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Abstract. Based on the path integral approach the partition function of a many body system with separable
two body interaction is calculated in the sense of a semiclassical approximation. The commonly used
Gaussian type of approximation, known as the perturbed static path approximation (PSPA), breaks down
near a crossover temperature due to instabilities of the classical mean field solution. It is shown how the
PSPA is systematically improved within the crossover region by taking into account large non-Gaussian
fluctuations and an approximation applicable down to very low temperatures is carried out. These findings
are tested against exact results for the archetypical cases of a particle moving in a one dimensional double
well and the exactly solvable Lipkin-Meshkov-Glick model. The extensions should have applications in
finite systems at low temperatures as in nuclear physics and mesoscopic systems, e.g. for gap fluctuations
in nanoscale superconducting devices previously studied within a PSPA type of approximation.

PACS. 05.30.-d Quantum statistical mechanics — 24.60.-k Statistical theory and fluctuations —
74.25.Bt Thermodynamic properties — 21.10.Ma Level density

1 Introduction

Thermodynamic properties of interacting many body sys-
tems are of fundamental interest for all kinds of condensed
matter. A particular challenge has been the temperature
range where strong quantum effects render simple mean
field theories insufficient. For finite systems with separa-
ble two-body interaction much can be gained by relying on
approximate techniques to evaluate the partition function.
Typical examples include certain mesoscopic systems, e.g.
ultrasmall superconducting metallic grains [1] on which
substantial research has focused recently.

A very elegant approach to approximate the partition
function is provided by the path integral formalism. There,
the usual trick [2,3] is to turn the two-body interaction via
a Hubbard-Stratonovich transformation into terms con-
taining only one-body operators and an auxiliary field.
While the static part of this field determines the static
mean field result, many body quantum fluctuations are
encoded in its dynamical part. The latter one can system-
atically be accounted for in the sense of a semiclassical ap-
proximation. Accordingly, a static approximation has been
developed originally in order to study finite size effects in
small superconductors [4]. The static path approximation
(SPA) has also been used in nuclear physics to calculate
thermodynamic properties and level densities of hot nu-
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clei [5]. Later it has been extended by the SPA+RPA [6],
the perturbed static path approximation (PSPA, the name
which we take over in the following) [7], or the corre-
lated static path approximation (CSPA) [8,9]. These ap-
proaches account for small Gaussian fluctuations around
the classical mean field and are thus applicable in a tem-
perature range where quantum effects are no longer negli-
gible. This way, from the approximate partition function a
variety of thermodynamic quantities have been calculated
in the literature: the free and internal energy, the specific
heat and the level density of the system [6,7,10,11]. In
addition thermal expection values of observables [7] and
strength functions [7,9] have been deduced. While many
of these calculations have been carried out in exactly solv-
able models [6-9] also reasonable agreement with experi-
mental data was shown for the level density of finite nu-
clei [10,11]. Further, the formalism has been put forward
in [11] to take into account the coupling to the continuum
and in [12] an extension of the PSPA to describe dissipa-
tive decay out of metastable states has been developed in
a self-consistent fashion. Very recently, the improvements
of the SPA have been applied to small strongly correlated
condensed matter systems. For example, using the CSPA
odd-even effects in small superfluid systems [14] and moti-
vated by new experiments on ultrasmall superconducting
metallic grains [1] gap fluctuations and pairing effects in
finite size superconductors have been examined [15].
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As noted above, these conventional improvements of
the SPA take into account quantum effects on the RPA
level only, i.e. Gaussian fluctuations, and thus, are plagued
by the problem that they break down at a certain tem-
perature Ty. Physically, at this temperature the classical
mean field solution becomes unstable in functional space
and large fluctuations render the Gaussian approximation
insufficient. This has some features in common [13,12]
with the change of stability at a crossover temperature
occuring in the description of dissipative decay e.g. in
Josephson junctions [16] but is different in detail. By thor-
oughly analysing the appearence of instabilities for the
many body problem at lower temperatures, we go beyond
the PSPA to achieve a smooth behavior around Ty. For
temperatures sufficiently below Ty the partition function
is dominated by field configurations away from the clas-
sical mean field around which a Gaussian approximation
is again valid. In this paper we lay out the general theory
and discuss its validity in comparison to exactly solvable
models before it can be applied to realistic systems.

We start with a brief outline of the main results of the
conventional PSPA and introduce the notation used in
the sequel (Sect. 2). The extension of the PSPA around
the critical temperature T is developed in Section 2.2
which in Section 2.3 allows for a treatment of the tem-
perature range far below Ty. In Section 3 our results are
first applied to a one-dimensional double well, before in
Section 4 we turn to the thermodynamic properties of the
Lipkin-Meshkov-Glick model [17].

2 Partition function of an interacting many
body system

In this paper we want to approximate the partition func-
tion of a system described by a Hamiltonian of the follow-
ing structure

H=H+~ FF. (1)

|

Here H and F are hermitian one body operators and the
product F'F mimics an effective separable two body inter-
action. In the sequel, for the general analysis we always
assume [ﬁ F ] # 0, the simplification to the case of com-
muting operators is straightforward. Further, the coupling
constant k = —|k| is taken to be negative (attractive in-
teraction) [18] according e.g. to isoscalar modes. The ef-
fect of repulsive interaction has been studied in [19]. The
ansatz (1) defines a minimal microscopic model for a sys-
tem with one collective degree of freedom [18]. An exten-
sion of the methods proposed in this paper to systems
with more (independent) collective degrees of freedom is
then feasible, though it may be tedious in detail.

The partition function of the grand canonical ensemble
reads

2(8) =Trexp (—B(H - pd)) =T U, (2)
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where § = 1/T is the inverse temperature (in units with
kg = 1) and the chemical potential p keeps the particle
number <A> fixed on average. In principle, one should work
with truly fixed particle numbers, i.e. within the canoni-
cal ensemble. However, as we are mainly interested in the
dependence of system properties on excitation energy or
temperature, it is more convenient to exploit (2). A very
elegant way to do this is to represent Z(3) as a func-
tional integral in imaginary time [2], which also allows to
systematically include fluctuations around the mean field.
Given the form of the Hamiltonian in (1) the mean field
approximation starts with a Hubbard-Stratonovich trans-
formation [20] of the imaginary time path integral corre-
sponding to (2). Accordingly, the product FF' is split by
introducing an auxiliary path ¢(7) as a collective variable.
Since this procedure is well-known (see e.g. [7,2,3]) we
simply state here the basic results which will then serve
as the starting point for our analysis?.
After introducing the Fourier expansion

qr) =g+ ¢ expliv,),  qr=q , (3)
r#0

with the Matsubara frequencies
r==41, £2, £3 ..., (4)

the partition function may be written in a form containing
a static, i.e. go dependent, part and a dynamical factor,
namely,

+oo
209) =\ | a0 expl-67A G, m)] €5 ).

()

Here

1 1

FPA(B, 90)
plays the role of an effective static free energy. It is not
the free energy F(8) = —T In Z(3) of the total self-bound
system, but the one of the constituents moving in a mean
field that is kept fixed at the static collective variable qq.
For this reason we call F SPA(ﬁ, go) the “intrinsic free en-
ergy” from now on, where the index “SPA” already refers
to the simplest “static path approximation” to (5) (see
Sect. 2.1). In (6) there appears the grand canonical parti-
tion function

2(B,qo) = Tr exp (—5(]30((10) - Mf‘h)
= H (1 +exp (—=B(e(q0) — 1)) (7)
i

1 We note that our notation has been adapted to the one
used in [21,12] and relates to that of [7] in the following way:
HOHK7F<_>V7k<0H_X<O7qHXU7Z<_>CO7C<_>C(/)7
h+ 1.
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belonging to the static part of the Hamiltonian (1) in mean
field approximation

ho(qo):H+qu. (8)

Obviously, hg (go) is a sum of only one body operators with
eigenenergies €(qp).

All contributions from the dynamical part of the aux-
iliary path ¢(7) are contained in the factor C(, o) which
can be formally written as [7]

) (9)

C(B,q0) = /D'q exp <—|—i| D el +InUy)

r>0

with the measure

(N-1)/2 g
/L .
Dq-}{}}gn%% 1;[1 dee(qT)dIm(q,-). (10)

Here, the thermal expectation value of the evolution op-
erator Z/?q has to be evaluated with respect to the static
one-body Hamiltonian (8) and reads in terms of a time-
ordered product

. . 6
<uq>qo = <Texp (%/0 dr hy (T, qT)>> ’ (11)

The “dynamical” Hamiltonian

hi(1,qr) = F(T) dq(T) (12)

with dg(7) = ¢(7) — go may be understood as the time
dependent correction to the static mean field Hamiltonian
ho(qo) given in (8). Hence, it is convenient to work in
an interaction picture based on izo(qo) and define time
dependent operators as, e.g.

Plr) = cholao) /B fr o—=ho(ao)T/h (13)

The partition function (5) together with (6) and (9) is
still exact, however, written in a way which allows for a
systematic approximative evaluation. Namely, all quan-
tum fluctuations, i.e. modes with Matsubara frequencies
v, # 0, are hidden in (U4,) 4. Thus, the basic idea is to
successively account for dynamical information in Z(3)
by expanding the thermal expectation value (L?q)qo around
its static value in terms of the deviations dq(7). This way,
generalizing equation (27) of [7] to fourth order in the ¢,
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one finds:

In (Uy)or SPA

1 iV, iUsT, T 1 n
= WZ/ qrqs €T (T F (1) F(Ts)) g0

1 . ' .
+ W Z / qrqsqt elyTT"e”’s Ts ell/t Te

(T F(r:)F(1)F (7)) g

+ I Z / Gr s Gt qu elVr Tr giVs Ts olVi Tt givu Ty

X<TF(7'7')F(TS)F(Tt)F(Tu»qo

1 ) ) . .
_WZ/ QrQsQiQy €7 eVsTe eVt Tt gl uTu
) (T E (1) (1)) a0 (T F (1) F (7)) g

+0(q7). (14)

The symbol Y [ abbreviates summation over all involved
r, s, ... # 0 and integration of all involved 7., 75, ... from
0 to hB. Because of the 7-integrations and the fact that
(F(7))q, is T-independent all terms involving such a factor
— for instance terms linear in ¢, — vanish immediately and
are therefore omitted in (14).

2.1 Conventional PSPA — Expansion to second order

The simplest approximation to Z((3), coined the static
path approximation (SPA), neglects all dynamical con-
tributions, ¢.e. one puts lAzl(T7 g-) = 0. As a result
CSPA(B,q0) = 1. The SPA is the classical limit where all
many body quantum fluctuations are absent. For lower
temperatures when quantum properties tend to become
important, fluctuations around the classical limit can be
incorporated within the conventional version of the per-
turbed static path approximation (PSPA). There, the ex-
pansion (14) is truncated after the second order terms in
the ¢ [6-12,14,15], which effectively means to describe
quantum effects on the RPA level. Within the PSPA the
dynamical factor C(8, qo) is approximated by [12]

CPSPA(ﬂ; QO) =
/D’q exp <—% Z (1 + kx(qo,ivy)) CHQ—T) - (15)
r>0

Here, the FF-response function x(qo,w) defined by

5(F) gy (w) = —X(g0,w) dq(w)

has to be evaluated at the Matsubara frequencies iv, along
the imaginary axis. Because of ¢—, = ¢ all integrals
in (15) are of Gaussian type, and cause no problem as
long as

(16)

M (B,q0) =1+ kx(qo,ivy) >0 for all r>0. (17)

For systems with go-regions where the local RPA frequen-
cies wy, (0, qo) obtained by the condition 1+kx(qgo,w,) =0
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are purely imaginary equation (17) defines a condition for
that temperature below which the conventional version of
the PSPA breaks down due to a vanishing A1 (8, qo). This
breakdown temperature Ty where A;(1/Tp, go) = 0 for the
first time is known from the theory of dissipative tunnel-
ing [22] as the “crossover temperature” (for many body
systems see [12])

hlw)™ (g0))|

o (18)

Ty = maxg,

with wiPs*(go) as imaginary local RPA frequencies. Now,
the condition (17) is guaranteed for all T > T, and
we obtain for the partition function within conventional
PSPA [7,12] the integral (5) with the dynamical factor

C(8, qo) providing improvement over pure SPA taken as

CTSPA (B, q0) = [

r>0

1
)\r(ﬂaQO) . (19)

2.2 Extended PSPA — Expansion to fourth order

The instabilities that lead to the breakdown of the conven-
tional PSPA at Ty are due to the fact that all fluctuations
qr are treated only up to second order. Since the Gaussians
in ¢, have a typical width (see (15))

P Y AT
' 26)‘7“(6;(]0) 2)‘7“(6;(]0) ’

first A; grows as temperature approaches Ty from above,
i.e. A1(8,90) — 0. Correspondingly, fluctuations in ¢;-
direction increase which in turn renders the Gaussian ap-
proximation for the g;-mode insufficient. In contrast, the
other amplitudes ¢s, g3, ... remain still sufficiently small
for a harmonic approximation to be valid. Therefore in
the expansion (14) terms higher than second order must
be taken into account only for the ¢; and ¢_; mode. This
is very similar to the procedure used in the framework of
dissipative tunneling in order to overcome the irregularity
of the decay rate at Ty [22]. Working along these lines a
consistent approximation to the partition function (5) is
obtained for temperatures near Ty by taking for C(8, qo)

(20)

ePSPA _ / 7&
C (B, q0) f/Dq eXp< ] A(ﬂaQOaQT))' (21)

The relevant effective multidimensional fluctuation poten-
tial turns out to be

A(B.q0,¢r) = Y A(B00) arq—r + 3¢5 (B, q0) ¢ q2
r>0

+3¢5 (8,90) 42192 + 6¢4(8, q0) 1421+ (22)
Here, other terms e.g. of the type ¢1¢sq—s—1 or ¢1q—1¢sq—s
(s > 1) are negligible in the sense of a semiclassical ap-
proximation as they contribute only in lower order [22].
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The relevant coefficients containing third and fourth or-
der F' correlations read:

C:Jar (B,q0) = (23)
_?L%ﬁ Tt T 2T (T E (1) F(7,) F (70))
c3 (B,q0) = (24)
_:Lk;liéﬁ e ATl T2 T (TR (1) F () F (7)) g
cs(B.q0) = 74|!k7|1{lﬂ/ VAT V1T gl 1T gl 1Ty

= 3(TF (1) P (7))o (T E(r) F (7)o ) -
(25)

The integrals symbolize integrations over all involved T
from 0 to AB. Mind that only Matsubara frequencies with
indices 7, s,t,u = +1,42 enter these formulas. The ex-
plicit evaluation of these coefficients is a crucial step in
order to apply the ePSPA to many body systems as we
will demonstrate in detail in Section 4.1. In particular, we
will prove in Section 4.1 (see (46)) that the 7 integrations
of (14) imply the sum rule r+s+¢+... = 0 for the indices
involved which considerably simplifies the calculation.

Let us now turn to the g, integrals in (21). Integrals
with || > 1 are still of Gaussian type and can easily be
carried out as long as \a(8,q0) > 0 is sufficiently large.
While all integrations for |r| > 2 just provide factors 1/,
like in conventional PSPA, the integrals over g2 and ¢_o =
g5 require special care. To this end the variables g2 and g_»
are transformed to variables ¢5 = Regs and ¢f = Imgo
which cast the relevant part of (22) in the form

a(B, 40, 45, 45) = X2(B, q0) (¢5)* (26)
+3(c5 (8,90) %1 +¢§ (B,90) 4i) b
+X2(8, qo) (Q/Q/)Q
+3i (c5 (8, 90) €1 — 3 (B,90) &7) -

The corresponding two Gaussian integrals can be easily
solved:

ﬁ / A /"
—— [ dgod
7r|k| 244z

)\Q(ﬁa qO)

exp (_% a(ﬁ) q0, q;7 qg))

B 9¢5 (B,q0)ci (B, a0)
P <|k| 728, q0)

Q%q2_1> .

(27)

What is left are the ¢;-integrals. These are integrals
over an exponential with an exponent given by

M (8,90) @191 + B(B,q0) 47421 (28)
where the coefficient B(3, qo) is defined as
9¢5 (3, qo)ed (3,

B(B,q0) = 6ca(B,q0) — —> (8. 90)s (B.30) (29)

)\2(ﬁ7 qO)
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To proceed further it is convenient to introduce polar co-
ordinates p and ¢ instead of ¢; and ¢_; = ¢, such that
the phase integral can be done. After an additional sub-
stitution z = p? the ¢; integrals reduce to

),

= — Z ex 7£ z 22
B |k|/0 d p( || (A1(B,40) 2z + B(B, q0) ()3)0)

dp p exp ( |ﬁ| (M p® + Bp4))

Eventually, together with the contributions from (27)
and (30) the expression (21) for the new dynamical factor
reads in “extended PSPA”

1
CePSPA(G 40y —
(ﬁ qO) 7];[1 AT(B?QO)
B[ B
X 7 dz exp T (M(B,90)z + B(B,0)7%) ) -

(31)

In case that ¢; fluctuations are small so that third
and fourth order terms in ¢; and g_; are negligible —
B(B,q0) < M(B,q0) — the factor C°PSPA(B, qo) reduces
to CTSPA(B,qo) (see (19)). For temperatures T' < Ty and
qo for which A\; < 0 but |\1] again sufficiently large, the
integral in (31) can be evaluated in stationary phase ap-
proximation. The result is

H >‘ 5#]0

r>1
27Tﬁ - ﬁ )\ (ﬁ7q0)) .
HBG.a0) © p<|k| BOaw) Y

Here, the exponential reveals the change of stability at
T = To as now the contribution to Z(5) of those ¢
where \; < 0 is enhanced compared to their static value
exp[—BF3PA(8, qo)].-

The ePSPA smoothly connects the temperature range
above Ty with that below Tj. Its precise lower bound of
validity is determined by two conditions: B(8, qo) defined
in (29) and A2(8, go) (see (17)) must both be positive and
sufficiently large for all qo. Even if B > 0 also for T' < Tj
the ePSPA definitely fails at T = Ty /2 where A2 vanishes.
Physically, the instability of the PSPA at T' = T corre-
sponds to an instability in g; direction in functional space
of that classical mean field solution go = ¢§ for which
M(1/To,q5) = 0. At the temperature where the ePSPA
breaks down, i.e. where Ay = 0, the classical field at ¢
becomes unstable in ¢ direction in functional space. This
scenario proceeds with decreasing temperature.

CePSPA ﬁ,

2.3 Treatment of low temperatures T < Ty

In the last section we have proposed an extension of the
conventional PSPA that is applicable down to tempera-
tures not too far below Ty. As already mentioned, this
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approximation breaks down near Ao = 0 where the ¢o-
mode amplitude becomes large. Naively, one could think
to “regularize” the go-mode divergency in the same way
as for the g;-mode around Ty. However, if both ¢ and ¢
are large even higher order coupling terms to g¢. modes
(Jr] > 2) in the expansion must be taken into account
(compare our remark after Eq. (22)). This proceeds to
the divergencies at A3 = 0 and so on. Hence, practically
an analytical treatment analogous to the Tj case is no
longer possible for temperatures T < Ty. In particular,
for T'— 0 all modes ¢, must be assumed to be large so
that in the worst case any kind of semiclassical approxi-
mation to Z(0) fails.

On the other hand, for T" < Ty, but still T > 0, we
expect that integrals of the type (5) are dominated by
the contributions around the minima qmm i=1,... , M

of the intrinsic free energy (6) provided 6fSPA(ﬂ, qg) ex-
ceeds BFSPA(B, mm) by terms sufficiently larger than of
order 1. Under the additional condition that the correction
factor C°FSPA(3, qp) is a smooth function of gy compared
to the exponential we can apply a saddle point approxi-
mation to evaluate (5) together with (31):

M

1
ZePSPA(ﬁ) ~
; \/|k| d2fSPA/dq8

x exp [—BF3FA(3, qsf’;“)} CoPSPA (3, giim).

(33)

min

The assumption that C°FPSPA(3, qo) is smooth compared to
exp[—BFSPA(B, qo)] — variations of the dynamical factor
are negligible on the scale on which the exponential varies
— bases on the fact that all approximations of SPA type are
semiclassical approximations. This condition is certainly
not fulfilled in regions where the dynamical factor di-
verges. The divergencies, occuring whenever A.(3,qp) = 0
(r > 1) only appear in those go-regions where the RPA fre-
quencies are imaginary and of sufficiently large amount,
thus, corresponding to saddle points of the full free en-
ergy. Therefore we may assume that they need not be con-
sidered for low temperatures (but still sufficiently above
T = 0). Accordingly, the following interpolation between
the ePSPA and the saddle point approximation (33) seems
to be natural: For T' <« T, we restrict the gy integration
in (5) with (31) to those regions where A; > 0 meaning
that all A, > 0, i.e.,

CETA (8, q0) = 0[M1 (B, 40)] CFSPA(3, q0)

where 6(-) denotes the step function. This interpolation
is called “low temperature approximation” (LTA) hence-
forth. It requires to solve A1 (0, ¢§) = 0 for given 5 > Gy =
1/Ty to determine ¢5(5). As a continuous function of
starting at ¢5(5o), ¢5(0) describes the broadening of the
instability region around ¢§(8y) where A\; < 0 [23]. The
ePSPA extends to temperatures somewhat below Ty, while
the LTA is valid if with decreasing temperature T' < Ty the
contribution of the instability region around ¢§(5) to the
qo integral becomes negligible. Therefore both approxi-
mations match in a narrow temperature range below Tj.
Further, by formally extending the LTA to T > Ty one

(34)
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recovers the ePSPA since then A; > 0 for all gy, while for
T < Ty the saddle point result (33) is regained. As al-
ready mentioned, in general there is a lower bound for the
LTA. Contributions of mean fields around ¢§ can only be
neglected as long as the exponential enhancement in (32)
due to the dynamical instability is still compensated for
by the difference between F5PA(3, ¢5) and FSPA(3, giin).
For very low temperatures this can no longer be taken for
granted.

We want to remark that for specific systems further
approximations may exist in the region T' < T}, possibly
better adapted to the problem in question. This may be
particularly true for very low temperatures T — 0 if new
phenomena, sometimes associated with the appearance of
new symmetries like in the case of Goldstone modes, re-
quire special care (¢f. the cases of a one-dimensional dou-
ble well and the Lipkin-Meshkov-Glick model below in
Sects. 3 and 4). As long as one is interested in approxima-
tion schemes applicable to general situations without re-
ferring to individual system properties, however, the LTA
presented above seems to us the only consistent one.

3 Application I: One dimensional potential

In order to illustrate the utility of the the above approxi-
mations we turn to exactly solvable models and first apply
the formalism to the one-dimensional case.

Consider a particle of mass M in a one dimensional
potential V(g). The imaginary time path integral repre-
sentation is given by

2(9) = [ a4 § Datr) exp (~5Pla(r) dnl/R) (3
with the Euclidean action

hB
SE[q(T),q'(T)]z/O dr (%qQ(T)—i—V(q(T))). (36)

In (35) we first have to sum over all paths ¢(7) starting
and ending at a given end-point ¢(0) = ¢(hS) = ¢’ and
second sum up contributions from all these end-points ¢’.

In order to be able to apply the ideas of Section 2.2,
the potential must be expanded up to fourth order in the
Fourier coefficients ¢, (|r| > 0) introduced in (3). After
carrying out the 7 integration we obtain for the exponent:

—S®lge)/h = =BV (g0) = B (M +V"(q0)) lgr|?

>0
V(3
7637@ Z (Sr+s+t,0 qrqsqt (37)
: r,8,t#0

r,8,t,u#0

For the case of one dimensional potentials the sum rule
r+s+t+u = 0 simply stems from this 7 integration. Here
V(qo) plays the same role as FSPA(3, qo) in (5). As before

The European Physical Journal B

the coefficients ¢; and g_; become large at the crossover
temperature

h *V"(QO)

Ty = maxg, 7 i (38)

and therefore have to be taken into account up to fourth
order. Then, with \.(8,q0) = Mv2 4+ V" (q0), 3 (B,q0) =

¢z (B, q0) = V3 (go)/3!, and ¢4(B,q0) = VW (qo)/4! we
gain

29) =\ 5575 [ da0 exp -8V (@)] CBa). (39)

In case of the pure SPA we have C5PA(3,¢9) = 1, in case
of the conventional PSPA

G a) = [] s (10
’ o Mv2+V"(q)’
and for the extended PSPA
M 2
= (41)

ePSPA _ H r
C (ﬁa qO) - 1 MI/? + V//(qo)
d _
></O z exp{ J6]
l (4) _ (V(?’)((JO))Q 2| |
+4 (V (40) Mv2 +V"(qo) i

Let us now turn to the specific case of a particle of
mass M = 1/2 (h = 1) moving in the quartic potential

(Muf +V"(q0)) =

2

V(g)=—Ag¢*+(1-A) q4+m

with 0 <A< 1.
(42)

This potential coincides with a quartic oscillator for A =0
and develops a barrier of height V(0) = A%/(4(1 — A)) for
positive A. Potentials of the form (42) have often been
used to qualitatively understand characteristic properties
of high dimensional systems as e.g. phase transitions. Here
we find that the shape of V' (¢) describes the main features
encoded in the intrinsic free energy of the Lipkin-Meshkov-
Glick model which we will consider in detail below (see
Sect. 4.2). There, the appearance of a phase transition is
equivalent to the development of a barrier for A > 0 in
V(q). Further, from (38) and (42) the inverse crossover
temperature can simply be derived as By = 1/Ty = 2« /h -

V/M/(2A) = 7/(hv/A). In Figure 1 the free energy
F(§) =5 mZ() (43)

is depicted within various approximations for 4 = 0.9.
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Fig. 1. F(B) of the double well (42
approximations and A = 0.9.

) computed for various

4 Application Il: The Lipkin-Meshkov-Glick
model

The approximations derived in the preceding sections
are designed to describe low temperature thermodynamic
properties of interacting many body systems. In contrast
to simple one-dimensional cases, here, an additional chal-
lenge arises through the calculation of the expansion co-
efficients in (14) and (23-25).

4.1 Expansion coefficients for many body systems

For the Hamiltonian (1) the coefficients ¢ and ¢, are
calculated by evaluating the 7-integrals in (23-25). The
calculation is performed completely parallel to the one
presented in [7]. Hence, we restrict ourselves here to one
contribution to the fourth order coefficient to exemplify
the general strategy. We also will prove the sum rule
r+ s+t +u = 0 exploited in (22-25) here. To this end
we consider general indices r, s, t, u # 0 at first. One has
to rewrite the operators F' (7) in terms of creation and an-

nihilation operators F'(1) = > k) ijd;i (1)a;(7) and then
calculate the time ordered averages using the finite tem-
perature Wick theorem [2]. Evaluating all possible con-
tractions the unperturbed temperature Green functions

enter, i.e.

—(Ta; (Tr)dL (7s))ao (44)

—7)

efin (T —7s)

= Ojk gl(co) (7r

1
= 8 BKZ

~ ihwi —ex(qo)’

where wx = (2K + 1)7/hB3 (?) and ex(qo) corresponds
to the eigenenergies of (8) via er(qo) = €x(qo) — . The
integrands of all multiple 7 integrals therefore turn into
factors like e.g.

exp (iz—g (r+1-0) n). (45)

2 Mind that our wg correspond to the v of [7] and our v,
are equivalent to the w, of [7].
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After carrying out all 7 integrals we obtain the conditions
r+1—-0=0,s—1I+K =0,t— K+ M = 0 and
u+ O — M = 0. Putting these conditions together we
easily obtain the requirement

r+s+t+u=0. (46)

Moreover, we have only one summation index I =
—00...00 left besides r, s, t # 0 which will actually be
further restricted by the requirement r, s, t, u = +1, £2
n (23) — (25). One can show after some straightforward
but lengthy algebra that one typical contribution to the
fourth order coefficient c4(3, qo) reads:

7|k|/ﬂ Z 10 q0 sz QO)ka(qO)Fom(qO)
i,k,m,o
1 1
- I:Z—oo ihwr — ei(qo) ih(wr + ) — €0(qo) ()
1 1 .
ih(wr — vs) — er(qo) ih(wr — Vett) — em(qo)

The infinite sum over I is calculated by exploiting the fre-
quency summation technique [24]. One uses the replace-
ment iw; — z and the residue theorem for contour integra-
tion in the complex z-plane together with the observation
that the function —AG/(exp(hBz) + 1) has poles at iwy
with residues 1. After a deformation of the integration
contour such that it encycles the poles of (47) we obtain
the following final form:

L

E Z Fi‘)(qO)Fki(qO)FMk(qO)Fom(qo)

i,k,m,0
«{nte) — L !
€io + 1hvy € — 1AV €5 — 1AVs 44
1 1 1
€oi — 1hVy €0 — 1MVr 45 €om — 1AV, 51t
1 1 1
— ihy

(48)

+ n(eo)

+ n(e : :
( k) €k + 1hl/s €ko + thTJrS €km

+ n(em) 1 1 1 }
fHem €mi ihl/ert €mo + ihl/’l“JrSth €mk + ihl/t

Here n(e) = (1+exp(B(e—p)))~! are the Fermi occupation
numbers and €;(qo) are the energy differences between the
states |i(qo)) and |k(go)) of the static Hamiltonian ho(go).
This way, by solving the static one body Schrodinger equa-
tion belonging to (8) and evaluating sums as in (48) all
needed coefficients are known and the corresponding ap-
proximations to Z(3) can be applied.

We note that the factor in brackets in (48) also ap-
pears in [7] where strength functions are calculated in
the conventional PSPA formalism. There, time ordered
expectatlon Values of products of one body operators

=Dk Dk]aka] like (TU,Dt(7)D(0)), are evaluated.
To this end U, [see (11) and (14)] has to be expanded up
to second order in the g.. As a consequence, fourth or-
der terms in d;rc (1)a;(7) come into play even though the
approximation to L?q is still of Gaussian type.
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4.2 The model

There are only few many body systems which allow for
an exact evaluation. One is the Lipkin-Meshkov-Glick
model [17] which has been used to test the results of con-
ventional PSPA for years (see e.g. [6,7,9]). In the last
part of the paper we want to apply the approximations
derived in Section 2 to this model. The Lipkin-Meshkov-
Glick Hamiltonian reads
H = 2], +2kJ? (49)

and has the structure of a Hamiltonian with two body
interaction with H = 2eJ, and F = 2.J,. In (49) the op-
erators J, and J, obey angular momentum commutation
relations and k = —|k| is a negative coupling constant
describing an attractive interaction.

Let us briefly recall [6,7,9] the most important features
of the PSPA applied to the Hamiltonian (49). The static
part (8) of the one body Hamiltonian is given by

ho(go) = 2¢J. + 20 (50)
and its eigenvalues are g-fold degenerated
&) =€ +qj . (51)

Energy differences €;(qo) can therefore only have the
three different values 0,42€(qo). For the grand canonical
partition function belonging to (50) one easily obtains at
a given collective coordinate go [see (7)]

_ 2
2(B,q0) = (2cosh (66(2(]0))) ’ . (52)
The PSPA correction factor (19) can be written as
PSPA _ sinh(Bé(qo))  hp=m (B, q0)/2
N T M

where the RPA frequencies read

<ﬁw(5,qo))2 — 2(g0) — & e

2 €(qo)

Eo

with the dimensionless coupling parameter(®)

k
Mg
€

K 0. (55)
For k > 1 the equilibrium value of gy undergoes a phase
transition at a critical temperature T, which is deter-
mined from the condition that one can find a ¢¢ with
zero RPA frequency from (54). This phase transition man-
ifests itself in the development of a barrier in the intrinsic
free energy for T' < T, corresponding to imaginary RPA
frequencies. Thus, the crossover temperature Ty where
the factor (53) diverges is determined from the condi-
tion (hBw(B,q0)/2)?> = —n%. We note that one always
has Ty < T,. For kK < 1 no phase transition occurs and the
RPA frequencies are always real.

3 Our & is defined as in [7] and should not be mixed up with
the k = 1/k often used in nuclear physics [18].
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Fig. 2. F(B) of the Lipkin-Meshkov-Glick model (49) within
various approximations for the parameters (56) and x = 1.313.
The phase transition occurs at G. = 0.4 MeV ! and the inverse
crossover temperature is Go = 1.1392 MeV 1.

4.3 Free energy

For the Lipkin-Meshkov-Glick model the free energy has
been calculated in [7] within the conventional PSPA. Here,
we want to demonstrate the results of the extensions pro-
posed above using the same set of parameters as in [6],
namely,

e=5MeV and ¢g=10 (56)
and various values for k.

In Figures 2-3c we present plots of the free energy (43)
as a function of the inverse temperature 8. Figure 2 shows
the global behavior for k = 1.313 (the value used in [6]).
Figures 3a—c illustrate a blow up of the region around Ty
for three different coupling strengths. The exact result can
be obtained by a numerical diagonalization of the Hamil-
tonian (49) in a basis of eigenstates of .J or .J, as explained
in [6,7,9]. As expected, pure SPA deviates strongly from
the exact results with decreasing temperature. For x < 1
no phase transition occurs and the difference between con-
ventional and extended PSPA is very small (see Fig. 3a).
The inclusion of quantum effects on the RPA level in the
conventional PSPA (19) improves the results a lot as long
as [ is not too close to the breakdown value By = 1/T} (see
Fig. 2). Here the conventional PSPA fails as the correc-
tion factor diverges for x > 1. Instead, the extension (31)
smoothly passes the crossover region and agrees very well
with exact results even for inverse temperatures slightly
above (3y. The ePSPA definitely breaks down near 5 = 23,
where A2 = 0. The LTA (see Sect. 2.3) smoothly matches
with the ePSPA somewhat below 3y and is able to cover
even the range 3 > [y with astonishing accuracy.

One can also see in Figure 3b that the matching be-
tween ePSPA and LTA even though it appears to be con-
tinuous in temperature, may lead to discontinuities in first
and higher order derivatives. The latter ones produce un-
physical results for the internal energy and specific heat
(see below) around the matching point close to Tp. This
kind of behavior is typical for the matching between dif-
ferent semiclassical approximations each one designed for
different ranges in parameter space. It can be overcome
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Fig. 3. Blow up of the crossover region for F(3) of the Lipkin-Meshkov-Glick model (49) within various approximations.
Parameters are as in (56). For x = 0.8 no phase transition occurs: Ty = 0. For x = 1.313 the inverse crossover temperature is
Bo = 1.1392 MeV ! whereas for x = 1.8 the corresponding value is 8o = 0.7433 MeV 1.
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Fig. 4. £(B) of the Lipkin-Meshkov-Glick model (49) for the
parameters of (56) and x = 1.313. The phase transition occurs
at B. = 0.4MeV~! and the inverse crossover temperature is
Bo = 1.1392 MeV 1.

in principle by invoking uniform semiclassical approxima-
tions. Apart from that the ePSPA together with the LTA
provide a practicable and very efficient way to evaluate
the free energy over a broad temperature range.

4.4 Internal energy and specific heat

The internal energy (comp. [6])

£(8) = f% In Z(5)

is shown in Figure 4. In the crossover region 8 ~ 3y the ex-
tended PSPA again is an improvement over conventional
PSPA but tends to fail for larger 5. The low temperature
approximation of Section 2.3 delivers reasonable values for
B > Bp. As already mentioned above, it shows unphysical
discontinuities close to Sy = 1/Tp.

The specific heat of the system (comp. [6])

(57)

2
c(B) = 88—62 In Z(6)

(58)
is seen in Figure 5. Pure SPA turns out to provide a rea-
sonable global approximation of the specific heat over a
broad range of temperatures, whereas the conventional

“rC(B)

L K=1313

01

0 ‘ | s

0 0.5 1 15 2

Fig. 5. C(B) of the Lipkin-Meshkov-Glick model (49) for the
parameters of (56) and x = 1.313. The phase transition occurs
at 8. = 0.4MeV~! and the inverse crossover temperature is
Bo = 1.1392 MeV 1.

and extended PSPA lead to very good results at higher
temperatures, smaller (3, but deviate already for 8 < (.
The LTA of Section 2.3 again shows a discontinuity at
(8 = Bp and supplies a reasonable estimate for 8 > .

4.5 Level densities

As already mentioned in the introduction the develop-
ment of the conventional PSPA was motivated to some
extent by the need to calculate nuclear level densities as
a function of the excitation energy £*. Given the parti-
tion function this can be achieved by an inverse Laplace
transform. Within a saddle point approximation (Darwin-
Fowler method) one finds the inverse thermal temperature
0* from £* = £(0*) — & and arrives at the following for-
mula for the level density [25]:

1
2w D

p(€7) = exp[S(87) — &) - (59)

:

The entropy is given by S(8) = B[£(8) — F(5)] and
0? 1
|<0ﬁ ”)ﬁ:ﬁ* e ©

Results are depicted in Figure 6. Here, high excitation
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Fig. 6. Inp(E™) of the Lipkin-Meshkov-Glick model (49) for
the parameters of (56) and k = 1.313. £* is measured in MeV.

energies correspond to high temperatures. For this reason
approximations of SPA type are expected to be exact at
large £* as confirmed in Figure 6. For low excitations the
situation is different. The pure SPA is not able to deliver
results for £* < 4MeV. The reason is simply that the
SPA result for the internal energy is about 4 MeV larger
than the exact result at small temperatures (see Fig. 4)
and therefore the condition £(6*) — & = £* < 4MeV
cannot be fulfilled within SPA. The conventional and ex-
tended PSPA results agree with the exact ones much bet-
ter than those of pure SPA. Essential deviations only occur
for £ < 2MeV and the extended version is a little better
than the conventional one (see Fig. 7).

The main problem of the conventional and extended
PSPA with respect to the level density can be traced back
to the quantity D of (60) that is proportional to the spe-
cific heat C(8*) and enters in the denominator of (59).
Divergencies in the specific heat as seen for PSPA and
ePSPA in Figure 5 therefore have a tremendous impact
on the results for the level density. Therefore both types
of PSPA deliver level densities that are too small which
becomes significant at small excitations corresponding to
B 2 Bo. The following strategy seems to be reasonable: In
order to calculate the level density using (59) we exploit an
approximation for the specific heat that is globally reason-
able and combine it with the best approximation at hand
for the internal and free energy. That means to use pure
SPA (see Fig. 5) for the specific heat and the ePSPA/LTA
for the remaining quantities. As shown in Figure 7 this
procedure improves the conventional and extended PSPA
a great deal at low excitations. Remarkably, it even de-
scribes the bending up of the level density qualitatively
correct.

5 Conclusion

We have applied the path integral approach to approxi-
mately evaluate the partition function of a finite interact-
ing many body system in the low temperature regime.
This requires to extend the conventional PSPA down
to temperatures below the crossover temperature Ty. At
these temperatures the simple mean field solution becomes
unstable and large quantum fluctuations arise. The crucial
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Fig. 7. Magnification of Figure 6 for small excitations.

step is to go beyond the Gaussian approximation on which
the PSPA relies and take into account anharmonicities of
certain critical vibrational modes. This procedure stabi-
lizes the semiclassical type of approximation to the path
integral of the partition function and holds true down to
temperatures T ~ Tp/2. There, an instability in another
direction in functional space shows up, which successively
proceeds to occur at all T, = To/r (r > 1). In order to
treat the temperature range T' < Tp, but still sufficiently
above T' = 0, we proposed an approximation where only
mean fields with small quantum fluctuations around the
minima of the static free energy are taken to contribute.

In this way, we could study thermodynamic properties
of the archetypical Lipkin-Meshkov-Glick model even far
below the crossover temperature. In particular, for the free
and internal energies results were gained, that agree very
well to the exact ones. Combining our extensions to the
PSPA with pure SPA we obtained very accurate results
for the level density even at low excitation energies.

Improvements beyond the PSPA for T~ Ty and T <
Ty are desirable in order to get reasonable approximate re-
sults for many body systems in the low temperature range
where usual Monte Carlo techniques become very expen-
sive. This is particularly true as often the critical tem-
perature T, where a phase transition takes place and the
crossover temperature Ty where the PSPA breaks down
are of the same order of magnitude. For instance, for finite
nuclei one finds for the nucleus '*Er that T, ~ 0.45 MeV,
while PSPA is reliable only for 7' > 0.25 MeV [14]. In [10]
the range of applicability of PSPA is given by T' > 0.2 MeV
for the nuclei '°Pd and ''*Sn.

In general, for these or even lower temperatures (of
the order of 107! MeV and below for nuclei) the concept of
temperature is at least doubtful for small isolated systems.
This is different for systems on a mesoscopic scale. There
the coupling to a macroscopic heat bath is always present
such that temperature can be fixed from outside. Further,
the number of constituents is typically much larger as e.g.
for finite nuclei. Accordingly, as addressed above, the con-
ventional PSPA has been applied to small superconduct-
ing and superfluid systems. For superconducting particles
of nanometer scale one roughly finds Ty ~ T./2 [15] so
that an extension of the PSPA is clearly relevant. Work
in this direction is in progress.
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