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The Feynman inequality Eg < Eiriai+Hlimg_.oo (S — Stria) /B for path integrals provides a powerful
upper bound on the ground-state energy E¢ of a large variety of systems. E\;a is the ground-state
energy of some trial system with action Sia for imaginary values of the time variable, and S is the
action (also expressed in imaginary time variables) of the system under study. 8 = 1/kgT, where kp
is the Boltzmann constant and T the temperature. However, the Feynman inequality is not a prior:
justified for a system in a magnetic field, because imaginary terms subsist in the action also after
transforming to imaginary time variables. Replacing or extending this inequality when magnetic
fields are present has therefore been a long-standing problem. In the present paper we solve this
problem. We first derive an inequality, providing an upper bound for the ground-state energy, that
is valid even in the case of a nonzero magnetic field,

EG < Etsia1 + (00|T {Ussia1 (00, —00)[V(0) — Viria1(0)]}] — o),

for a system with Hamiltonian Ho + V. 7T is the time-ordering operator, and Uial is the time
evolution operator of a trial system with Hamiltonian Ho + Visial in the interaction representation,
with the interactions V(t) and Vi;a1(t) switched on adiabatically. Because of the time ordering,
retardation effects are also properly taken into account. The contribution of the magnetic field
is included in the unperturbed Hamiltonian Ho. If the time-dependent integrands occurring in
the matrix element in the right-hand side of our generalized inequality satisfy certain analyticity
conditions in the complex-time plane, this inequality reduces to the Feynman inequality for path
integrals. If these analyticity conditions are not satisfied, our generalized inequality may introduce
supplementary terms EP® in the right-hand side of the Feynman upper bound,

Eg < Euiat + lim (S = Suin}/B + EP®,

because different branch lines or singularities have to be taken into account in the transformation
to imaginary time variables. As an important illustration, our generalized inequality is applied to
the problem of the Frohlich polaron in a magnetic field. From the generalization of the Feynman
inequality derived in the present paper, we determine the conditions to be imposed on the variational
parameters in the trial action, such that the Feynman upper bound in its original form remains valid
for a polaron in a magnetic field. Some limiting cases are studied analytically to illustrate the
relevance of our additional constraints on the variational parameters of the trial system. In the
free-particle limit and for a particular value of one of the variational parameters, we explicitly derive
the contributions from the branch lines in the complex-time plane which arise if these additional
constraints are not satisfied.
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The Feynman path-integral formulation!'? of quantum
mechanics provides the following upper bound for the
ground-state energy of a system:

(S — Strial)trial

E¢ < Eyial + ﬁlirr;o 3 (1.1)

if S and Sirial are real. In (1.1), Eiyial is the ground-state
energy of some “trial” model with action functional Siyia|
for imaginary values of the time variable. S is the ac-
tion functional of the system under study (also after the
substitution ¢ — —irh in the time integral over the La-
grangian). The path-integral average (- - -)¢ria) is defined
with a probability density exp(Serial)/ J Pz exp(Strial):
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where the denominator is the path integral (for imagi-
nary time variables) of the “trial” model. The condition
that S and S, are real implies the applicability of the
Jensen inequality (eX) > efX) of probability theory (of-
ten called Jensen-Feynman inequality in its path-integral
application), which is valid for real random variables X
with some normalized probability density.

As an example, it is well known that the Feynman
path-integral method with the application of the Jensen-
Feynman inequality provides a superior upper bound
to the ground-state energy and the free energy of the
Frohlich polaron for arbitrary coupling strength.

But the requirement that the action and the trial ac-
tion of the system under study are real functions of imag-
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inary time variables is not satisfied for all physical sys-
tems. Indeed, for the path integral describing a polaron
in a magnetic field, for instance, the condition of a real
action functional for imaginary time variables is not ful-
filled. Therefore, the Feynman inequality (1.1) could not
be applied to the study of a polaron in a magnetic field,
and until now the accurate upper bound to the ground-
state energy for w. = 0 could not be generalized for a
nonzero magnetic field.

Despite the lack of a generalization of the Feynman in-
equality for path integrals to the case of a nonzero mag-
netic field, Peeters and Devreese® (hereafter referred to
as PD) developed an approximation scheme for the free
energy of a polaron in a magnetic field (for arbitrary
coupling, magnetic field, and temperature), based on the
working hypothesis that the Jensen-Feynman inequality
would also be valid for nonzero magnetic field. They
used four adjustable parameters: vy, wy, v, and wy.
A related scheme, with an infinite number of variational
parameters, was developed by Saitoh.* Although the PD
approach happens to reproduce many previously known
results in limiting cases for large and small coupling, high
and low temperature, and high and low magnetic field,
it is not based on an extremum principle and therefore
it does not a priori provide an upper bound for the free
energy of a polaron in a magnetic field. Further investiga-
tions leading to an extension of the Feynman inequality
for path integrals, valid for w, # 0, are necessary. In the
present paper we report such an extension of Feynman’s
upper bound to the ground-state energy of a polaron in
a magnetic field.

The problem tackled in the present paper is not limited
to the study of polarons. Feynman and Hibbs! already
addressed the question of the (non)validity of the Feyn-
man inequality in 1965: “if the Lagrangian represents
a particle in a magnetic field” ... “in this case [they]
suspect that the [Feynman] inequality (or some simple
modification of it) is still valid. However, this has not
been proved.”

To the present date, to the best of our knowledge, this
problem had not been solved, and the “simple modifica-
tion” suspected to exist in Ref. 1 had not been given. It
1s the purpose of the present paper to solve this prob-
lem, to provide the extension of the Feynman inequality
for the path integral describing a particle in a (static and
uniform) magnetic field, and to illustrate its usefulness to
study the Frohlich polaron in a magnetic field: a problem
of physical interest.

In what follows, a brief survey is given of previous stud-
les dealing with polarons in a magnetic field and invoking
the use of Feynman path integrals in connection with the
Feynman inequality.

Although the validity of the Jensen-Feynman inequal-
ity for a polaron in a magnetic field had not been proved
for w. # 0, it is known to be valid® in the asymptotic
limit w, — 0. As a consequence the physical proper-
ties of Frohlich polarons in a sufficiently weak magnetic
field—for all coupling o and temperature T—can be an-
alyzed by taking the Feynman path-integral model for
zero magnetic field as a starting point. The results of
Hellwarth and Platzman® for the diamagnetic properties
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of the Frohlich polaron also derive their validity from
the applicability of the Jensen-Feynman inequality in the
asymptotic limit w. — 0. For this weak magnetic-field
limit, it is stated in Ref. 5 that the Jensen-Feynman in-
equality remains valid if the difference between the action
and the trial action is chosen to be real. PD also satisfy
this condition; their results for the free energy of a po-
laron in the presence of a magnetic field are therefore an
upper bound to the exact free energy in the limit w, — 0.
Not surprisingly their analytical expressions for the free
energy and for the polaron mass in the asymptotic limit
w, — 0 indeed agree with the previously known limits
for « — 0 and a — oo.

The difficulty with the Jensen-Feynman inequality for
general w. # 0 can be avoided” by first introducing an
additional approximation, e.g., based on the Bogolubov
inequality,®° which eliminates the imaginary terms in the
path integral, so that the Jensen-Feynman inequality can
be applied for the resulting (approximate) path integral.
Unfortunately, this type of approach leads to a consider-
able loss of precision, e.g., the coefficient of aw, in the
free energy differs by a factor of 2 from the standard
perturbative free energy for « — 0 and w, — 0. The
resulting approximation is therefore inadequate.

Several aspects of the PD approximation, which is—
as stated above—based on the working hypothesis that
the Jensen-Feynman inequality remains valid for w. # 0,
have been discussed by various authors.

For sufficiently large magnetic fields, it was shown
numerically!'® that the PD approximation for the ground-
state energy of a polaron in a magnetic field is not an
upper bound for the true ground-state energy to first or-
der in the electron-phonon coupling, and even not in the
limit & = 0 (i.e., for a free particle in a magnetic field).
The present authors!! confirmed this conclusion analyti-
cally. Furthermore, it was also suggested in Ref. 10 that
the Feynman inequality is valid if applied to a linearized
polaron model in a magnetic field—as studied and solved
by the present authors'!—and with a symmetrical trial
action of the PD type. (The linearized polaron model is a
mathematical tool without direct physical significance.)

Larsen!? argued that the application of the PD method
to a two-dimensional polaron in a magnetic field does
not provide an upper bound for the ground-state energy
for w, — oo and ay/; — oo, and for w. — oo and
a/w. — 0. However, it has been suggested!®1* that the
Larsen approximation does not handle the asymptotic
limit of high magnetic fields exactly.

In order to explore the possible regions of validity of
the Feynman inequality for w. # 0, the present authors!!
applied the PD approach to a linearized polaron model in
a magnetic field, which they solved exactly. An analytical
proof was presented that the Feynman inequality is not
satisfied for this model, if w, is sufficiently large.

Also in the asymptotic limit of high magnetic fields,
it was argued in Ref. 15 that the Jensen-Feynman in-
equality does not hold for polarons in two dimensions
subjected to a magnetic field.

From the discussion above it follows that the PD treat-
ment is not based on a maximum principle (except in the
limit w. — 0) and does not a priori provide an upper



45 EXTENSION TO THE CASE OF A MAGNETIC FIELD OF . . .

bound for the free energy of the Frohlich polaron in a
magnetic field.

In the present paper we derive a more general inequal-
ity, which remains valid in the case of a nonzero mag-
netic field, and apply it to the Frohlich polaron. In other
words, we provide the “small modification” suspected to
exist by Feynman and Hibbs, which is required to gen-
eralize the Feynman inequality, e.g., to a polaron in a
nonzero magnetic field.

The formulation and the formalism in the present pa-
per differ from the one used by PD. Contrary to PD, our
final expression is now based on a maximum principle
and provides an upper bound for the ground-state en-
ergy of a polaron in a magnetic field. Our derivation is
based on the variational principle of quantum mechanics,
applied with ordered operator calculus (i.e., the operator
equivalent of the Feynman path integral), in which only
the Hermiticity of the Hamiltonian is required. At any
stage in the calculation, the corresponding path-integral
formulation is readily obtained.

If the following simple but crucial additional con-
straints on the variational parameters vy, wi, v, w
are satisfied,

(1.3)

max(w,w.) L wy <vy, wlw <y

(where w is the frequency of the longitudinal-optical
phonons) our upper bound for the ground-state energy
of a polaron in a magnetic field reduces formally to the
same functional expression (1.1) as obtained by PD.

The variational parameters v), vy, w), and wy are
the natural generalizations of the parameters v and w
in Feynman’s upper bound to the ground-state energy
of a polaron without a magnetic field. In the Feynman
model, w accounts for the retardation effect due to the
elimination of the phonons, and v is the frequency of
the coupled harmonic oscillators of the model system,
imitating the internal excitations from the interaction
with the phonons. The introduction of a magnetic field
breaks the spherical symmetry of the polaron Hamilto-
nian. Therefore, two different sets of variational param-
eters (for the direction parallel and orthogonal to the
magnetic field) constitute a quite natural extension of
the Feynman model in the presence of a nonzero mag-
netic field.

The constraints (1.3) are sufficient conditions for the
Feynman inequality in unmodified functional form to re-
main valid for a polaron in a magnetic field; if these con-
ditions are not satisfied, additional terms EPB—still to
be investigated in general—will in principle occur in the
right-hand side (rhs) of the Feynman inequality (1.1):

(S — Strial)

E¢ < Euial + ﬁlim 3 + EPB, (1.4)

In the free-particle limit and for w; = 0, we evaluate
these additional terms explicitly.

6461

II. ORDERED-OPERATOR FORMULATION
OF AN UPPER BOUND
FOR THE GROUND-STATE ENERGY
OF A PARTICLE IN A MAGNETIC FIELD

For a general Hamiltonian of the form

H=Hy+V (2.1)

the ground state [0) can be described in the interaction
representation, starting from the unperturbed ground
state |—oo) of Hp at time t = —oo, by adiabatically
switching on the interaction:

|0) = U(0, —o0)|—00), (2.2)
i [*
U(ta,t1) = T exp <—E_/ dt V(t)) , (2.3)
t)
V(t) = m%e-fltleiﬂot/ﬁve-fﬂo'/h, (2.4)
where 7 denotes the time-ordering operator. The

ground-state energy Eg of H satisfies the variational
principle of quantum mechanics with some trial state |¥):

Eg = (0|H|0) < (¥|H|¥). (2.5)
If one chooses a trial state |¥) which is the ground state

of an exactly solvable model Hamiltonian Hg+ Via with
ground-state energy FEyial, (2.5) can be rewritten as

Eg < Egial
+ (00 [T {Utrial(00, —00)[V(0) — Veriat (0)]}] — o) .
(2.6)

The time-evolution operator Uyia corresponds to the
path integral over exp(¢Sirial/h) in the path-integral for-
mulation, with the action S, expressed in real time
variables. The generalized inequality (2.6) is therefore
intimately connected to the Feynman inequality. How-
ever, it is based on the Hermiticity of the Hamiltonians H
and Hyyial, but it does not require that the corresponding
actions are real functions of the imaginary time variables.

If the matrix element in the rhs of (2.6) satisfies cer-
tain analyticity conditions in the complex-time plane, de-
rived below, our generalized inequality (2.6) reduces to
the Feynman inequality. We explicitly derive these condi-
tions for a Frohlich polaron in a magnetic field. However,
if these analyticity conditions are not satisfied, the in-
equality (2.6) remains valid, and in principle introduces
additional terms in the rhs of the Feynman inequality
(1.1).

For the study of the Frohlich pelaron in a (uniform
and homogeneous) magnetic field B, we first consider
the more general Hamiltonian:

H = Ho+V(r) + »_[Wi(r)ax + Wy (r)al], (2.7)
k
Ho = 2_17; (p- %A)2 + Zk:hwalak, (2.8)
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or, in the gauge A = (0, Bz,0) with the z axis in the field.

direction of the magnetic field: With ordered-operator calculus, the phonons can be
eliminated in the expectation values. The derivation
Hy = L [1’3: + (py + mwez)® +p?] + Zhwa;&ak, is given in the Appendix. The procedure is equivalent
2m k to Feynman’s elimination of the phonons in the path-
(2.9) integral formulation, as, e.g., discussed by Platzman.®
' Denoting

where w, = |eB|/mec is the cyclotron frequency, and ax ‘ )

and aL are the phonon annihilation and creation oper- r(t) = e*Hot/hye=iHot/h (2.10)

ators. Note that the unperturbed Hamiltonian Hy in-
cludes the interaction of the electron with the magnetic  the interaction term becomes

(o

The polaron Hamiltonian HP°' for a polaron in a magnetic field is a particular case of the Hamiltonian (2.7):

J

> [Wa(x)ak + Wyl (r)a}]
k

0> = / ‘: dt e=wwli=dl zk:(ool’T[U(oo, —00)Wac(x(0)) Wyl (x()]|-00).  (211)

HP' = HPo' 4 Z(Vke‘k"ak + Ve kTal), (2.12)
k
1
HE® = o[} + (py + mwez)” + p2] + D hwaja, (2.13)
k

with the electron-phonon interaction term Vi given by

B (4 R\
Jhw [ ATa
Ve =1 k (7 2mw> ’ (2.14)

where V is the volume of the crystal, and o the dimensionless Frohlich coupling constant. Note the difference in
phonon frequency between Hy and Hgol.
With |¥P°) and UP°(t,,t;) denoting the ground state and the time-evolution operator for the polaron, the ground-

state energy E2' can thus be written as
BB = (4P (o0)|TUP (00, —o0) HE (t = )]|¥P)(~o0))
. 00
L —iw|t|—¢ o ik-[r(t)-r
—ar 2 el’ / dt e~ 1= (FPl (00) | T [UP! (00, —00)e ™ IO (O] | @l (—o0)). (2.15)
k - 00

This means that the polaron ground-state energy is exactly described by the retarded potential (in the interaction
representation)

vPel(t') = —;;h S VAT /oo dt e~ 5ltl=eltl gk Le()=x(tD], (2.16)
k —o0

Consider then a model Hamiltonian H"™ (which will contain linear electron-phonon interaction terms only, and
which will be specified in detail below), with corresponding time evolution operator U'"(¢5,t;), ground-state energy
EUP | and ground state |¥'"). If we impose that H'I" has the same unperturbed electronic contribution [Eq. (2.13)] as
the polaron Hamiltonian, no ambiguity can arise in the meaning of the time evolution r(t) of the electron coordinate
(2.10) in the interaction representation:

. . 1 - prli ;i
l‘(t) — e:Hé’“lt/ﬁre—zH(‘,"’ t/h _ e;H},‘“t/hre—:H:)“t/h‘ (2.17)

We then find that an upper bound for the ground-state energy of the polaron in a magnetic field is obtained if V/(0)
in Eq. (2.6) is replaced by VP°(0):

Eg‘)l < (‘I’lin(OO)IT[U“n(OO, _Oo)Hgol(t — 0)]|\I,lin(_oo))
_5% Z |Vk|2 / dt e—iwitl—eltl (\I’lin(oo)lT[Ulin (OO, _oo)eik[r(t)—-r(o)]]Iq,lin(_oo)>' (2.18)
k — o0
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Equation (2.6) and its application (2.18) to the polaron
in a magnetic field are the core of the present paper.
They provide an extension of the Feynman inequality,
specified to the case of a polaron in a nonzero magnetic
field. Note that Eq. (2.18) involves an integration over
real time variables, contrary to Feynman’s path-integral
formulation of the Feynman inequality. In transforming
the integrations over real time variables to integrations
over imaginary time variables, the domain of analyticity
of the integrand must be explored and taken into account.
The reason for the difference with the Feynman inequal-
ity is that for w, # 0 branch points and poles can occur
in the complex-time plane, related to the intersection of
the Landau levels with the continuum; for w. = 0 such
singularities do not arise.

If the time-dependent integrand in (2.18) satisfies cer-
tain analyticity conditions discussed below, (2.18) ex-
pressed in terms of Feynman path-integrals, leads to the
result that

(a) an upper bound is obtained for the ground-state
energy of a polaron in a magnetic field of the same func-
tional form as the one deduced from the Feynman in-
equality; i.e., if SP°' and S''" denote the action functional
of the polaron and of the model system at imaginary
time B and with the expectation values evaluated with
the probability density exp(S'")/ [Dzexp(S'") of the
model, the Feynman inequality

pol lin : <SP°1 )
Eg” < BEg' + Jim 7
remains valid, but in general only if

(b) supplementary conditions, derived in the present
paper, are imposed on the variational parameters in the
trial action. These additional constraints arise as a result
of the analyticity requirements for the integrand in the
right-hand side of the inequality (2.18) when choosing an
integration contour in the complex time plane. Contrary
to what happens in the case w, = 0, the direct substitu-
tion t — —¢h7 is no longer allowed for w, # 0.

(c) If the supplementary conditions mentioned in (b)
are not satisfied, it is still possible—at least in principle—
to derive an upper bound for the ground-state energy of
a polaron in a magnetic field. But its form will in general
differ from the Feynman inequality (2.19) because of ad-
ditional terms appearing in the rhs of (2.19). These terms
arise from choosing a Cauchy contour in the complex time
plane which circumvents poles and branch lines.

In general it can be stated that (2.19) remains valid
for a nonzero magnetic field if the analyticity require-
ments for the Cauchy integration in the complex-time
plane, necessary for our generalization in (2.18), are cor-
rectly taken into account. For a specific choice of the
trial action (here S!™) the analyticity conditions result
in constraints on the variational parameters occurring in
the trial action.

Note that, if in Eq. (2.18) real times are directly sub-
stituted by imaginary times (! — —ih7), exactly the PD
approximation for the ground-state energy of a polaron
in a magnetic field results. However, as stated above,
such a substitution is not legitimate in general, and this
is the reason why the PD approximation does not a pri-

(2.19)
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ort provide an upper bound to the ground-state energy
of a polaron in a magnetic field.

III. CONSTRUCTION OF A DIAGONALIZABLE
LINEARIZED POLARON MODEL

In analogy with Feynman’s quadratic trial action Sipja
in his treatment of the polaron, we require a Hamiltonian
H''™ for which in the absence of a magnetic field the path-
integral formulation and phonon elimination would result
in the action Sy,. Note that a Hamiltonian of the form

H + hwa'a + [W(r)a + H.c]

corresponds in the path-integral formulation to the action
functional:

B T
el _ r o (T *(r(o T—0
s /od /od W (x(r))W* (2(0)) G (7 — o),

where the memory function G, (7 — o) is due to the
phonon elimination and is given by

cosh(% — u)hw

Gy =
() sinh(%)hw

To account for the spatial asymmetry due to the pres-
ence of a magnetic field, it is natural to introduce two in-
dependent sets of phonon degrees of freedom, with a dif-
ferent frequency and a different interaction coefficient in
the directions parallel or orthogonal to the magnetic field.
In so doing one obtains a model which corresponds to the
asymmetric trial action proposed by PD. These consider-
ations suggest to introduce the following linearized model
Hamiltonian:

H'™ = H|" + H, (3.1)
. 1 2Cl
lin _ _~ [,2 2 2
HY = 5[5+ (py + mwe)?] + %
+ Z {hw, al ay + [ik - pLy (k)ax + Hecl},
kek,
(3.2)
; 220
lin __ & Il .2
H” - 2m fl’u}”Z
1 .
+ Z {hw"akak + [zkzzC“(k)ak + H.C.]},
keK,
(3.3)

where p is the two-dimensional position vector with com-
ponents (z,y) in the plane perpendicular to the mag-
netic field. £; and K5 are two spherical symmetric com-
plementary subsets of the phonon degrees of freedom in
wave-vector space. The terms linear in C; and C) are
introduced to ensure the translational invariance!! of the
model if the following conditions are imposed:

k2
200 = 3 L ()P,

keKX,

(3.4)
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k? 2
20 = 5 k),

keK:

(3.5)

These relations couple the strength of the harmonic inter-
action in the model with the electron-phonon interaction.
Without electron-phonon interaction the electronic part
of the unperturbed linear Hamiltonian is identical to the
electronic part of the unperturbed polaron Hamiltonian,
as required in the previous section.

On the one hand, this linearized model has been stud-
ied with Green’s-function techniques by Bogolubov and
Bogolubov!” (who take into account the phonon disper-
sion, but only consider w, = 0). On the other hand,
the model has been explicitly diagonalized with canoni-
cal transformations by the present authors!'® (with dis-
persionless phonons, and w, # 0).

The main step in our diagonalization procedure of H'
consists of the introduction of “collective boson annihi-
lation and creation operators,” which allow us to replace
the phonon bath by a “fictitious particle” as far as its
interaction with the electron is concerned:

B, =- \/— k; k.LL:-L(IC)ak) (36)

By = > k. Ly(k)ax (3.7)
,/2C | xex,

(and the corresponding creation operators BB_, Bltl) The

introduction of these collective operators in the linear
model Hamiltonian allows one to consider the linear in-
teraction of the electron with the phonon bath as a linear
interaction with a “fictitious particle.” In terms of these
collective operators the Hamiltonian of the linear model
can be rewritten as

Hlin — HJ_ +H” +H”, (38)
_ 1 2 2 2C, 2
Hy = 5= [P} + (py + mwez)’] + Fos”
+hw, BY By —i\/2C.p-(BL-Bl), (3.9

2m

_ P 2G , - o t
H" = —= 4+ — hw” 22 + hw"B”B” —1 QC”Z(BH — B”)

(3.10)

The terms H and H) in the transformed Hamiltonian
of the linear model describe an harmonic oscillator sub-
Jected to a magnetic field and interacting linearly with
a second harmonic oscillator. PD also introduced a “fic-
titious particle” to imitate the phonon bath. The trial
Hamiltonian which they constructed and diagonalized is
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equivalent to H, + H).

H" accounts for the remaining phonon degrees of
freedom after the introduction of the collective opera-
tors. The diagonalization of H” is discussed in detail in
Ref. 18, where it is also shown that H” commutes with
both H; and Hj|, and that it does not contribute to the
equations of motion of the electrons and of the collective
operators B, and B). Therefore, H" can be considered
as a constant for the purpose of the present paper. Its
relevance is limited to providing the same degrees of free-
dom in the linear model as in the polaron Hamiltonian.

Assuming that the ground state |¥!") and the ground-
state energy EWU" of the model Hamiltonian H''" are
known, the application of the maximum principle (2.18)
requires the evaluation of various matrix elements. Con-
centrating first on the expectation value of the non-
interacting part H® [Eq. (2.13)] of the polaron Hamil-
tonian, it is useful to express this term in H'":

HE' = H' 4 Z h(w — wy )al ax
keK,
2C
(h =p? —i\/2C.p- (B, — B! ))
+ Z ﬁ(w - w”)akak
keK2
20 ] f
- <Eu—”22 —iy/2C)z(B) — B")) . (3.11)
If wy and wy are chosen to satisfy
Wy >w, w>w (3.12)

then obviously the following inequality holds for the ex-
pectation value of H® in any state:

() < (1) = (32 - /A0 (B - BL)

(e~ /2005 - B)) ).

(3.13)

The conditions (3.12) are not very crucial, and could
be omitted at the price of evaluating extra terms arising
from the expectation values of the phonon number op-
erators. In the actual minimization of the upper bound
however, these conditions happen to be satisfied in prac-
tice.

Using the maximum principle (2.18), with U""(ty,12)
the time-evolution operator and |¥""(t)) the wave func-
tion of the linear model at time ¢, the following upper
bound is obtained for the ground-state energy of a po-
laron in a magnetic field:
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Egol S Evar’

B = glin _ <\I’1m(00)| [Uhn( | —o0) (QC_L p2(0 )+ —-L 2(0)>]

+iV/2C 1 (¥ (00) [T {U"" (00, —=00)p(0) - [BL(0) —
20 (¥ (00) |7 {U"™ (00, —00)2(0)[ By (0) —

_é Z |Vk|2 / dt e—iw|t|-5|t|(q,lin(oo)IT[Ulin(oo’ _oo)eik[r(t)—r(o)]]“I,lin(_oo».
K —00
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(3.14)
¥"(—c0))
BI(O)]}I‘I'“"(—OO))
BJ(0)]}¥"" (—0))
(3.15)

The bosons described by the collective annihilation and creation operators B, Bj and B_TL,B|T| can be eliminated

(see the Appendix):

iV/2C L (¥ (00)| T {U™ (00, ~00)p(0) - [BL(0)

— B! (0)]}]¥'""(—c0))

:—20l / dt e+ M= (G (00)|T [UM"(00, —00)p(0) - p(t)] ¥ (—o0)), (3.16)

and similarly for the contributions parallel to the magnetic field. The upper bound (3.15) to the ground-state energy
of the polaron in a magnetic field then contains matrix elements of electron operators only:

EVar — Egn _ <\I,lin(0)

2_6.'_"‘. 2 2_QL 2 lin
Fos 0+ 20| v )

420 [ dremi s G o) T [ (00, ~o0)0) - p(0)] [¥97(~o0)

+2—;2C" /_ : dt e~ ulil=eltl (@hn (00| T [U1" (00, —00)2(0)2(t)] [¥"" (—00))

. 00
_2_'h Z |Vk'2 / dt e—iwlt]—dtl(q,lin(oo)n-[Ulin(oo’_oo)eik{r(t)—r(o)]]I\I,Iin(_oo)).
k —00

Because the time-evolution operator U'" corresponds to
the path-integral over exp(iS'®/h)—with S!" the action
of the linear model in real time variables—in the path-
integral formulation, one immediately recognizes a close
similarity between the terms in the rhs of (3.17) and the
familiar terms <S’p°l - S“") /B expected from the path-
integral treatment.

Equation (3.17) provides our extension of the Feynman
upper bound for a polaron in a magnetic field, but it is ex-
pressed in real time variables. If the time-dependent inte-
grand in (3.17) satisfies the necessary analyticity proper-
ties in the complex-time plane to substitute real by imagi-
nary time variables, (3.17) reduces to the Feynman upper
bound. This implies that formally the Feynman inequal-
ity remains valid under these analyticity constraints.

IV. ALGEBRAIC EXPRESSION
FOR THE UPPER BOUND
TO THE ENERGY OF A POLARON
IN A MAGNETIC FIELD

The explicit evaluation of the matrix elements of the
ordered operators in the upper bound (3.17) to the
ground-state energy of a polaron in a magnetic field re-
quires the diagonalization of the linear model Hamilto-
nian (3.8). The diagonalization procedure has been dis-
cussed elsewhere!!:!® and is only briefly summarized here.

(3.17)

-

As mentioned above, the linearized polaron model can
be considered as a charged harmonic oscillator in a mag-
netic field, linearly interacting with a second harmonic
oscillator with mass m,, frequency w, , and with position
and momentum operators p; and ps. With the following
substitutions:

hmow
Py = ——%—ﬁ(BL+B1), (4.1)
_ _nt
pPo = gL (By BJ_), (4.2)
46'_]_ = hw_LQQ, (43)

the Hamiltonian (3.9) in the plane perpendicular to the
magnetic field can indeed be rewritten as

P2+ (py + mw.2)?  p?
+
2m 2mg

+4(QVmp = i /e,

H, = —hw, +

(4.4)

This Hamiltonian can be diagonalized by standard
techniques,® resulting in the Hamiltonian of three inde-
pendent harmonic oscillators:
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3
Hy = —hwy + ) hs;(blb; + 3),
j=1

(4.5)

where b; and b}- are boson annihilation and creation op-
erators. The eigenfrequencies s; are the (non-negative)
solutions of the equations:

sj(s] —Q* —wi) = (1Y Mw.(s] —wl) forj=1,23,
(4.6)

which means that they satisfy the following set of equa-
tions:

§1 — §2 + 83 = we,
(4.7)

2 2
§152 — 8183 + s2s3 = Q° + wi,

§18983 = wcwi.

In the process of diagonalization of Eq. (4.4), two
canonically conjugate constants of motion II, @ enter,
which satisfy the commutation relation [P,Q] = h/i.
They are related to the classical orbit center,'® but do
not appear in the Hamiltonian. The explicit transfor-
mations of the position and momentum operators into
the creation and annihilation operators b},bj for this
diagonalization!® also involve the expansion coefficients
cj, given by

2 _ 512 - wi 1
357 —2(=1)+lws; — Q2 —wi

(4.8)

2=
J 2m s

which play an important role in the further treatment.
The adiabatic switching of the interaction in the pre-
vious section,

Li(k) — Lo(k,t) =Ly (k)e (4.9)
implies
CL — Ci(t)=Cyre 2t
(4.10)

Q — Q(t) = Qe

but this time dependence does not prevent the diagonal-
ization at any arbitrary time t. This means that the
eigenstates of the linear model can adiabatically be fol-

J

uptty= >

N1,N2,N3,Q

tl
exp (—*1/ di"ENl,Ng,Ng(t")/h> N1, N2, N3, Q)1 ¢:1{N1, N2, N3,Q)|.
t
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lowed at any time, with the eigenfrequencies s;(t) and
the corresponding expansion coefficients c;‘-’(t) evolving
in time with the replacement of €2 in the equations above
by Q(t).

In the asymptotic limit t — +oo, i.e., Q(t) — 0, the
eigenfrequencies s; and the expansion coefficients c; are
asymptotically given by

2 2
w? —wi

QZe—chtI
2w, (wy +wc)> ’

QZe—2clt| )

2111_]_(111_]_ - wc)

02 —2¢t|
51(t — £0) — w, <1 + —f:—) ,

s9(t — £00) — w (1+ (4.11)

s3(t — +o0) — wy <1+

1
3 (t — Ho0) — — + O(QZe ),
h We

QZE—ZEM
2w, (wy + we)?’
Q2e-2eltl

2w, (wy —we)?’

2
—n—]cg(t — fo0) —

h

2
—m—cg(t — Fo00) —

h

(4.12)

The Hamiltonian Hg without interaction is

HO = H_L(t = :hOO)
3
= —hw, + Zhsj(:i:oo)[-;- + b}(:}:oo)bj (F00)]
ij=1

(4.13)

and the time evolution operator U, (t/,t) is given by the
time-ordered product

. t!
Up(t',t) =T exp (—%/ dt”Vl(t”)> , (4.14)
t

Vi(t) = e Fot/™ [H, (t) — Ho) e ot/ (4.15)

If |Ni, N2, N3,Q):;; denotes an eigenstate of the
Hamiltonian in the interaction picture at time ¢, with N;
denoting the number of phonons corresponding to the
eigenfrequencies s;(t), the time evolution operator can
be written as

(4.16)

Starting at time ¢ = —oco in the unperturbed ground state |vac, Q) , the system will at time ¢ be described by the

state

[¥r(t)) = exp (—i./_too dt”Evac(t”)/h> |vac, @)1

(4.17)

A quantity which is useful for evaluating the expectation values of p(0) - p(t) and exp{—ik - [p(0) — p(t)]} in the
upper bound (3.17) for the ground-state energy of the polaron in a magnetic field is
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(‘I’“n(OO)IT[Uii_n(OO, _Oo)e—i'k"P(t')eik-P(t)]l\Illin(_oo))

t' 3
= 2 e —i/ dt”y  Njsi(t") | vir(vac, Qle™™ (N, Ny, N3, @)ert
N,,N3,N3,Q’ ¢ j=1

Xt;l(Nl,N2,N3,Qlleik'p(t)lvac,Q),;l, (4.18)

where it is assumed, without loss of generality, that ¢ > ¢.

The remaining matrix elements in the last equation are to be evaluated at given time ¢’ (), and since the diagonal-
ization of the linear Hamiltonian is known at any time, the evaluation of these matrix elements is straightforward. The
transformation laws for the diagonalization!® allow us to express ik - p(¢) in the annihilation and creation operators

b;(t) and b}(t) at time ¢t. Elementary operator calculus then yields

3
. . 1 ; .
ci{vac, Qe PNy, Ny, Ny, Q)eir = (Qle™ kv @=beTl/mud)| /) T —mme™ 325 e () -k + (— 171y I}
=1 N;!
(4.19)
Using this result in Eq. (4.18), the summation over N;, N2, N3, and Q' can be done analytically, giving
(‘I’lin(OO)IT[UEn(OO, __oo)e—ik"P(t')eik'P(l)]‘\I,lin(_oo))
— e-—ih(k,kv+k;k;—2k,k;)/2mwc<Q|ei(k,-k;,)qe—i(k,—k’,)n/mwcIQ)
3
x [T exp{=3[ (kL + &)k}
j=1
3 ) i t’
X Hexp [ike + (=1t ky][—iky + (= 1) Tk} Jc; ()i (t') exp (—z/ dt"s; (t"))] . (4.20)
Jj=1 t

From this rather general expression, one readily obtains for k’ = k,

U7 (00) | T [U1P (00, —o0)e = k2t ik p(D] | glin(_ oo
1

=1}€XP{T

ij=1

c?(t) + c?(t') — 2¢j(t)c;j(t') exp (—i /tt dt"s; (t"))] } . (4.21)

From the appropriate expansion coefficients in kzk; and kyky, one also obtains from Eq. (4.20):
. . - 3 t’
(¥ (00)|T [UL™(00, —0)p(t') - p(1)] [¥""(=00)) = 2D c;(t)e;(t') exp (—1/ dt"’s; (t”)> : (4.22)
i=1 !

The contributions in the plane perpendicular to the magnetic field to the upper bound (3.17) for the ground-state
energy of the polaron are then fully determined for ¢’ > t. The results for ¢ < ¢ are obtained by interchanging ¢’ and
t.

It turns out that the corresponding expressions parallel to the magnetic field can readily be derived by taking the
limit w, — 0.

The substitution ¢ — —t can be used to convert the integration domain [—oc0,0] into [0,00]. The following upper
bound then results for the ground-state energy of a polaron in a magnetic field:

o Ry —w)? R 2
EY :Z—(_Jl__Jj)_+§Zsj_hwl+E“+Eb’ (4.23)
i=1

bl

E.=3e i_‘; /0 " gt emiwat- [c,- (£)e; (0) exp (—i /0 Cdtrs, (t")) - c,?(())] , (4.24)
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. ) ) _k2 3 t
E, = —% Z leIZ_/O dt e™***~ exp QJ‘ Z [cf(t) +¢3(0) — 2¢j(t)c; (0) exp (—i/o dt"s; (t”))]
Kk

j=1

—k2 t i t w?
xexp{ ; [Az(t)+/\2(0)—2/\(t)/\(0)exp (—i /0 dt”v,,(t”)) +£ 0 dt”;ﬁ(-jtlzj]}, (4.25)

where
| h @) —wi
M) =4\l 5 TN (4.26)
4C,
_ 2 -2
vy (t) = \/w” * T © 2t (4.27)

which implies that v > w) since Cj > 0 because of
Eq. (3.5).

Note again that the PD approximation for the ground-
state energy of a polaron in a magnetic field is formally
obtained by taking the limit ¢ = 0, and substituting ¢
by —ih7 in (4.23). But this limiting process and the di-
rect transition to imaginary times by substitution are not
generally valid. The analyticity requirements on the inte-
grand which allow for this substitution are derived in the
next section and provide crucial additional constraints
on the variational parameters. If these additional con-
straints are satisfied for acceptable values of the varia-
tional parameters, our more general upper bound (4.23)
can still be expressed in the same functional form as the
Feynman upper bound for a polaron in a magnetic field.

V. INTEGRATION OVER IMAGINARY TIMES

There is little hope to perform the integrations in
(4.24) and (4.25) with respect to time analytically, since
even for the contributions in the direction parallel to
the magnetic field no analytical integration procedure
is known. Furthermore, the oscillations in combination
with the adiabatic limit € — 0 are prohibitive for numer-
ical evaluation.

The oscillatory behavior of the integrands in
Egs. (4.24) and (4.25) can possibly be eliminated by inte-
grating over the imaginary time axis. But before closing
any contour, one has to examine whether or not the fre-
quencies s; and the expansion coefficients ¢? do introduce
poles and/or branch lines as a function of the complex
time:

=1+t (5.1)

The frequencies to be integrated are v (4.27) and the
three solutions s; of the cubic equation 34.6), which can
be rewritten as follows:

31Q2
—We = 55, 2
s1—w e~ (5.2)
2
o2 —w 520 (53)

L (s2+wy)(s2 +we)’

f

S;;Q2

(s3+wy)(s3 —we)

(5.4)

§3 —wyi =

(It is clear that s; and s3 can be interchanged, since both
satisfy the same equation. We adopted the convention
that s; is the solution which coincides with the cyclotron
frequency in the limit of zero coupling, and that s3 equals
the variational parameter w; in this limit.)

For real times, it is obvious from (5.2)—(5.4) that (i)
s3 decreases and s, increases with increasing Q2 if w, <
we; (il) s1 decreases and s3 increases with increasing Q2
if w; > w.; and that in both cases s, increases with
increasing Q2. Hence,

wy <We=> S 2w, S2>wy, s3<wy,

(5.5)

Wy >we =8 Swe, Sp 2 Wy, 32 wy.

The adiabatic switching of the interaction (4:10) is gov-
erned by the time dependence e~2¢, which determines
the evolution in time of the frequencies s; and v (4.27).
Since these frequencies for z = t+ir are multivalued func-
tions of e~2¢? in (4.24) and (4.25), the periodicity 7/¢ of
2(z) on the imaginary time axis suggests the Riemann
surface defined by

(5.6)

which includes the real-time axis.

Indeed, for the direction parallel to the magnetic field,
branch points in the complex time plane z = ¢ + iT arise
from v)(z) if wﬁ = —4C||e“2“/hmw”. The frequency
vj(z) in the direction parallel to the magnetic field is
single valued at the Riemann surface defined above.

In the direction perpendicular to the magnetic field,
further analysis is required. Expressing %(z) as a func-
tion of the complex frequencies s;(z) and s3(z),

[51,3(2) — wells3 a(2) — wi]

81’3(2)

; (5.7)

Q?e—Qez =

shows that the real frequencies sy 3 = 0, s;3 = fw,,
and s;3 = w. are branch points in the complex fre-
quency plane. Depending on the value of the variational
parameter w, as compared to w., several possibilities
for the branch lines have to be examined according to
Eq. (5.5). These possibilities are schematically repre-
sented in Fig. 1.
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Re s

-Wy s3<W; €5 € W, <5y

Re s

-W) Sy € W, Wy S5 € 85,

FIG. 1. Possible branch lines in the complex frequency
plane for w; < w. and wi > we.

A, wy < we

The branch lines can be chosen on the intervals (i)
[0, —wy], [0,w,], and [w¢,00] or (ii) [~wy,0] and
[wi,wc]. In both of these cases at least one of the real
frequencies s;, s9, or s3 falls on a branch line, as is clear
from the analysis above and from Fig. 1.

B. w1 > we

Also in this case two possible sets of branch lines can
be chosen: (i) [—oo, —w.], [0,w¢], and [w,,00] or (ii)
[-w1,0] and [we,wy]. It is clear from Fig. 1 that only
the Riemann surface as defined by the last set of branch
lines contains all three real eigenfrequencies s;, s, and
$3.
The analysis of the analyticity of the functions c}(z)
[see Eq. (4.8)] does not introduce extra relevant poles
or branch lines: elementary algebra reveals that their
denominator can only be zero for s; = s3 or s = —s
or s; = —s3. These possibilities are already excluded by
the condition w; > w,.

As a consequence, the analytic continuation in the
complex plane of the integrands in the upper bound
(4.23)-(4.25) for the ground-state energy of the polaron
in a magnetic field is only justified if wy > w.. This con-
dition guarantees that the three eigenfrequencies s; belong
to the same Riemann surface.

Under the important condition

wy > Wwe,

(5.8)

|

Fj(it) = ¢;(it)c;(0) exp (—i /0"7 dz”s_,-(z")) - c2(0),
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Im t
ﬂk
T Re t
y
-m/2¢
FIG. 2. Contour in the complex time plane with an an-

alytic integrandum for the evaluation of the upper bound to
the ground-state energy of a polaron in a magnetic field if
wi > We.

a rectangular contour (see Fig. 2) in the complex time
plane with vertices 0, —imw/2¢, T' — imw/2¢, and T, with
T — oo, then encloses a region in which all the functions
to be integrated are analytic functions of the complex
time variable.

For all the integrations over time, occurring in the ex-
pressions (4.24) and (4.25) for the upper bound (4.23) to
the energy of the polaron in a magnetic field, the integrals

are of the form

T —m/2¢
/ dtF(@) =i / dr F(ir)
0 0
dr F(T + ir)

T . 0
+/ th(t—ﬂ>+i/
0 2¢ —7r/2¢

in the limit 7" — oo and subsequently ¢ — 0. In the limit
T — oo only the first integral contributes, because for all
the cases under consideration F(co + i7) and F(t — ico)
are zero, and one obtains

(5.9)

_4Cl

3 —7/2€¢
= wWyT —ET I (7
E, = 5 J-E=1/o dre¥tTe T Fi(iT), (5.10)

1 2 /2 wT _—1€T .
Ey = ﬁ;w /0 dr &7 =T iy (i), (5.11)

with

(5.12)
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k2 G
Fx(it) = exp —TL

ji=1

2(i7) + €(0) — 25 im)es (O)exp (=i [ de"s;(=")
A

.2 ir i
X exp {—%’ [Az(ir) + A%(0) — 2A(iT)A(0) exp <—z’/0 dz”v“(z”)> + £ A dz -——j—”—)] } (5.13)

Because the frequencies s;(z) are analytic functions
of z = t + i7 in their integration domain, they can be
expanded in a Taylor series in the adiabatic switching
parameter e€:

exp (4/0” dz"sj(z")> = expls;(0)7 + O(c)]  (5.14)

and similarly for the expressions in v)(i7), c;(ir), and
A(iT), giving

Fj(it) = ¢3(0)(e* D7 — 1) + O(e), (5.15)

[

3
Fi(it) = exp [ k% D cF(0)(1 — e*(O)7)
71=1
x exp[—kZA2(0)(1 — (7))

X exp( kf%v (li))) + O(¢). (5.16)

Finally, taking the limit ¢ — 0, and substituting 7 by
—7, the contributions F, and F} to the energy expression
(4.23) become

(5.17)

wir v} —w}
Z[V| / dre " exp —kJ_Z cF(l—e™*7) exp[ h;k2< 1 +i—3-|—|(l—e‘”"7))]. (5.18)
Ul

To simplify notation, references to the time depen-
dence of the frequencies s;, v) and of the expansion coef-
ficients ¢; are omitted from here on: all these quantities
have to be evaluated at time ¢t = 0.

For the further algebraic treatment it is useful to ex-
press the frequencies s; and s3 in terms of s; with the
help of (4.7):

2W
s1.3 = E’Li'_s?_i__ (5.19)
2
we+ 8 2 wew?
= (-———2) - L (5.20)
2 S9
and similarly
h s3—w s3+ s
2 3 c 3 2 2
= 21
AT Y. 53— 5, | s3—s; 2 (5:21)
h we—s s1+s
2 ¢ 1 1 2 9
- _ i .22
s 2mw, s3 — 8 S3 — 81 €2 (5.22)

The summation term in Eq. (5.17) can, with elemen-
tary algebra, be rewritten as

2.2

3

Zcz Sj — 9 %252
7 wy + s; - 2 _ 2
LTS S; —wy

Furthermore, in analogy with the direction parallel to

(5.23)

r
the magnetic field, we introduce

4C
’Ui - ’LU_QL + hm’:}-_L

(5.24)
which implies that v; > w, since C; > 0 because of

Eq. (3.4), and insert the result (5.17) for E, in the upper
bound Eq. (4.23) for the energy:

(v —w)® | we
E‘Var — _<
h ( 4U|| + 2

2me 2 _w?
+h (Sg—wl— 23%%—&‘)+Eb.

h s —w?
5.25)
Introducing
hr wﬁ U|2| - w|2| 1—e™07
D(t) = —— . (.26
(m) 2m UILI) T+ wﬁ o7 (5.26)
3
=) cd(1-e ), (5.27)
j=1

the interaction term F} can be rewritten as
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o0
Ey = "% zk: [Vi |2A dre~wT e ¥iDn(7)—kID(7),

(5.28)

Using the explicit form of Vi for the Frohlich polaron,

1/2
Vi — Eu- 4T h
=Y vV V 2mw ’

the summation over the wave vectors can be done ana-
lytically:

(5.29)

_ ety [ho (%, e (D)
o= 2/7 2"1/0 ¢ \/D(T)B<DH(T)) (5:30)
with
B(z) =24/ . i 1a.rccosh(\/—15)
:2,/zilln(\/z+\/x—1). (5.31)

As already mentioned before, the PD (Ref. 3) approxi-
mation for the ground-state energy of a polaron in a mag-
netic field formally led to the same functional expression
(5.30). However, the derivation of PD was not based on
a maximum principle, and did not a priori provide an
upper bound for the ground-state energy.

The main result of the present paper is that the con-
straints

vl 2wy S>we, WpSw, U 2w 2w (5.32)

have to be imposed on the variational parameters to guar-
antee an upper bound to the exact ground-state energy of
a polaron in a magnetic field. These conditions provide
the “simple modification” which Feynman and Hibbs!
suspected to be required for the generalization of the
Feynman upper bound to the case of a nonzero magnetic
field. If these constraints are not satisfied, additional
terms might appear in the rhs of the Feynman inequal-
ity (2.19), due to contributions from branch lines and/or
poles in the complex-time plane.

The fact that the eigenfrequencies s; of the linear
model system are solutions of a cubic equation, compli-
cates the further analytical treatment of the upper bound
EYa* to the ground-state energy of a polaron in a mag-
netic field obtained so far. However, s, is a monotonic
function of v, in the valid region of variation w; > w,
and vy > wy, and one might as well consider s, as a vari-
ational parameter (satisfying s2 > w, ) and eliminate v
using the cubic equation (4.6) for sa:

wew?

v =52 4 wesg — (5.33)
S2
giving
2 2 _ .2
2me; 55 —wi (5.34)

h 253 + stw, + wi w,
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Combining terms, one eventually finds for the energy
the more tractable expression

2 411"
— 2(s2 _
+plszmwa) (s “’”;’*) + B, (5.35)

253 + wes? + wew?

where the contribution Fj from the interaction is given
in (5.30). Using (5.19)-(5.21), the function Dy (7) can
also completely be expressed in s and w; :

Du(r) = (g +63) Ti(r) + (),

Ti(r) = 1= e~(@etsa)r/?
S92 — We

2w

x (cosh Wr+ sinh W‘r) ,

(5.36)
To(r) = 1—e=*7 — e—(wc+sz)r/2%"_€sinh wr,

W — \/(uc—i-sz)z_wcwi.
2 So

Note that in the limit w. = 0 one immediately recov-
ers the Feynman result for the Frohlich polaron in the
absence of a magnetic field.

VI. ANALYSIS OF SOME LIMITING CASES

The main purpose of the present section is to derive
analytical expressions, starting from Eq. (5.35), for our
upper bound to the ground-state energy of the Frohlich
polaron in a magnetic field in several limiting cases such
as small coupling (i.e., @ — 0 and the free-particle limit
a = 0) combined with w, — 0 or w. — 0o0. Some prelim-
inary conclusions will also be drawn for the intermediate
coupling regime.

This section emphasizes how the variational upper
bound for a polaron in a magnetic field is influenced by
the constraints (5.32) established in the present paper.
We achieve this by comparing the upper bound (5.35)
including the additional constraints (5.32) with the ap-
proximation of PD, which in pinciple is not an upper
bound, but which starts from the same formal expres-
sion without the constraints.

A. The free-particle limit: Illustration
of the general problem

Although the present treatment is rather artificial for
the exactly solvable problem of a free particle in a mag-
netic field, we nevertheless discuss this limit for pedagog-
ical purposes. Since even for a free particle in a magnetic
field the Jensen-Feynman inequality does not apply,!%1!
it is instructive to examine how the additional constraints
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(5.32) lead to the correct energy in this case. For a = 0,
the polaron coupling contribution E} cancels in (5.35)
and one has to minimize the following algebraic expres-
sion:

. we (s2 — wy)?(s% —wewy)
EX™ =h—+h . .
a=0 2 + 253 + wes? + wow? (6.1)

The two constraints w; > w and w)| > w are irrelevant
for the free-particle limit, because no LO phonons are
present. The third constraint w; > w, implies that so >
wy, and hence s3 > wcwy. This constraint therefore
excludes that a minimum can be found below the exact
energy, and assures that the minimum of the variational
energy for a free particle in a magnetic field is obtained
at the exact energy hw./2, with v = s = w, .

However, if one disregards the constraint w; > w,
(as in the PD approximation), s3 — w.w; can become
negative. The approximation (6.1) for the ground-state
energy of a free particle in a magnetic field then shows
a (numerically determined) minimum which drops 1.9%
below the exact energy hw./2. Indeed, for w) < w, the
expression (6.1) does not provide an upper bound to the
ground-state energy: extra terms can appear in the rhs
of (6.1) due to possible branch lines in the complex-time
plane.

Example of the generalization of the Feynman
inequality for w. # 0 if the additional constraints
are not satisfied

The relevance of the contributions to the upper bound
for the ground-state energy, due to the occurrence of
branch lines in the complex-time plane for w; < w, is
clearly illustrated in the limit w; = 0. In this case, i.e.,
if our additional constraints are not satisfied, the con-
tribution E, [Eq. (4.24)] is zero, because C, = 0 for
wy = 0 from Eq. (4.3). Furthermore, the eigenfrequen-
cies s; of the model system can readily be calculated from
Eq. (4.6):

S1lw, =0 = —;—(\/wf +40? + w,), (6.2)
52lw, =0 = (Vw2 + 4092 —w,), (6.3)
53|wL:0 = 0. (64)

For w; = 0, the upper bound (4.23) to the ground-state
energy, evaluated from our fundamental inequality (2.18)
with integrations along the real-time axis, becomes in the
free-particle limit

. h
am0wy =0 = 5\/‘-%2 + 492 (6.5)
This expression is different from the limit w; = 0 in

Eq. (6.1). [It should be recalled that (6.1) was obtained
under the condition that our additional constraints are
satisfied, which is not the case for the limit w, = 0 con-
sidered here.]

In this limit « = 0 and wy; = 0, we obtained in the
upper bound for the ground-state energy the following
contribution EPB. which is different from zero because
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of the existence of different branch lines in the complex-
time plane:

hQ?
EB:BO,U)_LZO = .
Vw? +4Q?

Note that the upper bound (6.5) to the ground-state
energy of a free particle in a magnetic field, valid if our
additional constraints are not satisfied, reaches its mini-
mum for Q = 0 at the exact ground-state energy hw./2.

(6.6)

B. The polaron weak-coupling limit

The free-particle result suggests that both s —w,  and
vy, —w, are of order a. To second order in s3 — w, , the
upper bound (5.35) to the energy of the polaron in a
magnetic field becomes

5 (o = wp)?
41)”
(wy —we)

_\FL e _ 2
+h2wL(wl 7 wc)(SQ wy)

+Ey + O((32 - w_]_)a).

-

r We
E(\;a 0 = h_é_+

(6.7)

Because of the constraint w; > w., £} in Eq. (5.30) is
the only term that can be negative. Ej is proportional
to the polaron coupling strength o, and its evaluation to
second order therefore only requires expansions of E} to
first order in sy — w, .

The condition w) > w, is again important to allow for
the expansion of W [see (5.36)]:

dw,
W:%(wJ_—wc)<l+(52—wJ_)LuJ"—+—w—+...>

(wy —we)?
(6.8)
Furthermore, using the expansion
2mc3 Sg — W)
£ = + - 6.9
h wl(wl +wc) ( )
the following expression is obtained for Dy (7):
— p® S2 — Wi (1)
Dy(r) = Dy’(7) + TDH (r)+---, (6.10)
(0) _ _fll 1 — e™weT 1
Di(r) = 2m  wer (6.11)
Wy = AT wer
Dy'(r) = 2m(l e
+we—w¢[(m — we)T]
wy — We
+“)c¢(wc7') + le&(’w_j_T)) (612)
wy + we
with
l—z—e7%
o(z) = " (6.13)
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A similar expansion with respect to v — w) gives, for (Dfmy — E
the parallel direction, D¥(r) = 2m2¢(wu"'), (6.16)
D(r) = DO(r) + L==Lp)(7), (6.14)
w
hr I with the following result for E} to second order in the
DO(r) = —, (6.15)  polaron coupling:
2m
J
Ey = —ahwEO®® _ ahw —g“) ahwﬂ'—%ﬂgﬁlu---, (6.17)
Il
0
5(0 0) — hw / 1 B D )(T) , (618)
M Vom 700 \ @)
(0)
w_ L [hw /°°d —wr () d ! 5200 6.19
LTV Sy TR O (Ve \ 0P )] e

()~ 1 /’lw —wr D)(7)
8“1 — o / dre D(l)(T)dD(o)(T) [m (Dg_?)(‘r) . (6.20)

Minimizing E}?%, (6.7) with respect to s — w; and 1. we. — 0 in the polaron weak-coupling limit
v — w) leads to
For sufficiently low magnetic field, the expansion of

D(f?)(r) and D(;)(T) [Egs. (6.11) and (6.12)] to first order

Sg —wy = awg_(Ll) + O(az), (621) in we gives
h
v —w) = 2(1(.08,}1) + O(az), (6.22) Dg))(r)ok_ﬁo = Z’%(l - %wcr), (6.24)
hr d(wy )
L (00) _ _W WL HWe  o(1)y: D(l)rw_.:Q-—[ )+ ‘r(1+——— A
h EX* = 2w af oL ) _wc(afl ) H (Twe—o o S(wiT) +we oLt
_—(ag“)) + 0(a?). (6.23) (6.25)

Therefore, D(O)(T)/Dgy)(-r) =14 w,r/2+ - in this
. . limit. Using the expansion (for z > 1):
For general w, this expression for the interaction term

Ey in the energy seems intractable analytically, even to ~ B(z)s—1 = 2[1+ 3(z 1) - (:c -1+ 105(:: -1)3

first order in the polaron coupling strength. Therefore, +.] forz > 1 (6.26)
we restrict the further analytical treatment to the limits -
of high and low magnetic fields. the energy corrections to first order in w, become
J
(0,0 1 Ood e—wg 1 L) = 1w
8_‘0 QﬁﬁA T\/; (14 gwer + )-—l+12 +-
1 e Wt 4 T
£ o= \/5/ dre———— [¢(W_L7') +w,r <§¢(wu) +14 f%”*T)) + ] , (6.27)
1

(1)

g“ we—0 — 2\/—\/—/ dT \/— 3 w"T) (l - '}%wcr + - -) .

Neglecting the terms proportional to w, in Sil) and 5&1) introduces an error of order a?w, in the energy, because

Sil) and gl(ll) provide the contributions of order a? to the energy of a polaron in a magnetic field [see Eq. (6.23)].

Using
d(ur) = f( Vutw - Vo)” (6.28)

/dr
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one easily derives
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2
el o= FoT (VeI = Vo)’ +0(w), (6.29)
5(;,2%_»0 = 3w” (V) +w — Vw)? + O(w,). (6.30)
Inserting these results in Eq. (6.23) one finds for w, — 0:
1 . 1 (VWL Fw - 4 (Ve - w)?
B, =2 (14 =% = WLty Ve | Ve Vi) +0(e®) + O(a®w.)  (6.31)
hw we—o 2w 12 w 9 J_ "

which is minimal for w; = w) = 3w, giving

var Zc § a W o) 3 o) 2
ol =0, T T8l T e T o) F0(ew).

1 We a

(6.32)

The same expansion was found by PD. For w, = 0 the
expected Feynman result to second order in « is obtained.

Since w; and wj turn out to be of order 3w for low
magnetic fields, the constraints w; > w., wy > w, and
w) > w are automatically fulfilled for « — 0 and w, — 0.
As is now clear from the conditions derived in the present
paper, the PD result for the energy of a polaron in a mag-
netic field happens to constitute an upper bound if &« — 0
and w, — 0, and in this limiting case the PD conjecture
happens to be valid. For the higher-order terms in w. we
therefore refer to Peeters and Devreese.?

2. w. — oo in the polaron weak-coupling limit

The first-order correction in the electron-phonon cou-
pling constant « to the upper bound for the ground-state
energy of a polaron in a magnetic field is for general w,
determined by

o —-—WwT
(0,0) — i)_ e WeT
£ 27r/o dr\/;B(l_e_wcT :

Because B(u) behaves as 2 In(2/u) for u — oo, the sub-
stitution v = w7 reveals that the integral is divergent
for w, — co. However, this limiting behavior of the func-
tion B for large w.T can be added and substracted in the
integrand, so that the divergent term is extracted from

the integral:
WeT
vadterr

£00 - —/ dT
-2 ln(2\/w_cF)]

+30n(we/w) - €],

(6.33)

(6.34)

where C is Euler’s constant. For large w,7 the term in
the square brackets is of order 1/w.7, and the remaining
integral converges. With the substitution u = w7, one
obtains

[

g0 = 1In(we/w) - (]

—uw/wc

><[B(I—_—e_T

gl o
) - 2ln(2\/17)] .

(6.35)
The expansion of the integral in powers of w/w, leads
to
£00) = = {[In(we/w) — C] + O(Vw/w,) (6.36)
in agreement with previous variational results?°~22 and
to be compared with the PD expression:
EQO = = (In(w,/w) — C + In(w. /w)
Vwe w
+O0(Vw/we). (6.37)

The additional term in £%9 found by PD introduces
a supplementary (negative) contribution

_ahwIn(w./w)
2w w

to the energy to first order in « in the asymptotic limit
w, — 00, which is removed by the inclusion of our addi-
tional constraints.

C. Intermediate coupling strength for polarons

For intermediate and large polaron coupling strength,
the evaluation of the variational upper bound Eq. (5.35)
and its minimization have to be performed numerically.
However, because the formal expression which we ob-
tained happens to be the same as the one obtained by
PD—which was not variational—we are now in a position
to analyze the implications of the additional constraints
of the present paper on the basis of the PD numerical
results.

Without imposing a restriction on the values of wy,
PD found two minima in EY2' as a function of w; for a
wide range of values of @ and w.. This is typically illus-
trated in Fig. 6 of Ref. 3, where for & = 5 the position
of the global minimum in the approximation to the en-
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ergy as a function of w, discontinuously switches from
the first to the second minimum with increasing w.. For
a = 5, this transition occurs at w, = 2.76w. From the
parameter values explicitly given in the figure caption by
PD , one readily checks that the constraints vy > v > w
and v; > w, are indeed fulfilled. But the additional con-
dition w; > w., found in the present paper, is not satis-
fied for the minimum at the lower values of (wy /v, )? in
Fig. 6 of Ref. 3. The “first-order phase transition” sug-
gested by PD, at present has no variational justification,
and needs further investigation.

VII. CONCLUDING REMARKS

The extension of the Feynman upper bound for the
ground-state energy to the case of nonzero magnetic fields
is certainly not justified in general without modification.
The free-particle limit of the PD approximation for the
polaron in a magnetic field provides an unambiguous
counterexample.

In the present paper we have derived the “minor mod-
ification” which is required to generalize the Feynman
inequality to the case of a nonzero magnetic field. We
derived a generalized inequality, which provides an upper
bound to the ground-state energy valid also for w, # 0,
and determined the conditions under which our maxi-
mum principle reduces to the Feynman inequality. Our
treatment is based on the Rayleigh-Ritz variational prin-
ciple of quantum mechanics, expressed in ordered op-
erators. At any stage of the derivation, the correspon-
dence with the Feynman path-integral formulation is es-
tablished in real time variables.

The resulting upper bound which we derive for the
ground-state energy of a particle in a magnetic field is
formally very similar to the one which would follow from
the application of the Feynman inequality as valid for
w, = 0, with the crucial difference that our generalized
inequality is expressed in real time variables.

If the substitution ¢ = —¢h7T to imaginary times would
be allowed in the upper bound for the ground-state en-
ergy of a particle in a nonzero magnetic field, the same
formal upper bound for the ground-state energy as from
the Feynman inequality would still result. This means
that the Feynman inequality can still be applied in the
case of a nonzero magnetic field under the condition, how-
ever, derived in the present paper, that the analyticity of
the propagator in the complex time plane allows for the
substitution of real by imaginary time variables. If this
substitution is not allowed, in principle, additional terms
will appear in the rhs of the Feynman inequality (1.1).
These supplementary terms can be the subject of further
analysis.

The usefulness of our extension (2.6) of the Feynman
inequality, as presented in the present paper, is illus-
trated in (2.18) by applying it to the problem of the
Frohlich polaron in a magnetic field. With the same trial
system as in the PD approximation, our analyticity re-
quirement amounts to the condition that the variational
parameters of the trial system satisfy the constraints

max(w,we) Swy <vy, w<wy <y,
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where w is the LO phonon frequency.

The implications of these additional constraints, de-
rived here, were examined analytically in the weak-
coupling limit. For w, — 0 we showed that the PD
results are variational, as expected, because minimiza-
tion of the upper bound automatically happens to fulfill
the additional constraints introduced here. But both in
the free-particle limit and in the limit w, — oo, the ad-
ditional constraints are not automatically fulfilled.

For the free particle in a magnetic field the PD ap-
proximation leads to an energy minimum below the ex-
act ground-state energy, which is eliminated if our ad-
ditional constraints are satisfied, and an upper bound is
found with its minimum at the exact ground-state energy
if these constraints are taken into account.

In this free-particle limit, we derived here the contribu-
tion EPB to the upper bound for the ground-state energy
from the presence of different branch lines in the complex
time plane for the case w; = 0. We also showed how the
Feynman inequality is generalized if the additional con-
straints are not satisfied, and that this generalization also
leads to the exact ground-state energy hw./2.

Furthermore, the possibility of the “first-order phase
transition” suggested in the PD approximation, does not
follow from our generalized inequality which reduces to
the Feynman inequality if the additional constraints are
included.

Note added in proof. Without retardation, e.g., for a
particle in a Coulomb potential subjected to a magnetic
field, our inequality (2.6) implies the validity of the Feyn-
man upper bound without modifications. The possibil-
ity of branch lines in the complex time plane is a direct
consequence of retardation effects, and its implications
as well as the rigorous mathematical justification of the
transition from Eq. (2.15) to (2.18) deserve further study.
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APPENDIX: PHONON ELIMINATION
FOR LINEAR PHONON INTERACTIONS

In this appendix we summarize the boson elimination
technique for linearly interacting bosons in the time-
ordered operator formalism,?® used several times in the
present paper. The procedure is equivalent to Feynman’s
elimination of the phonons in the path-integral formula-
tion, as, e.g., exposed by Platzman.1® The elimination is
performed on the following Hamiltonian:

H=Ho+V(r,t)+ > _[Wi(r,t)ax + Wi(r,t)al],
k

(A1)
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where ax and aL are phonon annihilation and creation
operators. Hy is the Hamiltonian of an electron in a mag-
netic field and of a bath of free phonons with frequency
w:

Ho = Qim (p - %A)2 + zk:hwa;“ak. (A2)

Both the polaron Hamiltonian and the Hamiltonian of
the linear model are of this form.

In the interaction representation the time evolution op-
erator is given by

Ults,t1) = T exp (—% /tt dt V(t)> , (A3)

where 7 denotes the time-ordering operator, and V (t) is

U(ta,t1) =T exp :h—z / : dt <V(I‘(t),t) + Z[Wk(l‘(i),t)ake—iwt + Wi(l‘(i),t)a;eiwt]> '
t k

1
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the interaction term in the Hamiltonian, written in the
interaction representation:

Vi) = e*Hot/h (V(r,t) + Z[ Wi(r,t)ax
k

+W;(r,t)aL])e-‘”°'/ﬁ.
(A4)
Introducing

r(t) = eifot/hpe=iHot/h (A5)

and filling out the time evolution of the phonon operators
in the interaction picture explicitly, the time evolution
operator becomes

(A6)

Using Feynman'’s ordered operator calculus,?® the time evolution operator can be disentangled with all the creation
operators for the phonons to the left of all the annihilation operators:

U(ta, t1) = A(ta, t1)U(t2, t1),

1

. to )
A(ta,t1) = T exp —% Zal/ dtht(l‘(t),t)e“Ut’
. ¢

Utz th) = Texp—%/zdt (9(r(t),t) +Z‘Wk(r(t),t)ak(t)e-iwt> :
t, "

(A7)

(A8)

(A9)

where the tilde on the operators indicates the time evolution introduced by the disentangling

O(t) = A~ (t,11)0A(t,1,).

(A10)

If an operator f(t) commutes with the boson operators a and al, elementary operator algebra yields

[Texp (aT /t:N dtf(t))] B a [Texp <aT /I:N dtf(t)>] =a+ /:N dt [Texp <af /tj dt’f(t’))]

-1

(A11)

x f(t) ['Texp (a* /t: dt’f(t'))] .

With f(t) replaced by —£ Wl (x(t),t)e'*?, one then obtains

R
lt) = ax - & / WL (x(t'), ') " |
ty

giving for the disentangled time evolution operator,

(A12)

U(ta,t1) = T exp [—-;; /jz dt (17(r(t),t) - %Zwk(r(t),t) /t dt"WVII(I‘(t’),t')e-iw(t—t') + ZWk(r(t),t)ake“'”')].
1 Kk t k

(A13)

If the system is in the phonon ground state of Hy at t = —o0, i.e., if |—00) is a vacuum state for the phonons, the
annihilation operators in the exponent of the previous expression do not contribute to the time evolution of this state

and can be omitted:
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t

U(ts, —o0)|—00) = T exp [—% /_oo dt (ﬁ(r(t),t) - 'nlf/_; dt /_too dte=iw(t=t)
x ;Wk(r(t),t)@(r(t'),t'))] o). (AL4)

The full time evolution operator U (tz,t;) [see Eq. (A7)] acts on the ground state and introduces many phonon states
with evolving time, but if the interactions are switched on adiabatically the system eventually is again in the ground
state at ¢ = co. The creation operators acting to the left in U(t3,¢1) leave (oo| invariant in {oo|U (00, —00)|—o0}, and
all the tildes on the operators can therefore be omitted:

(00|U (00, —00)|—o0)

Both in the polaron problem and in the linear model under consideration here, le is the complex conjugate of
Wx. Therefore, interchanging the positions of Wy and WlI is equivalent to replacing k by —k. The asymmetry in the
double time integral can then be eliminated by the introduction of a factor of % and integrating both time variables
to oo:

o [_% /oo » (V(r(t),t)—h—lz/m dt/ dt,e-iw(z-t’)ZWk(r(t),t)le(r(t'),i')ﬂ)—°°>'
0o —00 —o00 k

(A15)

(00]U (0, —00)[—00)

= <oo 7 exp [—% /°° dt (V(r(t),t) — 2_;1,5 /‘°° dt /°° dt' e—iwlt=1'l ZWk@‘(t),i)WJ(r(t'),t'))jl ’ —oo>.
—00 —00 k

—00

(A16)
This result allows to calculate the expectation value
> (0IWi(r)ax + Wyl (r)al|0)
k
which is repeatedly needed in the present paper. Using
(Wa + What) = ih SeT (Watwial) (A17)
oA A=0
and
>_(0Wi(r)ax + Wil(x)a}]0) = Y “(00|U (00, 0)[Wik(r)ax + Wy (x)ak]U (0, —o0)|—o0) (A18)

k k

the required expectation value can be obtained by replacing Wi(r(¢),t) in the time evolution operator by [1 +
A8(t)]Wi(x(t),t), taking the derivative with respect to A, and putting A = 0. The final result is

(o

which is the basic relation??!® for several phonon eliminations in this paper.

S Wac(x)ax + Wi (r)al] 0> = _-2% / "t = Y (00| (U (00, —00) Wi (x(0), )W (x(t), D]l —o0)  (AL9)
k -0 k
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