the general solution of the homogeneous equation
0w (L V)a (23)
— = - V)w.
o7 FP
The complete solution (19) thus has three contributions:
W/ (x, p; 1) = Wi(x, p) +w' (X, p; 1) + ) Cyibn (X, p; 1), (24)

where the C,, are derived from the initial condition W'(x, p; 0) = 1. The solutions @, of the
homogeneous equation are obtained by separation of variables, W, (x, p; t) = T,,() X, (X, p),
in the form

T,(t) = e ™", (25)

(L = V)Xy(x,p) = =3, Xu(X, D), (26)
where —Aft are the eigenvalues of the operator L — V. Finally, the solution of (20) is the plane
wave:

’ € ipx
Wi p) =5 e Apx/h, 27)
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4. Chain of transformations of the UB equation

By the transformation W = exp(t V)W’ (or W = exp(:U)W’) we obtained the equation (13)
which is intermediate between the Bloch and UB equations. Going one step further by setting
W’ = exp(—ip - x/h)W we arrive, of course, at the Bloch equation (6) as is evident from the
chain of transformations

W — VW’ — Uipx/iyy (28)

with the identification W = u. Each link of this chain opens up new analogies with the
important physical processes and equations which govern them. We elaborate this issue
below in more detail. Before we address this subject, however, we note that the expansion
in /i proposed by Kirkwood [5] is also an expansion in powers of the gradient operator as
emphasized in [10]: the gradient operator occurs k times for each Wj, in equation (10). In the
general case, one needs to expand in powers of & or, equivalently, in powers of the gradient
operator using (10) and (12), as done in [7, 8].

In some special cases the compact form of (11) or (13) and the Bloch equation itself may
be the starting point of another approximation scheme, which can bring to bear the knowledge
of approximation techniques developed for the Fokker—Planck and Schrédinger equations.
With this in mind, we explore here several modified forms of the diffusion equation (13),
before we consider some aspects of the Bloch equation. Going back to our original function
W(x, p; t) = exp(tU)W'(x, p; ) we may write (13) in the form

ow

ot e (LppW)e !, (29)
where

inzh—z V2+2—ip~V . (30)

2 h

For (15) we then obtain

ow

? zetH(V.J)eftH’ (31)
with

1= v B, w (32)

=2 nP|"

Equations (29) and (31) are of form of a FPE, just like equation (8).
Another, equivalent form of the same equation (13) is easily derived:

oW U ihp2 2\ o—tH
= — P , 33
o =3¢ ( pe (33)
with the quantum operator
P=p-—inVv. (34)

This is the Bloch—Schrodinger form of equation (8).
As a check, from Z(t) = f dI' W e~ we have, using (33):

0Z 1.
—=—|dr(=P*+v We H, 35
5 / (2P (x)) e (35)
Integrating over ¢ we have

Z(@t) = / dr (%75% V(x)) / mdt’e-””vv(x, p; ). (36)
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In the limith =0, P = p, (and thus W = 1) equation (36) reduces to the Thomas—Fermi term
Z(@t) = /dF e, (37

Finally, we mention another form of the basic equation (8), or its equivalent,
equation (11). If one introduces instead of W the new function W = exp(—tV)W, then
(11) can be written in the form

aw _ [’fﬁump.ﬁ]vv_lvw, (38)
ot 2 2

where the operator D is given by
D=e"V2veV/2 (39)

Equation (38) corresponds to the FPE used in supersymmetric quantum mechanics in one
dimension in association with the Darboux transformation (see, e.g. [12]).

5. More on the Bloch equation

We see that WK semiclassical expansion leads to several equations with interesting connections
to fundamental branches of physics. The basis of this expansion is the Bloch equation (6).
Having obtained the solution of (6) we find the partition function

Z(t) = / dr e P*ty(x, p;1). (40)
The initial condition
u(x, p; 0) = P/ 41)

may appear somewhat unusual taking into account that the potentials V (x) considered here
are generally associated with the bound states of the corresponding Schrodinger equation.
Nevertheless, starting from (6), we may represent u (X, p; ¢) as an expansion in terms of plane
waves satisfying the initial condition (41):

u(x, p;1) = / d"p’a(p, p/s 1) PPN, 42)
Equation (41) translates into the following initial condition for the amplitude a(p, p’; t):

a(p.p’;0) =38 —p). (43)

and equation (6) gives, after multiplying the resulting equation by exp(—ip-x/7) and integrating
both sides over x:

0 > dtp’ p .
E[a(p’ p’ [) efp 1/2] — (an)na(p’ p/’ t) eprr/Z / d"x V(X) eI(P *P)-X/T’l. (44)
Introducing the function

A@.pin) =ap.pine " (45)
we obtain

8 P2 n. ./ / 7 /

EA(p, p; t)+7A(p, p;t)=— | d'p A(p,p; )V (p—p), (46)
where

- d'x .
— —ip-x/h
Vip) = / (znh)nV(X)e . (47
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Inserting (42) into equation (40) we find that

Z() = / &' A, p: 1). 48)

This form is analogous to the expression for Z(#) in terms of the Bloch density matrix (see,
e.g. [1]):

Cx X = 3 Y0 ) e = (x| e X)), 49)
from which it is obvious that the quantity

A(p.p'i0) = (ple”"Ip), (50)
whose trace is the partition function, is the counterpart of C(x,X’;#) in the momentum
representation.

As an example, we consider the case of n = 2, i.e. the Yang—Mills quantum mechanics
(YMQM) with the potential
e

which was the subject of numerous studies (see [9] for a review). This potential leads to a
non-separable and non-integrable Schrédinger equation. Its Fourier transform is given by

244 42 92
- gh™ 07 0
\%4 f — = 6 - ) 52
(P —-p) == 992 3p2 ®-p (52)
which lets (46) take the form
9 p2 g2h4 82 82 )
—A(,p;)+ =—A(p,p;t) =—=———A(p,p; ¢ . 53
5 (p. p; 1) + —A(p. p; 1) 2 apZ op? (.p )p,_p (53)

From (53) one finds that the quantum corrections to the classical result for Z(¢) generally
begin at the order 7i* for the YMQM model [7]. In the same way, one may show that the
quantum corrections to Z(z) for the harmonic oscillator begin at the order /2, in agreement
with the result found by the expansion of the well-known exact expression for Z(¢). The
generalization of (53) to higher dimensions (n > 2) is straightforward.

6. Conclusions

In the present paper we have presented several different forms of the differential equation for
the quantum corrections to the partition function Z(f). Some of these forms appear to be
novel. Any one of these equivalent equations can be used to generate the gradient expansion
of Z(t) for a wide class of potentials or could serve as the starting point for a numerical
evaluation. The analogy between some forms of the equation and other well-studied equations
of theoretical physics, such as the Fokker—Planck equation, suggests the possibility of novel
approaches or approximation schemes for the calculation of Z(¢). As an example, we have
used the integral representation of the Bloch equation in momentum space to give a simple
proof of the fact that the quantum corrections to Z (¢) for the anharmonic Yang—Mills quantum
mechanics begins at the order 7i* [7]. We have also found a hitherto unknown correspondence
with the Fokker—Planck equation occurring in supersymmetric quantum mechanics.
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