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Abstract: The current developments in the theory of quantum static triplet correlations and their
associated structures (real r-space and Fourier k-space) in monatomic fluids are reviewed. The
main framework utilized is Feynman'’s path integral formalism (PI), and the issues addressed cover
quantum diffraction effects and zero-spin bosonic exchange. The structures are associated with the
external weak fields that reveal their nature, and due attention is paid to the underlying pair-level
structures. Without the pair, level one cannot fully grasp the triplet extensions in the hierarchical
ladder of structures, as both the pair and the triplet structures are essential ingredients in the triplet
response functions. Three general classes of PI structures do arise: centroid, total continuous linear
response, and instantaneous. Use of functional differentiation techniques is widely made, and, as a
bonus, this leads to the identification of an exact extension of the “classical isomorphism” when the
centroid structures are considered. In this connection, the direct correlation functions, as borrowed
from classical statistical mechanics, play a key role (either exact or approximate) in the corresponding
quantum applications. Additionally, as an auxiliary framework, the traditional closure schemes for
triplets are also discussed, owing to their potential usefulness for rationalizing PI triplet results. To
illustrate some basic concepts, new numerical calculations (path integral Monte Carlo PIMC and
closures) are reported. They are focused on the purely diffraction regime and deal with supercritical
helium-3 and the quantum hard-sphere fluid.

Keywords: quantum triplets; quantum fluids; path integral Monte Carlo; triplet closures; Ornstein—
Zernike treatments

1. Introduction

The study of the correlations between the particles of a system is key to the understand-
ing of its behavior, classical or quantum. Without trying to be exhaustive, one may mention
the following main lines in which they are involved: (a) equilibrium thermodynamics [1-13];
(b) time-dependent phenomena in conventional condensed matter problems [12-22] and
in the insightful hydrodynamic quantum analogs [23-26]; (c.1) the experimental [27-35]
and/or (c.2) computational [7-13,17-19,36-50] techniques for their practical determinations;
and (d) the fundamental questions related to entanglement and separability [51-57]. Each
of these lines forms a whole body of knowledge with direct/indirect practical applications,
covering an impressive range of topics, among them being phase equilibria and stability,
the classically based macroscopic modeling of quantum behavior, and quantum networks
and information. Furthermore, all of them taken together display useful and revealing
intersection areas. In this connection, the present article will focus on statistical mechanics
issues at the intersection between lines (a) and (c.2) by selecting the somewhat forgotten
topic of the triplet correlations in equilibrium quantum monatomic fluids (in 3-D space) at
nonzero temperatures. This situation contrasts sharply with that of the classical fluid, for
which insightful theoretical and computational developments have been available in the
literature for a long time (see, for instance, References [41,42,45-49]).
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As a convention, the concept of “monatomic fluids” can imply either actual fluids
composed of atoms or model fluids composed of structureless particles (one-site). In this
work, the terms atom and particle will be used indistinctly. Also, it is convenient to stress
that, in a broad sense, the general concept of equilibrium “correlations” encompasses the
usual fluid structures g, in the real r-space and the response functions $(*) in the reciprocal
Fourier k-space (1 refers to the number of particles involved in their formulations). Both
types of static structures are connected essentially through Fourier transforms, which are far
from trivial for n > 3 [3,7,9,11,45]. One also notes that an extended use has assigned the
names correlation functions and structure factors to the g, and the S, respectively. This is
the convention followed in this article, although depending on the context, “correlations” or
“structures” will be used occasionally in the global sense.

For homogeneous and isotropic monatomic fluids, at the pair level (n = 2), one
deals with 2-D structural functions, whilst at the triplet level (n = 3), one deals with
4-D structural functions. Contrarily to the pair functions, the triplet functions cannot be
extracted from radiation scattering experiments, because the triplet contribution to the
scattering intensity is negligible when compared to the rest of the contributions that shape
the differential cross section [28]. Therefore, a comprehensive quantum fluid triplet study,
which goes beyond the time-honored closure-theory attempts [3,43,44], entails an appropri-
ately developed theoretical framework, which must be complemented by very powerful
computational means. In this way, one can perform the extensive numerical calculations
needed (the experiments here). From recent path integral Monte Carlo, plus approximate
closure works by the present author [58-64], one may feel that the time is becoming ripe to
start undertaking the triplet topic. As in the classical domain, the interest in this quantum
task does justify itself, if only because it makes statistical mechanics go beyond the usual
pair level. But for those more application-orientated, one may point out that there are
many questions which can benefit from such a development (e.g., further fluid structural
characterizations of the fluid-solid transition [6,45,65,66], phonon—-phonon interactions in
superfluids [44], time-dependent phenomena [16-22,27,37,38] (see Reference [28] to infer
the possible connections), colloid suspension properties [67,68], etc.). In relation to this,
it may be motivating to mention the empirical relationships found for the maxima of the
equilateral correlations in r-space of the quantum hard-sphere (QHS) fluid along the crys-
tallization line [63], and the surprising success of closures in capturing significant quantum
fluid triplet features [63,64]. The reader should be aware, however, that the quantum fluid
complexity is far greater than that of its classical fluid counterpart, as will be discussed in
detail in this article.

The outline of this article is as follows. Section 2 is devoted to giving an introductory
global description of the context in which the quantum triplet topic is inserted, together
with its current state of development. Section 3 contains a condensed presentation of the
pair and triplet structures in classical statistical mechanics. Although there are radical
differences between the classical and the quantum domains, both share a good deal of the
general notations involved, plus a significant number of basic concepts and tools used (e.g.,
functional differentiation and closures). This excursion into the classical background is
expected to ease the way to the quantum fluid discussion. Section 4 reviews the basic theory
of Feynman's path integrals PI in (thermal) imaginary time [4,7,9]. When complemented
with computer simulations (resembling, somehow, the classical ones), PI can be utilized for
the complete study of quantum fluid static triplets (r-space and k-space) in the diffraction
and the bosonic exchange regime (more on the exchange issues later). Section 5 focuses on
the higher complexity of the quantum fluid structures as revealed by PI, concentrating on
the quantum diffraction regime by reason of its fundamental role. Thus, one finds that the

single structural class present in the classical domain, C, composed of pairs { S, s(m) }C'
splits into three different structural classes, namely instantaneous ETn, { Sn, §(m) }ET, total

continuous linear response TLRn, {Gn, s }TLR, and centroids CMn, { n, S (n) }CM [7,9,11].

The discussion focuses on n = 3, although paying due attention to n = 2, due to its
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importance when studying triplets. The parallel extension to zero-spin particles and bosonic
fluids is deferred to an Appendix A. To illustrate some of the main points discussed, a
set of various results are included in Section 5. The studied systems are helium-3 under
supercritical conditions (T > 4.2 K) and the quantum hard-sphere fluid on its crystallization
line [63]. For supercritical helium-3, which behaves as a spinless fluid for T > 1 K [69],
the results are related to the r- and k-spaces, while quantum hard spheres are on k-space.
Section 6 gives a summary description of the systems, and the methods used to facilitate
the understanding of the reported results. The methods are path integral Monte Carlo
simulations (PIMC) and a significant number of closures, such as Kirkwood superposition
(KS3) [41], Jackson—Feenberg (JF3) [44], the intermediate AV3 = (KS3 + JE3)/2 [63], Barrat—
Hansen-Pastore (BHP3) [45], and Denton—Ashcroft [70]. Section 7 contains a series of final
remarks, together with directions for future research. Finally, Appendix A discusses the
boson fluid and Appendix B is a list of acronyms and basic associated references for the
reader’s convenience.

2. Setting Quantum Fluid Triplets in Their Context

Before entering the mathematical formulations, it seems useful to give an introductory
guide for situating the triplet topic in its statistical mechanics context. This will also serve
the purpose of introducing some basic concepts and notations. Unrestricted reference to
the classical domain is made in what follows. By doing so, the fundamental quantum
departures from the common ground are expected to be fully grasped by readers not very
familiar with the structural issues.

2.1. The Tackling of the Classical and the Quantum Domains

The use of computers has given a definitive impulse to every aspect of modern research
activities. As regards condensed matter physics, the related computer applications have
been guided by the numerical implementations of two central lines of thought: approximate
theories about fluid behavior (e.g., see References [2—6]), and the powerful simulation
techniques which started from the works by Metropolis et al. (Monte Carlo MC) [71] and
Alder and Wainwright (molecular dynamics MD) [72]. In fact, all these methodologies
have made it possible to circumvent both the theoretical and experimental difficulties that
impeded further developments in statistical mechanics. In this connection, suffice it to
recall two examples directly relevant to the triplet question: (a) the practical solution to
the problem posed by the hierarchical nature of the n-particle correlation functions g, in
r-space (i.e., the exact Bogolyubov-Born-Green-Kirkwood—Yvon BBGKY hierarchy [2-6]),
enabling one to compute, via simulations, the g, independently of one another [13,46,48];
and (b) the possibilities of devising computational alternatives for remedying the lack of
experimental techniques [28] to determine structure factors S () in k-space (and, given
enough detail, obtain g, correlation functions in r-space) beyond the pair level n = 2.

The approximate theories in their most useful forms utilize closures, which allow one
to tackle the calculations of the g, and the S(") functions. These two types of objects are, in
general, connected through nontrivial Fourier transforms [3,7-9,11,13,28,45]. Closures in
r-space hypothesize relationships between a correlation function of order n, g,, and the set
of lower-order correlation functions (e.g., KS3 [41], JF3 [44], or other choices [30,31,42]). To
compute the $"), which are far more complicated objects, additional correlation functions in
r-space are introduced. The latter are the so-called direct correlation functions c,, which are
based on Ornstein—Zernike OZn concepts [1,73] (e.g., for c3 : Percus—Yevick [5,74-76], hy-
pernetted chain [6,74-76], or Baxter’s partition [77]; and for c3 : Barrat-Hansen—Pastore [45],
or Denton—-Ashcroft [70]). These days, the relative importance of closures has obviously
decreased in favor of simulation, but one should not adopt a cavalier attitude towards
them. Indeed, these closure-theories may yield, at a much lower cost, excellent results
when compared to simulation or experiments for key pair quantities (e.g., classical and
quantum k-space pair structure factors 5(2)) [13,50,77] and, also, insightful pictures of the
complex structural problems at the triplet level [41-45,62-64,70].
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The two basic simulation techniques, MC and MD, exploit the properties of the
statistical mechanics ensembles using a finite sample to model the real fluid behavior (e.g.,
in the canonical ensemble (Ng, Vs, T), Ng = number of particles, Vs = volume of the
simulation box, T = temperature) [2,5,6,12,13,17,76]. These applications are consistent with
the concept of thermodynamic limit, T — lim: for {Ng, Vs} — oo, such that Ifj—s = finite # 0,
and the intensive quantities are independent of the system size [5] (surface effects from a
container are not considered). MC is an elaborate stochastic Markov process that generates
particle configurations compatible with the equilibrium state of the fluid being modeled.
MD is based on the solving of the equations of motion (e.g., Newton’s) for the particles in
the modeled fluid, either in equilibrium or in nonequilibrium states. MC provides “exact”
results, since it is essentially a multi-dimensional numerical integration method, and it can
be extended to deal with quantum many-body systems at non-zero temperatures [9,13,16].
However, the MD reliability is different depending on the classical or the quantum nature
of the application. Thus, although for the time-evolution in classical fluids MD provides a
perfectly defined calculational framework [13,17], the same does not occur for quantum
fluids because of Heisenberg’s uncertainty principle. Hence, the related quantum dynamics
applications are of limited validity, this being a general issue that remains an open problem
(see the appealing formulations and results, based on the PI formalism [4], reported in
References [18,19,21,22,37,38]). It must be stated that, within the quantum domain, PI is the
theoretical framework that has led to the implementation of the most powerful simulation
techniques to date for investigating equilibrium states. The two basic techniques are path
integral Monte Carlo (PIMC) and path integral molecular dynamics (PIMD), the latter
being an equilibrium construction that bears no connection with the actual time evolution
of the system [7,9-11,39,40,50,78-102]. All these developments of Feynman’s PI owe much
to the pioneering works by Barker [78], Chandler and Wolynes [7], Berne et al. [16,79,86],
and Ceperley and Pollock [9,82,83]. It is worthwhile to mention that, in addition to the
diffraction and the bosonic exchange regimes [9,39,40,83], a further PI extension involving
Wigner’s formulation (WPIMC) has been used recently by Filinov et al. to study, in a
practical way, fermionic exchange [103,104], an issue that remained far from accurate PIMC
computations owing to the so-called “sign problem” [103,105,106].

2.2. Hamiltonians and Interparticle Potentials

Any of the foregoing computer applications must incorporate, as a key ingredient,
a model for describing the interactions between the actual particles composing the fluid.
These models are built by employing any (or all) of the following methods [13,107-123]:
geometrical arguments (e.g., hard spheres), experimental data, and quantum mechanical
reasoning /computations. In this regard, it is well-known that the Born-Oppenheimer
approximation (BOA) [124], aided again by the availability of increasing computational
resources, has been instrumental in developing the quantum study of real systems. Among
its many applications, those of interest in the structural study of fluids may be listed as
follows: interatomic/intermolecular interactions [107-114], molecular properties in con-
densed phases [114-117], properties of atomic/molecular clusters or far larger assemblies,
etc. [118-123]. Note that, for an isolated polyatomic system, BOA defines its electronic
energy (including, obviously, the nuclear repulsions) as the potential energy for the motions
of the nuclei within the overall atomic structure. Consequently, for a set of N atoms, from
the consideration of a number of geometries of the nuclei at fixed positions q; in 3-D

space, operational forms of the global potential energy V(N) can be determined quantum
mechanically as sums of n-body contributions (two-body, three-body, etc.) that depend
only on the positions q;. The point is that quantum averages are to be performed over the
electronic coordinates of the generic two-body, three-body, . . ., (isolated) subsystems, which
are taken as the significant “units” to model the N-system. This is a complex quantum
chemical task that can be achieved outside of the global N-body context, and leads to a
model of the whole polyatomic system in which the effective centers for the interactions
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are placed at the positions of the nuclei, i.e., the non-collapsing and tempered function
VN (qy, gy, -, qn) [5]:

Therefore, for an isolated monatomic fluid, one can write the model Hamiltonian in
the conveniently simplified form [2,5,9]:

2
N P
HEY = K + v = Y 2L vV (g, ay), M

where p; is the momentum of atom j and m is the atom’s mass (the p; and q; are to
be interpreted as classical dynamical functions or as quantum operators, depending on
the application; explicit spin interactions are disregarded). Among the V(N) construc-
tions, the success of the pairwise approach, VIN) = Yi<l v(rﬂ), has been fundamental.
The latter form usually contains “averaged” many-body effects in the “pair” potential
v(rﬂ), i = ‘q]- — ql‘ [13] and has yielded a thorough understanding of fluid systems.
This is particularly true of monatomic fluids at equilibrium, regardless of their classical
or quantum behavior [9,13,17]. One also notes that the use of explicit many-body sums
for VN) becomes necessary when the relative orientations of three [107,108,113] or more
atoms/molecules (or particles in general) play an important role, as for example at very
high densities in the solid state [120-122] or when the fixing of the n-body terms is strictly
individualized with the use of quantum chemical computations [113,119].

The final test of an interaction model is the comparison with an experiment of the
calculated properties (e.g., for fluids: the pair structures S (k) and g,(r), the internal
energies E, the pressures p, etc.). In this regard, one must realize that the form Equation (1)
for the Hamiltonian is perfectly suited for comparisons of the related fluid pair structures,
fixed via computations, with those determined through radiation scattering experiments
(X-ray, neutron diffraction) [5,6,27,32-34]. In turn, from these comparisons one can improve
the predictive power of the interaction model via further fittings of its parameters [13].

Also, it is important to point out that, although the fluid particle correlations are
induced by the particle interactions (including those coming from quantum symmetries),
both concepts are generally not the same thing. Thus, the many-body correlations may
not be specifically associated with an explicit inclusion in the calculations of three-body
or higher-order potential energy contributions. Note, for example, that in a monatomic

gas described with just a pair potential v (rﬂ> , one can identify correlations of any order
between the atoms. Within such a context, a key fact that may guarantee the high quality of
the computed triplet structures is associated with the fluid description achieved via v(rj ),
albeit this might not be sufficient, and evaluations with alternative interaction models,

or calculations of special fluid properties involving these structures [3,44,48], could be
necessary to settle the question.

2.3. Classical Calculations

As mentioned earlier, the classical and PI-quantum applications share several basic fea-
tures and problems (thermodynamic evaluations can be carried out alongside those of the
equilibrium structures and/or utilize the latter [9,13]). Therefore, consideration is given first
to the classical case, and the specific quantum characteristics will be discussed afterward.

The equilibrium classical developments have focused mainly on the
pair and the triplet levels, the two basic sets being: {g2(r); S @) (k) bor
{g3(r,s,u); s®) (k1,kz, cos ‘P)}C [13,28,45-49,125-129]. The distances r, s, and u define a
triplet configuration of three generic atoms: r = |q; — q,|, 5 = |q; — q3], # = |qy — q3]- The
k variables of the response Fourier functions are the wavenumbers k = |k| of the related
(elastic) momentum transfers 71k from an external weak field to the fluid (¢ is the angle
between k; and k; and can be used in lieu of cos ¢ in 5(3)) [5,6,45]. Recall that, in going
from n = 2 ton = 3, the expected computational load must increase greatly, since the
dimensionality of the problem goes from 2-D to 4-D.
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The classical pair level can be solved via simulation to a high degree of accuracy.
However, the g» calculations are more affordable and straightforward than those of 5(2),
which encounter some difficulties. The latter are brought about by the necessity of:
(a) scanning wavevectors k commensurate with the simulation box, i.e., for the usual
cubic box k = (ZT") (kx, ky, kz), with ky, ky, k integers and L the box length; and (b) the use
of equal-modulus sets of vectors {k;,} for a given value k = |k;,;|. Accordingly, the S(2
simulation task is far more expensive than that of g, and, more critically, does not permit
the direct calculation of the k = 0 component, which is a central thermodynamic quantity:
the dimensionless isothermal compressibility, S (k = 0) = pnkpTxT, where py is the bulk

(number) density and x7 = —% (%) . [13]. These features are well known by statistical
mechanics practitioners and, instead of employing extended simulation schemes looking
for reliable (and unnecessarily expensive) k — 0 extrapolations, one can utilize methods
based on the direct MC/MD simulation of g, complemented with well-grounded closure
procedures [13,76,77,130-132]. The latter involve the OZ2 framework, which yields the
pair direct correlation function ¢, (), a function that shows a very rapid decay to zero with
increasing distances. This function is decisive in circumventing the difficulties mentioned
above and provides, through its Fourier transform, a highly accurate and cost-effective
answer to the whole pair structure factor problem: that is $() (k) for k > 0.

As regards triplets, the whole situation is not so well developed. The simulation
techniques are certainly possible in this context [45,46,48,49,125-129], albeit the abovemen-
tioned drawbacks at the pair level are clearly augmented. To diminish the cost of full 4-D
computations in both r-space and k-space, the triplet studies have concentrated mainly on
the features considered to be the most characteristic, namely the statistical properties of the
equilateral and isosceles features. The descriptions so obtained are not complete, but one
can expect them to be sufficiently informative for many practical purposes [45,125-129].
However, if more detailed triplet results are needed, they can be fixed for g3 in r-space
through affordable simulations [48], albeit for S () in k-space, the computational load
increases largely. At this juncture one might think of using a combination of simulation and
closures [45,125-129], as achieved at the pair level, that is, using the simulated g3 (and g!) to
fix S, Nevertheless, the computations of g3(7, s, u) would have to be quite complete over
the three spatial dimensions for the Fourier transforms to be obtained accurately [125,126].
In addition, the alternative based on OZ3 direct correlation functions, i.e., Baxter’s ¢,; hier-
archy [73], remains, in general, uncertain due to the lack of a univocal formulation that cuts
the hierarchy in a generally significant way [45,70,73,133,134]. Despite these difficulties, the
use of closures is a very useful source of information (e.g., for g3 : Kirkwood superposition
KS3 [41], Jackson-Feenberg JF3 [44], the intermediate AV3 = (KS3 + JF3)/2 [63], and/or for
c3 : Barrat et al. BHP3 [45], Denton—Ashcroft DAS3 [70]).

For the current purposes, it seems natural to characterize the structural complexity
associated with a classical monatomic fluid by the class Cn = {g; s }C' Such a class

might be extended to include c;,, thus separating the two ways to obtain $(*) (simulation
and direct correlation functions), but given the direct relationships between the c,, and the
5(", that measure does not seem necessary. By doing so, the comparison with the quantum
case is expected to be clearer by avoiding unnecessary complications to the essence of the
related discussion. Moreover, direct correlation functions in the quantum case do not have
the same general status as in the classical domain, which makes their absence from Cn a
reasonable choice.

2.4. Quantum Calculations: Path Integrals

The consideration of the structural study of quantum monatomic fluids at equilibrium
is in order now. The classical approach is an idealization in which thermal quantum
effects can be neglected at sufficiently high temperature T. However, as T is lowered, the
quantum diffraction regime becomes non-negligible, and its importance is greater with
diminishing temperatures and increasing densities. Furthermore, for sufficiently low T,
quantum exchange regimes (Bose—Einstein or Fermi-Dirac spin statistics) show up and
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must be taken into account [9,40,103,104]. All the classical simulation difficulties are also
present in this context, with the added intricacies arising from the variety of quantum
effects. In this regard, diffraction effects and zero-spin bosonic statistics can be tackled,
broadly speaking, along lines of thought that are somewhat parallel. These are the subjects
of the present article, whose interest is clear if one considers that every fluid system, under
the appropriate conditions (e.g., gaseous state), can undergo nonnegligible diffraction
effects, and also that helium-4, being composed of zero-spin particles, is a paradigm for
boson superfluids. Nevertheless, the treatment of quantum fluids with non-zero spin
statistics is far more complex, owing to the roles that can be played by: (a) the multiplicity
of spin states, (b) the intrinsic half-integer spin statistics difficulties (fermionic fluids), or
(c) the magnetic interactions with external fields. All these more general cases will not
be addressed in this work, which is focused on the current state of equilibrium triplet
structure studies.

To begin with, the quantum monatomic fluid under diffraction effects displays three
structural classes, which can be seen as arising from the particle delocalizations that pro-
duce a splitting of the classical Cn. These new classes are associated with three different
forms of linear response from the quantum fluid to an external weak field. This means
that if the structural complexity of the classical monatomic fluid is taken as a reference, the
complexity of this quantum counterpart is (at least) three times higher. These quantum
classes are revealed by the PI formalism [7,9,18,19,59,89,135] and are known as instanta-
neous (ETn), total continuous linear response (TLRn), and centroids (CMn). The general
scheme for any of them is just the same as before, correlation functions and structure
factors, but with TLRn involving self-particle correlations; such a fact makes this latter
class a distinct one. For notational convenience [11], these quantum classes will be de-
noted as: ETn = {gETn;SgnT)}Q, TLRn = {GTLRH;S(T”L)R}Q' and CMn = {gCMi’l;Sé”]\)/[} .

Q
Their connections with external weak fields are as follows: (a) as ETn is a close “analo-

gous” to Cn, then the corresponding fields are those of elastic neutron scattering or X-ray
diffraction [27,32]; (b) TLRn arises from the action of continuous fields [11]; and (c) CMn
is a particular case of the latter and corresponds to a field of constant strength [19,135]
also showing a truly deep classical-like character [59,135]. On the one hand, the first
two classes can be measured experimentally at the pair level n = 2, that is, ET2 and
TLR2; from a wider perspective, these measurements also show connections with dy-
namic quantities via sum rules [27,33,34]. On the other hand, CM2 cannot be fixed di-
rectly through experiments, although it is very useful as an auxiliary object for theoretical
developments [18,19,37,38,135-142] (beyond n = 2 recall that no structural measurement
is experimentally obtainable today).

To obtain a first feeling of the Pl-origin of these classes, a simple image will suffice [4].
Under diffraction conditions at temperature T, every actual particle with mass m delocalizes
in the form of a thermal packet, its size being related to the thermal de Broglie wavelength

Ap = N Accordingly, there are many possibilities for defining interparticle distances,

but within the current response context, three sorts of physically significant PI interparticle
distances arise [7,9,11,89,135], each associated with one of the three PI classes. Although
their exact nature will be discussed in Section 5 of this article, just for visualization purposes,
notice that the CMn class is built on the distances between the thermal packet centers, which
are termed centroids or “centers of mass”. The other two classes involve more elaborate
forms of distances between the particle thermal packets. Although the higher complexity
of the structural quantum case should be clear at this point, there is still more to this issue
that deserves consideration, as the following PI calculational facts reveal.

The quantum PI simulations in the diffraction-effects regime (PIMC, PIMD) describe
the delocalized atoms in real 3-D space through a statistical distribution of (closed) elastic
“necklaces” with P “beads” apiece (i.e., the thermal packets: one P-necklace per actual
atom) [4,7,9]. P is a positive integer, greater than 1, which is to be optimized and represents
a compromise between statistical convergence and theoretical accuracy. The latter is given
by the Trotter’s limit P — co [143], in which necklaces transform into continuous closed
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paths in Euclidean (imaginary) time fh = i/kpT, and an exact representation of the actual
atoms and the fluid is retrieved [9] (there is an alternate and equivalent PI formulation based
on the Fourier expansions of the paths [144,145], but it will not be analyzed in this work).
An actual fluid composed of N atoms is thus modeled by a set of N x P beads. Therefore, P
plays a decisive role in the simulation studies of the quantum structures (of course, using
a reduced sample Ng x P) : it makes them far more expensive than those of the classical
case where P = 1. Furthermore, apart from such an increase in the computational effort
just to generate the equilibrium configurations, and of the usual N-dependences of any of
the n-th order structure calculations [2,13], to obtain the structures it is crucial to point out
that the instantaneous (ETn) calculations scale as P, the total continuous linear response
(TLRn) acts as P", and the centroid (CMn) acts as in the classical case.

As stressed, when diffraction effects dominate the fluid behavior, and thus exchange
interactions can be neglected, the PI necklaces are closed. However, if quantum exchange
cannot be neglected, one faces complicated mixtures of closed and open necklaces, the
latter interlinking with one another, in response to the corresponding permutations among
atoms [7,9,39,40,83]. Within the PI-description, the physically significant interparticle
distances are defined by specific inter-bead distances (ETn and TLRn) or by constructions
that use the bead positions (CMn), as will be shown in detail in Section 5 (diffraction effects)
and Appendix A (zero-spin bosonic exchange) [9,19,39,89,135,137-140].

Therefore, in practice, the quantum structural complexity extremely exceeds that of
the classical case. Even if one only wishes to perform a full structural study including up
to the triplet level, the PI computational effort appears today as a daunting task. As an
aside, one may mention the approximate frameworks arising from the exact PI formalism
(i.e., Feynman-Hibbs potentials [4,145] and their generalizations [146,147]), which can be
utilized to carry out thermodynamic and structural studies of fluids with weak quantum
behavior [11,136,148-150]. Although their applicability is certainly limited, they are far
from being computationally expensive, and they turn out to be very useful due to the
intuitive structural pictures they provide at both the pair and the triplet levels [11].

2.5. Quantum Calculations: Closures

As regards closure theories, their applications to quantum fluids may be carried out by
following/adapting the same methodologies as those employed for classical fluids in both the
r-space and the k-space. Actually, these adaptations have gone both ways (classical <+ quan-
tum), which has been a normal practice throughout the years [3,41-45,64,70,73-77,130-133].
However, the related theoretical quantum grounds deserve especial consideration, which
becomes clear when applying OZn schemes.

Thus, by focusing on diffraction effects, it is very interesting that OZn turns out to be
a rigorous framework for the centroid class CMn [59], albeit OZn is only approximate for
ETn and TLRn [11]. Surprisingly, despite such mathematical observations, excellent results,
as compared to experiment and simulation, have been obtained when fixing the three
pair structure factors, Sg% (k), S(TzL) r(k), and Sg 1\)/[ (k), by OZ2-treating the corresponding PI-
simulated correlation functions [11,50,59,64,66,136,141,149,150]. The OZ2 calculations are
much less demanding than those carried out with PIMC in k-space, and the results for k > 0
obtained with PIMC and OZ2 are almost indistinguishable from one another [50]. Moreover,
the OZ2 evaluations of the k = 0 components are obtained with great accuracy as part of
the whole S(?) (k) determinations. Furthermore, according to the extended compressibility
theorem [135], the exact formulation of the isothermal compressibility xT of the fluid can be
achieved with OZ2 through the centroid component S(C2 124(k = 0) = pnkpTxr. This implies
that the OZ2 applications to the CM2 correlations gcpn (R) produce, in principle, exact
values for xr (within the accuracy and precision of the calculations performed) [135,141].
For the cases ET2 and TLR2, which in rigor, must share that same centroid k = 0 value [135],
one can obtain approximate, though very valuable, x estimates via OZ2 [50,64,66]. As
regards triplet closures, the question is open and must be settled through comparison with
exact PIMC/PIMD results. Although uncertainties larger than in the classical domain might
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be expected here, some promising results have been obtained lately [62-64], as summarized
below. In relation to bosonic exchange, even though closures were employed in the past
to deal with zero-spin/charged fluids [3,43,44,74], their use is not so straightforward, and
some consideration will be given in Appendix A.

2.6. Some Recent Quantum Triplet Facts

To close this overview, three motivating pieces of information on quantum fluid
triplets in the diffraction regime, obtained recently with PIMC and closures, may be worth
giving here.

(i) For the quantum hard-sphere fluid on the crystallization line [63], the PIMC absolute
maximum amplitudes of the instantaneous (ET) and centroid (CM) pair and equilat-
eral structures, i.e., g2(ry) and g3(7p, ', M), do follow empirical behaviors of the
type ay~?, where 7 = pyA3 is the degeneracy parameter, and a and b are positive con-
stants. This empirical 7y pattern is associated with the singular hard-sphere potential
(infinite repulsion at the classical contact and no attraction beyond). Therefore, some
transferability of this defining change-of-phase feature into fluids under quantum
diffraction effects, and ruled by interparticle potentials with weak attractions, should
be expected. In this regard, the case of liquid para-H; could be very illustrative (one-
site particles, as studied in Reference [61]). However, further PIMC computations,
more accurate than those reported in the latter Reference for this system’s centroid
gems (M, v, *m ), should be carried out in order to ascertain this point.

(ii) A preliminary PIMC triplet study of liquid para-hydrogen in k-space [62] suggests
that, on the quantum crystallization line, there might exist an almost “constancy”
(i.e., values in a relatively narrow interval) of a salient trait in the centroid triplet

structure factor (e.g., the maximum of the equilateral components Sg/l(k M km, §)
or an isosceles amplitude located nearby). If confirmed, this could be a parallel
to the quantum freezing constancy observed at the pair level of the centroid maxi-
mum amplitude 582/1 (kap) for a given fluid [66] (at the pair level there is no general
quantum extension of the classical Hansen—Verlet rule [6] for the centroid maximum
amplitudes S(Czled(k M))-

(iii) The applicability of closures to quantum triplets could have a broader scope than
suspected and be very helpful in providing physically significant pictures of the
different quantum triplet behaviors in cost-effective ways. Even though the avail-
able information on closure applications to quantum triplets is scarce [58—64], for
a wide range of quantum diffraction conditions (quantum hard spheres [63] and
supercritical helium-3 [64]), the intermediate triplet closure AV3 = (KS3 + JF3)/2
in r-space captures significant features of the correlation functions grr3(7,s,s) and
gcms(r,s,s). Consequently, improvements on the AV3 closure, e.g., via adaptations of
Abe’s expansion [42], should be well worth exploring.

3. Equilibrium Classical Fluid Triplets

A homogeneous and isotropic classical monatomic fluid is considered, which will
serve as a reference for basic notations, concepts, and tools when presenting the quantum
fluid discussion. A summary description of both the pair and the triplet levels is given
because a complete study of the triplet level (n = 3) already involves the consideration
of the pair level (n = 2) [41-45]. The grand-canonical ensemble (y,V, T) is employed in
all the derivations, with the mean number density being py = (N)/V and the interatomic

distances denoted by rj; = ‘qj —q ’ The partition function reads as [2]:

[1]

N
c = ZNEO eXP(ﬁP‘N)ZN,C(Nr V, T) = ZNEO %/ drN X exp {_:BV(N) (rN)} ’ (2)
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[1]

c(

where y is the chemical potential, § the inverse temperature kl%T' Z ¢ the partition function

of the canonical ensemble (N, V, T), z the activity Az exp(By), and drN = drydr, ... dry is
the 3N-dimensional element of volume for N atoms. Throughout this article, the ensemble
averages are denoted by (...), which, in their definitions, contain the division by the
corresponding partition function.

3.1. r-Space Correlation Functions

The one-point density dynamical function is simply given by }_; ¢ (tj —q,), its en-
semble average being pg\}) (q;) = pn- The pair g, and triplet g3 correlation functions are
probability density functions (not normalized to unity) derived from the partition function
Ec [2]. These functions can be defined with the help of Dirac’s ¢ as [5]:

oN (a1, 92) = 0hgs (A1, a) = phiga(r2) = (X, 005 —a1)d(n —ap)) = ()

1 zN
ET:ZNZO ﬁ/drN X exp[—‘BV(N) (rN)} X Z].#l 6(rj—q1)6(r — qp), (3b)

% (A1 A2 93) = 0%85 (1, G, a3) = P83 (112, 113, 723) = (4a)
<Z]‘7él;ém7£j5(rj —q1)0(11 — q2)0 (1 — q3)) = (4b)

zN N (N)( N
?ZNZO m/dr X exp [_.BV (r )} X j7g1¢m75]‘5(r]’ - q1)5(rl —q3)0(tm — q3)- (4¢)

Note that g> and g3 are intensive quantities which depend on py and T, and, essentially,
they are given by the ensemble averages of the two- and three-point density dynamical
functions (notice the avoidance of self-contributions). Their normalizations read as [2]:

ox / dqdq,82(r12) = (N(N — 1)), (5)

o} [ da1dapdasgs(riz, ris ) = (N(N = 1) (N ~2)). ©

A powerful alternate way to formulate the foregoing correlation functions is based
on the use of the functional differentiation of In E¢ with respect to the variations /¥ in an
external weak field ¥, which acts on every particle as ¥ (rV) = Y (r;) [5,6,151-153]. The
resulting equations are somewhat involved, but they lead to the physical interpretation
of these functions as directly related to the response from the fluid to ¥. By starting from

Ec(¥) given by

¥) =Y na0xP(BUN)Znc(¥) = Yoy ;\:/drN xexp (VNN + ¥ (V)] )

one obtains the following set of equations:

SInEc(Y) _ 1), o\ _ .
—kBTW = PN (qp¥) =T1(qpY), (8a)
InEc(Y) oT1(qu¥)
kT —C ) TR ) (g, W), 8b)
( B ) 5T(ql)51¥(q2) B 5‘{}(('12) 2(q1 qZ ) (
BInEc(Y) oT2(qy, 95 Y)
—kgT)® c = —kgT—2 22 ") —To(q,,q,, 9 F).  (8¢)
R T Sl oY (@)o¥(a) BT o¥(gy) e )

The foregoing development can be easily generalized to obtain the hierarchy of func-
tionals {T';,('¥)}, which can be seen as the recursive definition of the properties I';, ('¥) of
the inhomogeneous fluid in the presence of the external field ¥. By letting ¥ — 0, the
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I';, functionals/properties on the right-hand sides of Equations (8a)-(8c) transform into
properties of the isolated fluid

[ ¥ =0) = oy (¥ =0) = (L1, 65— 1) =, %)

I2(qy, 9y Y =0) = <(Z]I\il 5(1'] —q) —pN) (le 6(r; — qp) — o)), (9b)
I3(q1, 92,93 = 0) =
(08— ar) = on) (0 0001 — ) — o) (K, 800 — a5) ). (90

which, as shown in Equations (9b)-(9¢), give the two- and three-body spontaneous fluctua-
tions of the fluid density. The explicit formulas for I'; and I's are standard knowledge in
classical statistical mechanics [45,151-153], and, for brevity, are not written here. It is easy
to see, however, that I's contains contributions of the I'; type. Note that the pair correlation
function g5 is contained in the formula of T'»(q;, q,; ¥ = 0) and that both correlation func-
tions g, and g3 are in that of I'3(qy, q,, q3; ¥ = 0). As an aside, note that, for the canonical
component Zy ¢ (¥), the following complementary identities hold:

g 52].1‘1 ZN,C (‘I{) o
[ oSy = Gd)
33In Zy c(¥)
] dardandas oS S

which is the expected behavior of these types of integrals since there are no fluctuations
in the number of particles in a canonical ensemble. The analogous integrals involving
InEc(¥) are nonvanishing and are related to the true number fluctuations, which are
consistently defined in a grand-canonical ensemble. In this connection, given the formal
equivalence between the structural classes classical Cn and PI-centroid CMn [59,135], the
explicit I'; and I's formulas, and many other features, are deferred to the treatment of such
PI quantum correlations. Hence, only some important facts and consequences are to be
considered in what follows.

=0, (%e)

3.2. k-Space Structure Factors

By approximating the right-hand sides of Equation (8) by the zero-field Equation (9)
and Fourier transforming, one obtains the response functions in k-space from the fluid
to the action of ¥ at the pair and the triplet levels [6,45]. These functions are the static
structure factors that read as:

N 2
S@ (1) = @ (k) = plNr<2> (¥ = 0) = <1N>< leexp(ik.rj) ) — (21)°pnd(k) = (10a)
]:

1+ pN/ drexp(ik-r) (g2(r) — 1), (10b)

S®) (ky, k) = 5O (ky, kp, cos(kq, ko)) = p1r<3> (ky, kp; ¥ = 0) =

N
L NN N
W<ZZ Z exp[i(ki-rj + ko1 — (ki + ko)1) ] ) — {6(k) — terms}.  (11)
j=ll=1m=1

In writing Equations (10) and (11), use of the homogeneity and isotropy of the fluid is
made. The response functions $(2) and S®) are thus related to the density—-density and the
density—density—density correlation functions of the isolated fluid, respectively.
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Note that, in a broad sense, one enters a general linear response framework when one
takes ¥ = 0 on the right-hand sides of the hierarchy and carries out the Fourier transforms
on both sides of the equations. In this regime, the fluid “does not know” if what is being
undergone is due to an external field or is just the result of its own spontaneous fluctu-
ations. Therefore, each of the (variations in the) fluid properties I'") (¥) in k-space can
be formulated in terms of its corresponding isolated fluid property I';(¥ = 0) in r-space
in such a way that the functional dependence on the external field is linear [5,6]. In this
connection, for clarity, it is worth writing here the well-known relationship at the pair
level [6,153]: (Spg\l,)(k;‘f’) = oTW(IG¥) ~ —BonS? (k)SY (k), and also that at the triplet
level: 6T (ky, ko ¥) = —,BpNS(3) (kq,k2)8¥ (k1 + ko). The static structure factors, or re-
sponse functions, are thus proportionality factors between the variations in the properties
and the variations in the external field. Accordingly, the associated wavenumbers k, ki,
and kj are the moduli of the wavevectors that define the (elastic) momentum transfers py
from the field to the fluid, i.e., py = fik. These characteristics linked to the use of the linear
response regime will be maintained when studying the quantum domain.

Some important points to be noticed are the following:

i s® (k) can be determined experimentally, while S ®) (kq, ko) cannot [28].

(i) S@(k)and SO (k;, k;) are real-valued quantities [45].

(iii) The general form of 54 (ky, k) expanded in terms of the Fourier transforms of the
different contributions built with g (r) and g3(712, 713, 23) is quite involved and will
be given in connection with the quantum CMn discussion.

(iv) For its direct theoretical and experimental interest, note that the &(k)—term in $?) (k)
Equation (10a) represents the subtraction of the forward scattering of radiation (elastic
scattering). This operation is an integral part of the complete definition of this pair
structure function (note that S (k) — 1 for large wavenumbers). Obviously, a
generalization of this operation also applies to the S() case, as will be shown later on.

Some Concomitant Problems and Their OZ Solutions

In this connection, deeper consideration is necessary. Note that the §(k)—term sub-
traction in Equation (10a) is also linked to the theoretical asymptotic value of g»(7), i.e.,
g2(r) = 1 for r — co in the grand-canonical ensemble [2], which gives full meaning to the
Fourier transform in Equation (10b). Moreover, it is customary in simulation work to omit
this §(k)—term, as the k = 0 component is strictly unattainable due to the finite sample
size (i.e., finite Ng and/or Vs), which imposes commensurability with the simulation box
on the wavevectors to be scanned (clearly, this also negatively affects the calculation of
the low-k region). Such omission is acceptable when dealing with the simulation tech-
niques but neglects the key fact that the k = 0 component makes the connection with
the thermodynamics of the fluid [3,6,13], since 52 (k = 0) = pnkpTxT, as stressed earlier.
The previous connection yields an appealing way to determine the equation of state of
the fluid via x7 integration, an operation that is formally independent of the many-body
form selected to represent the potential energy V(N) (obviously, g2(r) does need V(M) to be
calculated). However, in calculating S (k) via Equation (10b), one faces the problem of
the long-ranged oscillations of g»(7) about unity [2], which forces one to have a knowledge
of the pair correlations over a sufficiently long range of interparticle distances Otherwise,
accuracy in the Fourier transform is doomed to fail [13] (e.g., unphysical estimates for 7
can result from that naive use of the transform). In addition, as the optimal determination
of g»(r) is accomplished via simulation, this already poses a practical problem derived from
the need for more expensive computations by increasing the simulation sample sizes [13].
Furthermore, although the canonical ensemble is a very convenient calculational tool, the
necessarily finite Ng combined with the intrinsically bad asymptotic behavior of ¢»(r)

in this ensemble, i.e., g(r — c0) - 1+ 0 (%) [2,3], present one with another important
drawback to be dealt with.
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The same discussion, but with augmented difficulties, applies to the computation of
5@ (kq,ky), in which the {§(k) — terms} in Equation (11) involve k; and/or ky. Under
these circumstances, irrespective of the mighty computational facilities at one’s disposal, the
targets that appear to be the most desirable are the saving of electrical power, the shortening
of the time to obtain answers through more rapid calculations, and the possibility of
obtaining physical pictures of the underlying processes.

The obvious advantage of using functional techniques is that they give the physically
complete answers to the classical structural problems in one stroke, although, inevitably,
some problems stand out and others arise. Nevertheless, there is more to using functional
techniques in this context since they can be employed to build insightful solutions to these
drawbacks. In relation to this, the additional role played by the inverse functional deriva-

tives (e.g., 0¥ (q,)/ (5p§;) (q;)) in the derivation of the Ornstein-Zernike (OZn) equations
is to be highlighted [45,70,73-77,151,152]. The OZn equations define a further type of
structural functions: the direct correlation functions c;(r), c3(r12, 113, 723), etc. By restricting
up to the triplet level for simplicity, ¢, and c3 yield compact and efficient formulations of
the structure factors $(2) and $©). The key point is that the direct correlation functions are
short-ranged (i.e., they decay to zero rapidly with increasing distances), which allows one
to very accurately fix the Fourier transforms involved.

Given that the OZn framework at the pair and the triplet levels will be considered in
detail when dealing with the isomorphic PI-centroid CMn class, for brevity, the classical
situation may be summarized here in the following basic equations [1,45,73]:

- 0OZ2equation

Iy(r12) = ca(r12) + oy / drshy (113)ca(r23); o (r12) = ga(r12) — 1, (12)

where the total correlation function /(1) is introduced and a convolution integral over
the positions of a generic third particle is included (although ¢, (7) may show oscillatory
tails [154], the observed behavior is that the decay c,(r) — 0 for increasing distances
occurs effectively).

- OZ2 pair structure factor

S (k) = (1 - pnea(k)) (13a)
N%) — (V)2
(N)y 7
where c; (k) is the Fourier transform of (the short-ranged) c;(r12) (note that, even at the
critical point, ¢, (k = 0) remains finite, its value being py' [5,6]).

S@(k=0) = (1-pnca(k=0)) "= pnkpTxr = (13b)

- Baxter’s hierarchy-related results

0
) _ / dq3¢3(d1,92,q3);T = constant, (14)
apN ’
dea(ky) _ ¢® (kq, X = 0);T = constant, (14b)
opN

where ¢ (q; @) = ¢2(r12), ¢3(qy G, 93) = 3(r12,713,723), and ¢ (kg ko) = ¢ (ky, kp, cos(ky, ko))
is the Fourier transform of c3(r12, 713, 123)-

- OZ3 triplet structure factor

56) (k1) = 5 (k1)) (1) S?) (k1 +ka|) {1 + p%c®) (kp, k2) }, (15)

Some further comments are in order now. First, the OZ2 equation takes a single form,
whereas one finds four different, though equivalent, versions of the OZ3 equation [75].
Second, the §(k)—terms appearing in Equations (10a) and (11) are fully included in their
reformulations given by Equations (13) and (15). Therefore, the k = 0 incompleteness
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associated with simulation schemes appears formally OZn-circumvented. Third, note the
important role of the pair level in k-space, as shown in the triplet Equations (14) and (15),
where the pair quantities give a solution to the simulation-intractable situations at k; = 0
and/or k, = 0 (also k; = —k;) and are indispensable building blocks. Fourth, however,
the OZn equations are void in themselves, and they need further approaches (closures) to be
solved. This is easy to grasp by observing the structure of the Equations (12) and (14): both
are integral equations for the unknown ¢, and c3, which add new difficulties to the whole
structural question [28,30,31,41-45,49,70,73-77,126-134]. Further formal considerations
(triplet symmetries and asymptotic behavior, consistency relationships, etc.) and analyses
to fix the pending issues (e.g., closures, the vexing canonical g,(r12) long-range behavior,
etc.) are given in the Sections 3.3-3.5.

3.3. Grand-Canonical Triplet Symmetries and Asymptotic Behaviors

(i) Inr-space, by renumbering the atom labels, the triplet g3 and c3 functions satisfy the
following symmetries:

83(r12,113,123) = §3(r12,723,713) = §3(723, 712, 713) = - -+, (16a)
c3(r12,113,123) = ¢3(r12,723,113) = ¢3(r23,712,713) = -+ -, (16b)

or using vector notation (e.g., r = u, r;3 = s) [45]: ¢
g3(u,s) = g3(s,u) = g3(—u,s —u), (16¢)

c3(u,8) = c3(s,u) = c3(—u,s —u) (16d)

Also, when two particles are very close together, the triplet function g3z obviously
vanishes [155,156]. Technically, one writes

lim  g3(r12,713,723) =0, (17a)
|41 —qp|—0

although, as at the pair level, the zero value is reached for interparticle distances greater
than zero. The g3 asymptotic behaviors are [2,156]:

lim g3(r12,713,723) = §2(r12), (17b)
lq3|—>o00
lim g3(r12,113,13) =1, (17¢)

|q|, |q3| — o0
|y — q3| —

(conventionally, one may take particle 1 as the origin of coordinates for the three generic
particles). For the equilateral and isosceles correlations, these conditions are usually
written as

lim g3(r,s,5) = g2(r), (17d)
limes(r,r,r) =1, (17¢)

The canonical ensemble Equation (17e) and its analogies at higher orders are not so
neat because of terms O(%) [2,3], but this theoretical feature is not central at this stage
(more on asymptotic properties later).

(ii) Ink-space, the symmetries of interest are [45]
c® (I, k) = ¢® (Ko, kq) = ¢® (K, —kq — k), (18a)
5@ (ky, ko) = 5O (ky, k) = SO (I, —kq — ky). (18b)

(iii) Note that for c3 in r-space, one expects a decay to zero when any of the particles
increasingly separates from the other two, because this is a reasonable physical
behavior that can be drawn from Equation (14). However, for ¢(® and S in k-
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space, their explicit behaviors may become involved, since they depend on the angles
between k; and k; (e.g., for k = oo, S 3) (k,k,t/3) — 1 is the observed behavior).

3.4. The Interplay Between Simulation Techniques and Closures

There are well-known MC and MD simulation techniques to obtain g, 3, 5?) and
sG) [13,17,45-49,125-129], and they will not be described here. Rather, the interest is to be
focused on some significant facts that show the interplay and complementarity between
the simulation calculations and the approximations that can be obtained via closures.

(i) In the OZ2 case, there are highly accurate methods that yield cp(r) and
s (k) [5,6,13,76,77,130-132,157]. It is useful to point out that the knowledge of
the latter functions allows one to extend the range of distances obtained for g,(r) via
simulations which, for instance, uses a cubic box limited to half the box length L/2. In
addition to Equation (13), the basic formulas are:

@) (k) = 47” / " dr r ¢a(r)sinkr, (19)
0
o(r) =1+ 1 /oo dk k(S(z) (k) — 1)sinkr‘r > 0. (20)
22rpy Jo '

As stressed earlier, the access to the fluid equation of state via c; (k = 0) and x7 is a key
OZ2 feature. Moreover, the knowledge of ¢(?) (k), and hence of an extended g»(r), is useful
for further studies, such as especial asymptotic decay properties of the pair correlations
(pure exponential and exponentially damped oscillatory decays) [158-160] or some triplet
correlation evaluations [3,45,161].

Among the OZ2 methods, Baxter’s partition of Equation (12) deserves especial atten-
tion [77,130], since it does not, per se, need any explicit knowledge of the underlying u(r)
interactions between the particles. The only input parameters to carry out calculations are
{§2(7), pn} (and T to extract the actual value of xt) [50,135,141]. This contrasts sharply
with typical OZ2 approaches, such as Percus—Yevick or the hypernetted chain [5,6,76,157],
and this makes Baxter’s applicability more general and powerful. Although the latter is a
theoretical development in classical statistical mechanics, a good deal of its applications
have been performed in the context of fluids with quantum behavior. Therefore, for the
quantum purposes of this work, it is convenient at this point to give some specific details of
Baxter’s partition [77] and its practical implementation, which, involving a minimization
procedure [130] (BDH = Baxter-Dixon-Hutchinson), also needs a further analysis of its
results [50,64,66,132,136,141].

Baxter’s partition for a disordered fluid and its practical implementation (BDH) are
based on (a) c2(7) vanishes for distances greater than a cut-off distance r > Rco; (b) ha(r)
obtained via simulation is known for r < Rcp; (c) Rco is limited by the range of distances
set by half the simulation box length L/2, and is fixed through a minimization procedure
that preserves the continuity of /() at such a cut off; (d) the minimization yields in general
a set of possible cut-off distances {R Zv}z;:l,z,“.,v( M) which are the “zeros” of an auxiliary

function; a practical convergence of the observable property, i.e., $?)(k), occurs within
an upper subset of these zeros; and (e) there are ways to treat the situation in which no
zeros arise [130] and, also, to extract the physically significant information from the upper
Rz, zeros [50,66,141]. Clearly, the longer the L value is, the better the OZ2 results should
be. In this connection, to minimize the defects of the g(r) fixed with a finite Ng size in a
simulation (e.g., canonical ensemble calculations), an additional combination of OZ2 and
simulation is highly recommended. As a matter of fact, the iterative improvement on g»(r)
with grand-canonical corrections [131,132] leads to a better-defined S@ (k) convergence
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along the Rz, —sequence. An example of the latter iterations can be summarized in the
useful algorithm put forward by Baumketner and Hiwatari (BHw) [132]:

S@(k =0;n)
Ns

(GO)

g (rn+1)=g(r)(1+ )n=0,12,...., (21)

where the initial conditions (n = 0) are the Ns—simulated g, () and its associated OZ2—
S@)(k = 0;n = 0) that yield the first correction géGC) (r;n+1=1), which in turn is OZ2

analyzed to obtain its $©2) (k = 0;n = 1), giving the second correction ggcc) (nn+1=2)

and so on, until convergence in S (k = 0) is reached. When using OZ2—(BDH + BHw),
the S (k = 0;11) value can be fixed at every step as the mean value of the S (k = 0)
arising from the upper set associated with the resulting Rz, zeros [141]. For further
applications (e.g., triplet calculations [45,59,64]) involving a specific single function as
an intermediate quantity, i.e., c2(r) or S)(k), the selection within the final upper Ryz,-
range of the convergence of one of them as a representative is sufficient to give perfectly
consistent results.

(ii) For OZ3 the situation involves the design of accurate closure methods for obtaining

83(712,713,123), or c3(r12,713,723) and sG) (kq,kp), which still remains a non-closed
problem. For the g, functions, key closures are:

- Kirkwood superposition (KS3) [41]:

Sxs3 (112,713, 723) = §2(r12)82(r13)82(723)- (22)

- Jackson-Feenberg convolution (JF3) [3,44]:

&yr3(r12,113,723) = 8xs3(112,713,123) — ha(r12)ha(r13)ha(r23) +

PN/dQ4h2(r14)h2(r24)h2(734)- (23)

- The intermediate average (AV3) [63,64]:

1
Savs(r12,713,123) = 5 ( Sks3(r12,113,123) + §jp3(r12, 713, r23))- (24)

The interesting point is that KS3 and JF3 are pivotal references in general triplet
studies. In this regard, one may distinguish between triplets in r-space and triplets in
k-space: KS3 plays a central role in r-space [42-45,126,155,156], whereas JF3 plays it in
k-space because cjr3(r12,713,723) = 0[45,75]. The forms adopted by the KS3 and JF3 triplet
structure factors can be found in Reference [45], from which the case AV3 is a trivial mat-
ter (note that, for JF3, the SG3) formula reduces to the product of the three S2) factors in
Equation (15)). KS3 was derived in the context of classical statistical mechanics, while
JE3 was in the context of quantum statistical mechanics. Despite these different concep-
tual frameworks, these two closures have been applied to both classical and quantum
fluids indistinctly [30,31,36,41-45,58-64,126,155,156] (in relation to this, recent results for
fluids with quantum behavior show that AV3 performs very well as compared to KS3 or
JE3 [63,64]). As regards their behaviors under limiting conditions, note that KS3 and JF3 sat-
isfy the long range Equations (17b)—(17e); KS3 also satisfies the short-range Equation (17a),
whilst JF3 fails to describe this latter situation [155,156].

Other triplet closures are orientated towards k-space [45,70,127-129,133]. Among
them, the insightful Barrat-Hansen—Pastore (BHP3) closure deals with c3(r12,713,723) [45].
By starting from Equation (14a), the BHP3 closure introduces an auxiliary pair function #(r)
such that:

cprp3(r12,713,123) = H(r12)t(rq3)t(r23), (25a)
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which is fixed through the minimization of the following nonnegative functional:
8C2
O[t(r)] = /dr ap /dst t(|r— s|) ; T = constant. (25b)
N

To initiate the iterations, () (r1p) = hy(r1p) is the recommended choice [45]. The
Olt(r)] 5, which involves the value of the func-

9 (r)

0,
tional being minimized and the (squaredg np(l)anlT of the isothermal density derivative of
the pair direct correlation function, which serves as a reference. For the pertinent formal
details of this type of minimization, the reader is referred to Reference [45] (gradients), or to
References [49,59,60] (conjugate gradients). After fixing (r), the application of Fourier trans-

convergence is assessed via the quotient

forms to obtain cg’&P(kl,kz) yields the approximation Sg})ﬂ,(kl,kz) [45]. BHP3 satisfies
Equation (14) and has been applied to classical and quantum fluids [45,49,59-62,64,126-129].

Along the same k-line of thought, another example is the Denton—Ashcroft sym-
metrized approach (DAS3) [70], which can be cast as:

1
chns et ka) = = {cB) (i, ko) + ) (kb + ko) + e (o [l + k), (26)

in which the following definitions are to be used:

1 (1)//
¢ (1, 1) = m(c(2>(k1)c<2>’(1<2) +c® (kz)c(z)’(k1)> - (C<l)/)2c<2> (k1)c® (ky), (26b)
C
W =@ (k =0), (26¢)
, @) (k =
L (E)c (k 0)> , (26d)
JpN T
)
2k Loy = (20 (26e)
IPN T

DASS3 satisfies the key Equation (14b) only at k; = ko = 0, and has been applied to
classical and quantum fluids [59,70].

(iii) The validity of the closure-based approaches is to be established by comparison with
exact simulation results. On the one hand, closures at the pair level have proven their
value, as was mentioned earlier. On the other hand, there are missing traits when
triplets are described in terms of pair properties, and one would not expect much
success in utilizing closures for triplets. Nonetheless, the triplet results reveal that clo-
sures may capture salient features in both the r-space and the k-space. Therefore, their
usefulness as interpretive tools may be greater than imagined (see References [45,127]
for the classical domain and [63,64] for the quantum domain).

3.5. Other Theoretical Features

(i) There is another functional calculus way to obtain the formulation of the pair g»
Equation (3). Using the pairwise approach for the interactions between particles in the
fluid, this alternative is based on the functional derivative of InZ¢ with respect to the

variations in the interparticle potential u (r]-,) such that the first functional deriva-
tive dInZEc/du (r]-l> leads to g». If one iterates the procedure, the second functional

derivative 6’InZ¢ / ((5u (rjl)éu(rmn)) produces a highly intricate expression. Given

that no external field is considered, the usefulness of these formal manipulations
seems rather reduced. The reader is referred to Reference [6] for the derivation of g, in
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Eo(w,V,T)

the canonical ensemble. This issue will be reconsidered when analyzing the quantum
fluid instantaneous structures (Section 5).

(ii) An interesting relationship is obtained from the grand-canonical average of a func-
tion that depends on the particle coordinates, ®(q;, qy, ..., qy;- - -), (e.g., the n-point
density dynamical functions), and reads as [155,156,162]:

AN
A(%2), = e - ) (@) @)

For the two-point density & = ) ¢ (r]- —q)d(r; — q,), one arrives at an exact connec-
j#

tion between g, and g3 that can be cast as [30,36,155,156]:

olng, (r 12,713,723) 2
(2) g2(r12 / 85(r12, 113,723 2 (1_c@ —
SE= ( dpN ) 1 { 82(r2) 1} T ow (1-5%¢=0). o9

where g5(r12) > 0. This relationship may be useful for checking the consistency of the
results computed for g, and g3 or for testing approximate triplet closures. This latter issue
will also be discussed in connection with fluids with quantum behavior.

4. Basic Path Integral Concepts
4.1. PI Partition Functions

The starting point is the quantum grand-canonical partition function Eg, which for an
isolated quantum system composed of N identical particles, can be cast as [4,5,7]

= Lnso @P(BIN) Zn (N V, T) = ¥ exp(BuN) Tr{exp (- pH{M ) }, (29)

(N)

where Tr denotes the trace operation, H;; "’ is given by Equation (1), the mean number den-
sity is given again by p = (N)/V, and the other symbols retain the meanings seen earlier.

If attention is focused on monatomic fluids at low temperatures, such that exchange
interactions can be neglected, the partition function Eg for diffraction effects can be written
in the coordinate representation {r"} as [5,7]:

200 (1, V. T) = Lo @XP(BEN) Zni00 = Lgog SN [ 4o (o exp (g ) [, (30)

[1]

where drN = drydr;, . .. dry stands for the volume element of the N distinguishable particles,
and |rN > = |r1,1p,..., 1N ) is the configurational state-ket. Now, with the use of the path
integral approach (PI), Egp can be reduced to [7,9,11,79,82-84,86,89,95]

N
= 3 N P
op = 8pip = ZNzo exp(ByN)Z%\j]{QD =) NS0 ﬁ/ | Ij:l [T, drjt» x exp [—BWyp(rNP)], (31a)

in which every actual particlej (=1, 2, ..., N, ...) is transformed into a closed elastic necklace
jwith Pbeadslabeled t = 1,2, ..., P. Thus, one finds a PI-model system composed of N x P-
sized canonical ensembles, each ruled by an “effective potential” Wyp(rN*') depending

upon all the corresponding bead coordinates {r]t }, such that

WNp(rNP) = WNp(r%,rz,...,rf,r%,rz,...,rg,...,r}\,,rz ,...,ri,;[%,ﬁ,m). (31b)

The parameter ; is a generalized activity that reads as follows:

3P
3 = exp(Bu) (f) , (31c)
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which helps to identify the expression of the canonical lez]I op- A crucial step in PI work
is to give suitably operational forms to Wyp(rN") by resorting to propagator calculus. In
addition, the formal generalizations to tackle quantum exchange regimes rely heavily on
the basic development for distinguishable particles [4,7,9].

4.2. Sum over Histories and Propagators

The PI-P picture (31a) becomes exact in the limit P — oo (Trotter’s theoretical accu-
racy [9,143]), although one can find optimal finite p values that yield sufficiently precise and
accurate representations of the actual system. The optimal P is thus a compromise between
theoretical accuracy and statistical convergence for properties. All of this is related to the
design of (thermal) propagators that serve to build Wyp [7,9,80,86-89]. A brief explanation
of how the practical image of beads-and-necklaces arises is worth giving here.

The basic idea is to split the density matrix diagonal elements <rN ’exp(—,BHéN)) ’rN >

into, in general, a number X of factors involving operators exp(—,BH(gN) /X), and to employ

the completeness relationship in the coordinate representation [ dr™ [fV)(rN|=1. By
doing so, one obtains the exact convolution property [9]:

<erexp(—,BHéN)) }rN> = /drN'z...drN'X<rN'1‘exp(—,BH(()N)/X)|rN’2> ...<rN'X|exp(—,BHéN)/X)|rN’1>, (32)

which leads to the canonical partition function:

1 X
ZNoD = ﬁ/drN’1 . ..drN’XHTS)<erT

where T =1,2,..., X, dtNT = drjdry .. .drl, |fNT) =[r], 15, 1), [PN1) = [fV) and
the (*) in the product implies the cyclic property T +1 = X + 1 = 1. The thermal propagator
N,7+1

N

exp(—,BHéN)/X) |rN’T+1>, (33)

is the generic nonnegative matrix element <rN Tlexp (—ﬁHéN) /X)]| > [9], which clearly
corresponds to dealing with a density matrix at a higher temperature than the actual.

The whole process contained in Equations (32) and (33) can be visualized in an appeal-
ing way by resorting to the image of the periodic “motion” of the system in imaginary time
(period Bh) [4,145]. Thus, in Equation (32), the system may be viewed as if it “travelled”
from N to rV by following every possible broken path (in configuration space) defined by
the intermediate stages that can be associated with the equally spaced 7-“instants” in imagi-

nary time. Every particle j follows then a closed path (necklace), r} — 12 — ... — X — 1},

] ] ] ]
marked out by the 7-“instants” (beads). In the language of continuous paths (P — ),

one speaks of the basic interval [0, 7] for the motion in imaginary time to take place, and
there is the obvious equivalence 0 = B#, as is customary in every Fourier series analysis
(warning: this does not imply by any means that f = 0!). The partition function as given
in Equation (33) closes the situation by integrating over every possible starting point r’\'!
and, in this way, the “sum over histories” in imaginary time arises. It is easy to see that
there is equivalence among all the X imaginary-time instants 7 (translational invariance in
imaginary time).

To give operational forms to the propagator <rN'T|exp (— ,BH(()N) /X) |t 'T+l> one
needs approximations to tackle the problem posed by the nonzero commutator
[K]Ez), V(N )] # 0 [7,9,86-88]. In relation to this, several possibilities are available in
the PI literature. The accuracy attainable with the approximation Zy op ~ ZII\)]I op de-

pends strongly on the propagator selected and the X value employed (Zi{Q p is defined in
Equation (31)). For the purposes of this work, only a few guiding lines are to be commented
on, the reader being referred to the pertinent references cited below for complete details.
In the study of quantum many-body systems three main types of constructions for the
propagator stand out, which lead to: (i) the primitive propagator (PP), for which, conven-
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tionally, the number of beads is P = X and yields an accuracy O(P’Z) for ZK,I oD [4,7,9,65,85];
(ii) the fourth-order propagator (SCV]J), arising from the works by Suzuki [87], Chin [88],
and Voth et al. [89], for which the final number of beads P must be even (P = 2X) and
yields an accuracy O(P~*) for ZIIfJI oD’ and (iii) the pair actions (PA) based on the devel-
opments put forward by Ceperley [9] and by Cao and Berne (a specific PA for quantum
hard spheres, CBHSP) [86], for which the number of beads is P = X again, and there
is no systematic recipe for their Z}\DII p accuracies. It is useful to recall at this point that
another version of a fourth-order propagator, the Takahasi-Imada propagator [80,81], is
not very useful for computing correlations and structures [10,11,80]. Consequently, the PI
computational effort depends on the size of the optimal P value, which depends on the
propagator effectiveness, a property that varies from type to type. One may summarize
this issue by saying that: (a) although the primitive propagator is not well-suited in general
for carrying out computations because of its slow P-convergence [84,163,164], it contains

“all the physics” [9] and can be used for theoretical reasoning; and (b) pair actions appear

as the most efficient options since they require lower optimal p values, whereas high-order
propagator expressions (restricted to differentiable potentials) can be improved, seeking
to reduce P, in a systematic way. For early hard-sphere PA constructions and applications
based on Barker’s work [78], see References [84,163,164], and also see [11] for a general
discussion of this issue.

The Wyp expressions of the PP, CBHSP, and SCV] propagators are given in what
follows. Hereafter, the p value is assumed to be the optimal, and the (final) P beads are
numbered correlatively t = 1,2, ..., P. The three cases can be written as

Wnp = Wir + Wo + W3, (34)

where Wi is common to the three and can be cast as [4,7]
2
WlF (PP) = WlF (CBHSP) WlF (SCV] 2,82ﬁ2 2] 1 Zt 1 ( b — t+1) ’ (35)

with the (¥) implying the cyclic property t +1 = P + 1 = 1. This contribution arises from
the free particle behaviors, which, within PI, take the form of harmonic couplings between
adjacent beads in every necklace.

By assuming for simplicity pairwise interactions between the actual particles and

denoting the inter-necklace bead-bead distances by r]t.l = ., P, (the equal
t label is to be noticed), the contributions W, and W5 read as [7,9,66,86,89]:
(a) Primitive propagator
pp) = 1 " u(r 36
) = B Yict L 4 (36a)
W3 (PP) = 0. (36b)
(b) Cao-Berne propagator for quantum hard spheres (diameter o)
0if rt, > oys
jl
CBHSP Z]<l Zt 1 UHS ( ]l> {OO if T]t-l < oys’ (372)
OHs (r]t'l + r]t.l“ — UHS)
(CBHSP 1 H]<l Ht 1 [ rt'lrt'lJrl
VA

exp(—zrgi;(r]t-l —ous) (r ]tlH —0ops) (1+cos (r ]tlf t+1))> ] (37b)
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(©

W;5(SCV]) =

SCV] propagator

SCV] 3P Z]<l {Zodd t (r;l) + ZZevenft u(r;l) }’ (38a)

i) Y auir) |\’
]1 Z‘)dd*t 2]551 drt,l Nji +(1_lx)zeven7t Zj;él dr n]l ’ (38b)
]

t
where 'r];l = it is a unit vector, and the parameter is & € [0, 1], although, for a good deal of
J

applications, & = 1/3 is the recommended value [89] (in Equation (38) note that necessarily
u(rh) # s ()

4.3. The Classical Isomorphism, Bead Roles, and Notational Conventions

(i)

(ii)

(iii)
(iv)
)

The comparison of the quantum EZp; p given in Equation (31) with the classical E¢
given in Equation (2) leads to the so-called classical isomorphism [7,9,16], or more
properly, semi-classical isomorphism, due to the dependences shown in Equation (31b)
(see References [2,4,11,13,146,147] for the semiclassical approach forms). This fact
makes the PI computational study of quantum fluids amenable to using well-known
basic classical simulation techniques (MC and MD), such as path integral Monte Carlo
(PIMC) and path integral molecular dynamics (PIMD). The latter basic techniques
(and their variants) have become standard tools in modern quantum condensed mat-
ter research [9-11,18,19,21,22,37-40,58-66,78-106]. Naturally, there are unavoidable
differences between the classical and the PI developments and computations, since
the language of classical dynamical functions is radically different from that of quan-
tum operators [4,5]. However, as regards the studies of the structures of fluids with
quantum behavior, the relevance of such isomorphism runs deeper than one might
think at first sight [9,11,18,19,59,98].

The inter-necklace interactions are uniquely defined as averages involving equal
imaginary time t-bead interactions, which are connected to the diagonal character of
the potential energy operator V(N),

W3 (CBHSP) contains kinetic effects between consecutive imaginary times (beads) in
different necklaces.

The singularity of the uys potential (37a) in CBHSP prevents the numerical evaluation
of its derivative du s /dr for a given (“frozen”) configuration of necklaces [84,141,165].
An inspection of the PP, SCV], and CBHSP formulas indicates that, when using these
propagators, careful attention must be paid to the equivalence among the beads.
The point is that while there is full equivalence between all the N x P beads in PP
and CBHSP applications, such symmetry is broken when the use of SCV] is made.
The SCV] beads are classified into two groups, conventionally the odd-numbered
t=1,3,...,P—1,and the even-numbered f = 2,4, ..., P. In thermodynamic calcula-
tions the general roles played by the beads are as follows: the same in PP [7,9,79,85],
the same in CBHSP [9,86,141], but different in SCV] depending on the odd/even
group they belong to [66,89]. Moreover, for the current purposes of structural evalua-
tions, it is worth stressing that (a) in PP and CBHSP, all the beads play the same role
in the corresponding ensemble averages [9,11,84-86], whereas (b) in SCV], only the
odd-numbered beads are physically significant, thereby playing the same role in such
ensemble averages [11,89] (the even-numbered beads must be discarded). Technically,

these different traits arise from the use of a double-time step (i.e., Bh/ (g)) when

constructing SCVJ [87-89], instead of the usual single-time step (i.e., fA/P) applied
in the PP and CBHSP derivations (the reader is referred to the quoted references for
full details). These structural bead features will be formalized in Section 5.
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In order not to burden the notations, the conventions for structures followed in this
article are worth summarizing now. Given the optimal number of beads P per necklace:

- The three symbols for denoting beads are t, T, and t*, depending on the context.

- Label t runs over t = 1,2,3, ..., P, and is associated with every necklace ;.

- Label T runsover T =1,2,3,..., X, and is associated with every necklace j.

- Label t* runs over t* =1,2,3,..., NX, and serves the purpose of a whole renumber-
ing of all the structurally significant beads in a canonical sample, such that they are
associated with the necklacesas 7 =1,2,...,X,..., X(N—-1)+1,...,NX.

————

j=1 j=N

Depending on the propagator, the above conventions mean:

- For the PP and CBHSP propagators, in which X =P - 7=t=1,2,3,...,P, and
™=1,23,...,NP.

- For the SCV] propagator, in which X = g —-1t=123...,X=t=1,3,5,...,P—1,
and ™ =1,2,3,..., NX = the global picking of the odd-numbered t-beads in every
necklace (note that the even-numbered beads represent intermediate stages that fit
mathematically into the whole picture of P-membered necklaces).

4.4. Quantum Exchange Interactions

The situation gets much more complex when one deals with monatomic fluids in
which quantum exchange interactions cannot be neglected. For now, it is worthwhile to
remark that bosonic exchange can be successfully tackled with PI computations, as shown
about forty years ago by Ceperley and Pollock [83] and by others later [9,39,40,96,101,102].
However, the “sign problem” [105,106] made fermionic exchange remain out of the PI reach.
However, this situation has changed for the better very recently, thanks to the appealing
approach put forward by Filinov et al. using the Wigner extension of the usual PI formalism
(WPIMC) [103,104].

The intricacies of the exchange issue can be grasped by observing the form of the
canonical partition function for the general case of N particles, which are not only identical
but also indistinguishable, and all of them in the same spin state [4,9,105]:

1
ZN,Qexch.(N,V, T) = ﬁzsp/drN<rN‘exp(—[3HéN))‘prN>, (39)
I

where p runs over the N! permutations of the particles, §, = +1 for every g if there is
bosonic exchange, §,, = £1 if there is fermionic exchange, and such that +1 holds for even
p and —1 holds for odd g, and |prN > is defined as |pry, pr1y, ..., pry), which is meant
to denote the action of the permutation g on the ordered ket |1y, 1y, . .., ry), denoting the
position states of N distinguishable particles. As seen, a pure summation of nonnegative
terms arises from the bosonic case, whereas an alternating summation does from the
fermionic case. Accordingly, feasible calculations can be carried out for bosons since a
well-defined probability density is always involved. However, given the enormous size
that N! can reach, the same does not occur for fermions, for which large uncertainties
plague, in practice, PI direct calculations (it seems out of the question that one could have
access today to unlimited computational resources that would yield the exact answer to
the whole fermionic sum). In their WPIMC works, Filinov et al. overcome the “sign
problem” by treating the fermionic exchange determinant via a positive semidefinite Gram
determinant [166].

Some observations regarding Equation (39) are in order. (a) By keeping the identity per-
mutation alone, one retrieves the pure diffraction effects Zy, op as given in Equations (30)
and (31); this results in the non-classical Boltzmann statistics associated with Z}\’,{QD.

(b) Note that the presence of (N n-t guarantees the correct transition to the classical
partition function and also the access to thermal properties (free energies, entropy) [167];
this is a factor which must always be written when dealing with Zy op. (c) If more than one
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spin state were involved, the expression (39) would have to be generalized by including
every spin possibility [105,168].

The PI triplet structural issues of a zero-spin bosonic fluid will be addressed in Ap-
pendix A. However, this does not yet seem the time to enter a detailed discussion of the PI
fermionic fluid case, and the interested reader is referred to the following references for
basic information [103,104,169-174].

4.5. The PI-Centroid Variable

A particularly interesting PI quantity is the centroid variable Rcp;, which is
the necklace “center of mass” (all the necklaces are equivalent, and so are their
centroids) [4,18,19,145-147]. The corresponding definitions for the propagators discussed
above are the following [65,85,89,164]:

-1
Rew, = yr 1 r (PP CBHSP) (“0)
(P/Z) Zodd i¥;; (SCV])

This variable is of paramount importance in both the thermodynamic and the struc-
tural studies of fluids with quantum behavior. As regards equilibrium situations, one
may mention the structural relationships (OZ2!) with the equation of state [135,141], the
structural extension of the semi-classical isomorphism [11,59,135], the connections with
observable quantities and special situations [66,140,142,148-150], or the applications to deal
with quantum exchange interactions [135,137-139], as will be discussed later for the zero-
spin bosonic case in Appendix A. Furthermore, centroids are key to building interesting
approaches to quantum dynamics in condensed phases [18,19,37,38,98].

5. Theory of Equilibrium Quantum Fluid Triplet Structures Under Diffraction Effects

A homogeneous and isotropic quantum monatomic fluid is considered. Exchange in-
teractions are neglected, and the Hamiltonian H(()N) Equation (1) is selected. The correlation
functions and their associated structure factors can be grouped into three classes [7,9,11,89]:
centroids (CMn), total continuous linear response (TLRn), and instantaneous (ETn). Each
class is associated with the linear response from the fluid to an external weak field ¥. When
use of functional calculus techniques is made, a good deal of the developments for the CMn
class are parallel to that of the classical monatomic fluid, and the same may be said of the
TLRn class, though to a significantly lesser extent [7,11,59,135]. The ETn case has a different
nature; the functional techniques that can be applied to CMn and TLRn are inapplicable to
ETn, and this latter class is to be treated separately [3,6,9,89,140].

The grand-canonical partition function for the study of the CMn and TLRn classes
incorporates the action of ¥ and reads as follows [11,66]:

N)
201V, T3¥) = Lo S2EHN) /dr (P exp (~pHY - pEON) ), @)

where the operator ¥(N) is defined as ¥V ZJ 1 ¥(rj), and the full Hamiltonian

H(()N) +¥(N) is assumed to possess its corresponding structure of eigenstates. The key
point here is how to deal with the exponential of the sum of two non-commutative op-

N)

erators, i.e., [H(() ,‘Y(N )} # 0, which can be accomplished in the standard way via the

Baker—Campbell-Hausdorff formula [168]. For the current purposes, the density matrix
elements in Equation (41) are split into X steps and one applies the basic approximation:

exp(—}“é(H(()N) —|—‘I’(N))> ~ exp(—;;‘P(N)>exp<—iHéN)>exp<—2’[;‘I’(N)), (42)

which is accurate up to O(X~3) terms (as occurs in the PP propagator derivation). This
approximation leads to the partition function:
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Eop(Y) = Enzo %fﬂfz(f){drl\”@h“ eXp(—%HéN)) ’rN,T+l>}X
exp<_§zjl\i1 i T(ﬁ))

(43)

Note that ¥(N) is diagonal in the coordinate representation, and that, as usual in
the PI context, H(SN) + ¥ ), HéN), and YV are “self-adjoint operators and make sense
separately” [9], so Trotter’s limit X — co property is applicable. By observing Equation (43)
one notes that the nonnegative density matrix elements may be given the final PI propa-
gator form desired or needed for PI convergence reasons. In relation to this, notice that:
(a) functional derivations involving ¥ are independent of such form, (b) the linear response
from the fluid is characterized by functions in the limit ¥ — 0, and (c) the optimal value
for X can therefore be conveniently adapted. By recalling that, regardless of the propagator
employed, the final optimal number of beads in PI calculations is conventionally taken
as P, the latter remark (c) is unimportant for PP and CBHSP (or PAs in general), since
X = P. However, it turns out to be crucial for SCV] for which X = P/2, and the physi-
cally significant beads for structural purposes are just those contained in Equation (43):
t=12,3,...,X (note that Egp (¥) is the primary object that serves to define the structural
ensemble averages). As stressed earlier, such significant T beads are the odd-numbered ¢
ones when SCV] is fully developed and the intermediate beads completing the whole P-set
do arise, i.e., t =1,2,3,...,P—1,P[11,89]. Consequently, Eop (¥) can be approximated
by the general PI form [11,66]:

N .
Epip () = ZNZO %/ H]Iil Hf:l dr; X exp[—ﬁWNp(l‘NP)] ><exp<§2]l.\]1 Zf:l "P(l‘]r)> (44)

Now, it is worthwhile to point out that the action of the field expressed in Equation (44)
is consistent with a thermalized ¥-interaction, but not with a “sudden” interaction, such
as that of the radiation—atom elastic collisions. On the one hand, examples of the fields in
3-D space involved in Equation (44) are static continuous fields in r-space and continuous
fields in imaginary time, such as a gravitational field or the special case of a set of neutrons
thermalized with a fluid sample composed of zero-spin particles, as is the case of fluid
helium-4 [34]. Two comments here: (a) as known from general relativity, gravity is not a
force [175], but in nonrelativistic contexts gravitational effects may be described in terms
of a force field (with all due reservations regarding the intricacies of this very sensitive
topic); and (b) for the previous example of helium-4, the interaction between the field (i.e.,
the thermally delocalized neutrons) and the particles takes place in a continuous form
in Trotter’s limit X — oo, which is PI treated in (44) via the finite number of beads, P or
P/2. The classes CMn and TLRn are associated with these types of continuous ¥Y-fields.
On the other hand, examples of related fields not involved in Equation (44) correspond to
the elastic scattering of radiation experiments, e.g., neutrons for fluid helium-4, X-rays for
fluids helium-4, and helium-3 [6,32] (from a conceptual statistical mechanical point of view,
there is no difference between the static response functions to both radiation probes [6]).
Thus, within the framework set in Section 2.2, the inadequacy of the static picture related
to Equation (44) can be illustrated, for simplicity, by considering the interaction between a
neutron and a spinless particle, which is essentially given by the neutron—nucleus Fermi’s
potential (a Dirac-6) [6,27]: the (elastic) collision between an incoming neutron and a ther-
mally delocalized atom localizes the atom at just a position in the sample (the “collapse” by
the position measurement); afterwards the atom must delocalize again according to the
fluid equilibrium state. “Viewed” from the foregoing PI approach, the neutron—-atom colli-
sion should take place at the position of a given bead, which would imply the immediate
disappearance of the associated necklace distribution and its ensuing reappearance [11,176].
This quantum phenomenon cannot therefore be analyzed via the functional derivatives
of (44), which cannot cope with the disappearance/reappearance of the atom quantum
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thermal packet, and a full quantum time-dependent treatment is the way to understand
it [6]. Therefore, for the class ETn, which is associated with localizing ¥-fields, Equation (44)
is not appropriate (more about this in Sections 5.3 and 5.4). In sharp contrast, under classical
conditions the radiation-atom elastic collision phenomena pose no problems to the func-
tional derivations and their static linear response interpretation [5,6,153]. Now, a detailed
discussion of the three classes of equilibrium quantum structures follows.

5.1. The PI-Centroid CMn Class

This class behaves from the structural standpoint in the classical way. This is a
remarkable result that arises from the explicit consideration of a continuous weak field ¥
of constant strength, f = (f, fy, fz) acting on the fluid [19,37,59,89,135]:

N N N
IIr(P )= Z]’:l Yr (1) = Zj:l f;. (45)

The inclusion of this field leads to the general PI partition function [135]:

Zp1,0(¥F) ZN>O NI/H] 1Ht 1dr x exp[—pWyp(r"7)] xexp( Z] 127 1 ) - (46a)

N
ZNEO %/ H]Z\il Hle dr]t X exp [_ﬁWNP (I‘NPH ><exp (—IBZJI\Ll lIJF (RCM,j))r (46b)

where use of Equation (40) is made. For clarity reasons, it is convenient to rewrite the
previous formula as:

N
—_ P
Ep,p(Yr) = ZNzO %ﬂ/ [T—, dr™" x exp[—BWnp (£N7)] x

I—I dR; 5(R RCM] Xexp( ,BZ] 11F1: ) (47)

It is straightforward to show that the functional derivatives of InZp; p(¥F) are for-
mally identical to those of the classical case contained in Equations (8) and (9). Thus, one
finds up to the third order [11,61,135]:

OdInEp;p(¥r) (1)

_kpTRoPLDUTE) Ry; ¥r) = Dop (Ry; ¥ 4

BT 59 Ry mMRLYE) =Tem (Ry; ¥r), (48a)
6’InEp;p(¥r) Slcm (Ry; ¥p)
—kpT)? . —kpT—MUL T F)  Tean(Ry, Ry ¥r), 48b
(—kg )5‘FP(R1)5‘I’F(R2) B ¥ F(Ry) cm2(R1, Ro; ¥r) (48b)
53InEp;p(¥r) STcma(Ry, Ry; ¥)

—kgT)? . = —kgT ‘2 = Tems(Ry, Ry, Ry ¥ 48

(—kg )5‘I’F(R1)(S‘I’F(R2)§‘I’F(R3) B %7 (Rs) cm3(R1, Ry, R3; ¥r), (48¢)

where the inhomogeneities caused by Yr are reflected in the fluid centroid function-
als/properties I'cpr,. The CMn hierarchy can be obtained by iterating the procedure to
higher orders. As explained earlier in the classical case, if one makes ¥ = 0 on the
right-hand sides, the isolated fluid properties arise:

TCeam (Ry; YE) = Pg,)CM(Rv‘YP) — Pg\},)CM(Rl;‘YF =0) =pn, (49a)
Tema(Ry, Ro; ¥r) = T (Ry, Ro; ¥ = 0)= piema(Riz) + pnd(Ri —Ry),  (49b)
Fems(Ry, Ry, R3; ¥E) — Tems (R, Ry, R, ¥p = 0) =
ox18ems(Riz, Riz, Ro3) — hema (Riz) — hema(Riz) — hea (Ros) — 1]+
ox[hemz(R12) 8(Ry — Rg) + heaa (Ri3)8(Ry — Rp) + e (Ro3)(Ry — Rs)]+
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2
% g\l,)CM

1

PnO(R; — R3)6(Ra — R3), (49¢)
where R]l = |R] — Rl
hemz = gema — 1. Incidentally, note that the factor accompanying p3; may be abbrevi-
ated to hcps(R12, R13, Ro3) consistently with the subtraction from gcp3 of the asymptotic
behaviors. Note that Equations (49b) and (49¢) can be formulated in a concise manner
with the use of the spontaneous fluctuations of the centroid density (analogous with
Equations (9b) and (9¢)).

The formal expressions for the grand-canonical averages giving gcan and gcprs are
identical to those of the classical case Equations (3) and (4) (Figure 1):

, and use is made of the total pair correlation function of centroids

(R1,R2) = pRg ), (R1 R2) = pRigema(Riz) = (), §(Rem,j — R1)6(Remy — Ra)), 0)
pg\?;,)CM(leRZ/ R3) = P?\Igcz\/B(Rl/ Ry, R3) = P%\]gCMfi(Rer R13’ R23) -
(X 21mz O (Remj — R1)8(Repgs — Ro)I(Remm — Ra)).- (1)
6- helium-3
T=899K p, =0.0228718A"°
4 PIMC

—— CMS3 - centroid
—— ET3 - instantaneous

6
r/A

Figure 1. Helium-3 equilateral centroid gcps and instantaneous gprs3 correlations in r-
space at state point (8.99 K; 0.0228717687 A~3). Results obtained with PIMC canonical
simulation (Ng x P) = (1372 x22), with gpr3 improved with respect to Reference [64].
Representative error bars (one standard deviation) in the vicinity of the main maxima:
CM3 <r =335A;93 =5.821 + 0.018), ET3 <r =345 A;93 =2.637 + 0.003).

5.1.1. PI-Centroid Linear Response

By integrating (48b) and (48c) with the substitutions (49b) and (49¢) on the right-
hand sides and taking the Fourier transforms, the two- and three-body centroid response
functions arise as [11,59]:

00\ on (1Y) = —Bond¥r (k) S (k) (52a)
1 1 N .
S () = p*Nr(czzsxf(k"‘F =0)= qu]‘:l exp (ik-Rewmy) [*) — (27)°ond(k) = (52b)
1 +pN/dRexp(ik-R) (gea(R) — 1), (520)
0T (ke ks ¥r) & —Bpn0¥r (ky+hea) SCoy (K, ko), (53a)
1
Sem (ki ko) = prF&(kLkz;‘Yp =0) = (53b)

w7 (Eim D e o [i(1a-(Reag, — Remm) + Ko+ (Rews = Remm) ) |) = {0(k) — terms} = (530)
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W<Zj:l lel Zm:l exp [1 (kl'RCM,j + kZ'RCM,l — (kl + kZ)'RCM,m)] > — {(5(1() — terms}. (53d)

The same dependences on the moduli of the wavevectors (e.g., k = |k|), and similar
comments as those made in connection to the classical Equations (10) and (11), do apply here.
In particular, the 6(k)—terms are key to formulating completely S (CZIE/I(k) and S ((:3]\)/1(k1, ky),
and correspond to the especial situations (a) k = 0 and (b) k; = 0 and/or k; = 0, and

ki +ky = 0. Explicitly, the CM3 triplet structure factor can be cast as:

St ko) = 1+ pwy (WG (kr) + h3y (ko) + 53 (s +1a])) +

)
o (80, Ka) = iy (k) (270)°8 k1 + ko) — 3y (k2) (270)°3 (k) —

B (k) (271)°6 (1) — (276K ) (271)°0 (k2) ), (54)
where gged(kl, k;) stands for the Fourier transform of gcp3(R12, R13, Ro3), hg{d(kl) stands
for that of hcpp(R), ete. Given the analogies between the structural formulations for
quantum centroids and classical monatomic particles, it would be a significant step forward
if such parallelism could be extended to also include the OZn direct correlation function
schemes for centroids. This is indeed the case, as discussed in detail below [59,135].

5.1.2. PI-Centroid Direct Correlation Functions

There is the direct axiomatic way, consisting of checking that the OZn relationships
are satisfied in the classical domain by the set {c,} (see the insightful work by Lee [75]) are
also satisfied by a set of PI-centroid functions {ccpr, }, which is defined accordingly in the
same manner (see Reference [135] for OZ2). This procedure finds support in: (a) the formal
equivalence between the PI-centroid and the classical hierarchies arising from their partition
functions, and (b) the fact that the external field is switched off (¥ = 0) when deriving
the usual OZn equations [75], which serve to analyze the structures of the isolated fluid
equilibrium states. Nonetheless, it seems useful to obtain the centroid OZn equations via a
free-energy argument closely related to the standard procedures [177-181]. The reasoning
below expands, in a more comprehensive manner, the early theoretical sketch reported
in [59], and it hinges heavily on the external field of constant force ¥r as the cause for the
PI-centroid structures to show up. Recall that the PI-centroid (a “center-of-mass” variable)
is an auxiliary mathematical object which, as such, cannot interact with external fields in
an experimentally measurable direct way. Therefore, no claim can be made regarding any
general validity of the centroid OZn (¥) derivations under other weak external potentials
Y # ¥, as is usual in the general functional OZn-context of classical fluids. The following
development is an adaptation to PI-centroids of the procedure that can be found in Haymet
et al.’s insightful works [179-181].

(i) The starting point is the differential of the fluid energy:

dE = TdS — pdV + u6N + / dapV (q;¥r)5¥F(q), (55)
where S is the entropy, p is the pressure, pﬁ)(q; ¥Yr) is the one-body number density
distribution of actual particles, and 6¥r is a (constant) variation in the field acting on such
particles. The key point is that, under these conditions, Equation (55) can be rewritten in
terms of the centroids:

dE = TdS — pdV + usN + / dRo( (R, ¥7)5¥E(R), (56)
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because it so happens that

kT InEpy p(¥r) = /dqp(l) @ ¥r)5¥5(q /dRpNCM (R;¥r)5¥r(R).  (57)

Equation (57) can be obtained directly by integrating the functional derivative %

(see Equation (48a) and Section 5.2). However, at this point it seems better to consider
the role of the normalized thermal packet f;,;, representing a delocalized atom in the
inhomogeneous fluid. The function f;,;, is a probability density necessarily normalized
to unity:

[ dafunta—RR¥e) =1, (58)

where q(x,y, z) is the position vector of the atom, and R(Ry, Ry, R;) is the position vector
of the centroid. To grasp this concept, consider the simpler example of the homoge-
neous Gaussian thermal packet provided by the semiclassical Feynman-Hibbs picture
(GFH) [4,11,145,148,149]), in which a particle of mass m in a fluid is described as a thermal
packet of width #/+/12mkpT [4]. The corresponding f;,; may be visualized as a deforma-
tion of the Gaussian packet adopting the symmetry of the external field. The derivation
of Equation (57) uses the following facts: (a) the centroid is the “center of mass” of the

probability density f;,;, ; (b) the actual atom density pg\}) (q; ¥r) is obviously related to the

centroid density Pz(\})c v (R; ¥F) through a smearing out operation involving the inhomoge-
neous fi,; packet; and (c) the external force undergoes a constant variation (8fy, 8fy, 5fz).

The proof goes as follows (§ = q — R):
dqo\V(q;¥r)5¥r(q) = [ dq [ dRAE fiy (£ R ¥p)p\V, (R, ¥F)5¥E(q) 6(q— R — E) =
qoy’ (4, ¥F)8¥E(q) q finn (ER;YE)on cpm (R ¥F)8YF(q) 6(q )
[ R0y (R ¥r) [ dafim (a — RR¥r)5¥r(a) =
/dRpﬁl)CM(R;‘Pp)/dquh.(q— R;R;¥r) (x8fy + ydf, +28f.) =

/dRpg)CM (R; W) [Rydfx + Rydfy + Ro0f.] = /dsz(\},)CM(R;‘{’F)S‘I’F(R). (59)

(i) Following the steps in References [179-181], one defines an auxiliary energy via a
Legendre transformation:

U=E- / dRo(\,, (R ¥5)¥£(R), (60)

F=U-TS=—pV+ /dR(y — ¥ (R))p\ o (R ). (61)

and a Helmholtz free energy for the fluid in the form.

(iii) A discussion of the selection of reference ideal systems in classical and quantum
studies can be found in References [178-181]. This is a very important matter, for
the application of functional differentiation to the corresponding excess free en-
ergy will yield a hierarchy of direct correlation functions. The direct correlation
functions so obtained may or may not coincide with the usual for classical simple
fluids [75,151,152,177-181]. In the current case of PI-centroids, which are quantum
intermediate objects [4,11,18,19,145], given the classical-like form of the derivatives
of the grand-canonical potential, —pV = —kgTInEp; p (¥ ), with respect to the field
Yr given in Equation (48), the selection of the ideal Boltzmann system in the field ¥r
seems the appropriate choice. By doing so, a classical-like hierarchy of PI-centroid
direct correlation functions will be obtained. For the present structural purposes,
focused on the usual Ornstein—Zernike framework at ¥Yr = 0, this choice is going to
be rewarding. Therefore, the Boltzmann-system reference [177] yields [59]:
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Fia (Pg\ll,)CM(R;TF)) = / dRP%,)CM(R?TF),B {ln(/\B P%])CM(R; TF)) - 1}/ (62)

and the excess free energy Fys reads as:

~B(F = Fia) = ~BFers (PN e (Ri ¥r) ) = InZpip (¥r) + [ dRp[ )y (R ) %

{~Bu+BEr(R) +In (A} o (R ¥r)) — 11, (63)

(iv) The functional differentiation of F,ys leads to the hierarchy of the PI-centroid direct
correlation functions {ccp, } which, up to the third order, reads as follows:

(BF,
B gy g (Ry) (A ol (Re ) = con (Rupl oy (R r(R)), (64a)
) R;;Y
PN,CM( 1/ F)
52 Fexs dc Ry ¥
T ) SN Rl ¥).
SoncmRLYF)o0N (R YE)  Spy cpm(Ro; ¥r)
53 ]:exs dc R’R ;‘Y
@ ( (BFexs) = C](\Ai( L2 F):CCM3(R1/R2/R3;p§\},>CM"YF)' (64c)

‘SPI\},CM (Ry; TP)épA},)CM(RZ? TP)‘SPZ(\},)CM(RB:; Yr) 5PA11,CM(R3;TF)

Of particular interest is the pair function ccpp, which can be developed in the conve-

nient form:
(1) .
e _ teom(Rey¥p) _ S| Pnt BYr(R) +1n(Af o (Re¥e))|
cemz (R, Ro; e FF) = = —
/ (1) (1)
Soncm(R2; FF) opn.cm(Ro; ¥r)
1
5(B¥p(R1)) 1 ONemRuYr)  S(B¥p(R)) | 6(R, - Ro) )
1 1 1 1 1 ’
ooV R ¥r) L (Ri¥r) Ol (Roi¥r) 0oy (Ras¥r)  op\lly (Ry; ¥p)

where attention should be drawn to the inverse derivative M, which is perfectly

SoNcm (Ro;¥E)
consistent with the use of the grand-canonical ensemble, for density variations independent

of the external field can be made [152].

5.1.3. OZ2 and OZ3 Frameworks

The OZ2 framework for Pl-centroids arises in the usual way by applying the matrix
identity [5,152]:

/dR35pNCM Ri;¥r) 6(—BY:(R3)) = 5(R, — Ry). (66)

ﬁ‘PF R3>) 5p§\},)CM(R2’. “PP)

Inserting Equations (48b) and (65) into Equation (66), one arrives at the inhomogeneous
0Z2 equation in the field Yr (heopp (Yr) = geme(¥r) — 1) -

1
hema (R, Ro; ¥r) = coma(Re, Ry, W) + /dR3P§\1,)CM(R3}YP)hCM2(R1/Rs;‘fp)ccmz(R3/ Ry; ¥r), (67)
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which transforms into the conventional homogeneous version if the field is switched off
(T F = 0) :

hema(Ri2) = ceme(Ri2) + on / dRzhcpa (Riz)ccmz(Ras), (68)

By Fourier transforming Equation (68) and combining the result with Equation (52c),
the static pair structure factor for PI-centroids is:

-1
sE) = (1-pncl0) (69)

which is formally identical to the classical form Equation (13a). It can be demonstrated that
for the quantum fluid [135]:

2 2
2 N*) — (N)

Sk =0) = pnkpTxr = (NF) — ) ><N> , (70)

which is a result that should not be surprising, since the fluctuations in the number of
particles can be counted with the centroids. Therefore, the PI-centroid k = 0 component
fixed via cg 13/1(1( = 0) formally provides an exact way to obtain the equation of state of a
fluid with quantum diffraction behavior. As in the classical case, ccpa(R12) is expected
to decay effectively to zero within a short range of distances, which is indeed the case
and leads to highly accurate results in k-space [50,66]. In this connection, recall that direct
correlation functions generally show a tail in their decays [154], but its importance is

negligible beyond a certain cut off (see References [135,141] and Figure 2).

QHS 2, =06 p’ =0589 (a) 30- QHs 1,=06 p =0589 (b)
t E A 2.51 PIMG-g,() + 0Z2
PIMC-g (") + 022 201 CM2-R*,, =4.280
@ CM2R’, =2.913 — e ET2-RY,=2.877
*
o CM2 R*, =3.777 X 1.54
“ommm %
Z14 '
—— ET2 R*,, =2877 05,
2 .3 4 5 0 5 10 15 20 25 30 35 40
r K

Figure 2. Quantum hard-sphere fluid basic results at state point (A} = 0.6; pj = 0.589) on
the fluid side of the crystallization line [63,142]. Use of reduced units is made: r* = r/oyg and
k* = kogs (0 = hard-sphere diameter). (a) Pair direct correlation functions ccp and cgro, for
the centroid and instantaneous correlations, obtained by OZ2-treating the PIMC ¢, and gr7
canonical correlation functions (Ng x P) = (864 x 12). Shown are representative results for centroids
CM2 along the convergence region marked by the Rz zeros (from BDH + BHw /5-iterations, there
arise a total of fourteen Rz) [63,77,130,132]. For the instantaneous case ET2, only the largest Rz result
obtained with a single application of BDH is displayed. The different widths of the centroid ccppn
functions are intended to serve as a guide to the eye, and the vertical arrows mark the corresponding
(2)

Rz positions for CM2 (reduced numerical values in the box). (b) Centroid S, and instantaneous
S;SZT) pair structure factors at selected Rz values. Note the more pronounced centroid features.

At this point, and following Reference [45], it is worth introducing a new hierarchy
{Kcpm } arising from the functional derivatives of the total free energy F. As before,
the following formulas are limited to the third order, with the iteration to higher orders
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being straightforward. For brevity, detailed reference to the various dependencies of the
functionals are omitted in what follows. At first order one finds:

5(BF)
‘SP(A},)CM (Ry; ¥r)

Kemi(Ri; ¥)  0(Ry —Rp)

T
‘SP(A},)CM(RZ‘YF) P%],)CM(RU‘YF)

= By — BYr(R1) = Keann (Ry; ¥r) (71)

1
—ccm2 (R1,R2;P§\;,)CM,‘YF) = Kean(R1, Ry ¥r), (72)

K R, Ry, ¥ (R, —Ry)I(R;, — R
(5C(1M)2( 1RZ‘F - ( 1(1) 2)0(Ry 23)_CCM3(R1/R2zR3;P§\1]’)CM/\PF) = Kems(Ry, Ro, R3; ¥r). (73)
Pn.cu(Ra; ¥r) [PN,CM(Rl)lPF)}

where the terms containing & (R]- — R;) come from the ideal system contributions. In
Equation (71), one identifies the actual chemical potential i as the algebraic sum of the
external field and an intrinsic contribution, in agreement with the expected constancy of
the chemical potential in the presence of the external field [177,178].

The interest of the {Kcps, } hierarchy lies in the fact that, together with the hierarchy
{Tcmn}, they allow the OZn frameworks to be formulated in compact ways [45]. Thus,
0Z2 as given in Equation (67) can be cast as:

/dR3 Kema (Ry, R3; ¥r)Tema (R, R3; ¥F) = 6(R; — Ryp), (74)

which reduces to Equation (68) in the limit ¥ — 0. Furthermore, via functional differ-
entiation of Equation (74), one obtains the OZ3 framework. One of the four equivalent
0OZ3 equations can be derived by following References [45,75] closely. First, by taking the
functional derivative with respect to the one-particle density, a new identity arises:

1)
(U—/dlh Keav2(Ry, R3; YE)Temz (Ro, Ry ) =
5PN,cm(R4/‘"PF)
" oK R{,R3;Y g oI Ry, Rz, ¥
/dR C(Al/l)z( L3 F)FCMZ(Rers;‘YF)+/dR3KCM2(R1,R3;‘PP) C?f)z( 2Ry ¥r) =0, (75)
opn cm(Ra; ¥r) ' opnom(Ra ¥E)

Second, with application to ;r(%m of intermediate differentiation with respect to 6¥r,
PN,cM
and renumbering the particle labels, one arrives at the final form:

/ dR3 Keas(R1, Ry, Rg; )T opn (R, Ry, W)+

/dR3dR5 Keamz (Ro, R3; YE)Teama (Rs, Ry, Rs; ¥r)Keppn (Rs, Ry; ) =0, (76)

which, again, reduces to the homogeneous OZ3 equation in the limit ¥r — 0.

The triplet linear response function for PI-centroids of the homogeneous quantum
fluid (¥r = 0) arises from the Fourier transform of Equation (76) combined with the
definition given in Equation (53b). Thus, by noting that:

2 2
K&, (TS (k) =1, (772)

one finds the triplet structure factor:

KS), (ky, k)T (| (y + K)))
K& (kK S (ka)

onSEL k1, ) = T8, (i, Kep) = —

, (77b)



Quantum Rep. 2024, 6

595

Sk k) = G (kn)SEy (ko) SEy (I + 1) {1+ Pyl ko) }, - (770)

which is equivalent to Equation (54) but formulated in terms of direct correlation func-
tions [59], with all the advantages and problems associated with these objects commented
on earlier. In this connection, if the variations in the density are uniform, the general hierar-
chy {ccpn b sketched in Equation (64) takes the simpler and operative Baxter’s form [73].
In particular, the analogies to Equation (14) read as:

aCCMgE)leIQ) = /dR3cCM3(R1,R2,R3)}T = constant, (78a)
N

ac? (k=0
CMai,N)_ C(CZ’IQ/I (kll ky = 0)) T = constant. (78b)

5.1.4. Some Additional Relationships and Further Remarks

For the hierarchy {ccp, } the partition function Ep; p () leads to all the relationships
that are applicable in the classical context [75]. A straightforward calculation yields:

O*InEp;p(¥r)

1 1 1
00N ear (R1; ¥ E) 00N s (Res ¥r) - .. 60\ s (Rs; ¥

= —(S — 1)CCMS(R1,R2/- . .,RS;TP)—

1
/dRs+1 P%[)(Rs+1}‘YF)CCMs+l (Ri,Ry, ..., R;, R 1;¥F); 5 > 2, (79a)

which, at zero field, gives the corresponding centroid equations for the isolated quantum
fluid. Completing with the first-order derivative (s = 1), the first three of the related
equations read as:

oInE Y
u)LD(F) =1- PN/dchcmz(R1,Rz), (79b)
Son.cm (R ¥E) ¥p=0
S InEp;p(¥
0 . PI'D((l) F) = —ccm2(Ry, Rp) — PN/ dRsccms(R1, Ry, R3), (79¢)
opn.cm (R YE)opN cp(Ro; Fr) ¥p=0
S*InEp;p (¥
) (1r; rio(Yr) 1) = —2ccm3(Ry, Ry, R3) —
opn cm(R1; YE)SpN car(Ro; ¥ E)0p N cpr (R3; ¥F) ¥p=0
PN/dR4 ccma(R1, Ry, Rz, Ry). (79d)

Moreover, note the classical-like additional identities that hold in the PI-
centroid context:

InEpip(¥r) | / dRy o)y Ry ¥p) 2T (RD) (80a)
o) . N.CM ) .
5PN,CM(R1'TF) 5PN,CM(R11\PF)
SIn ZY 5 H (Pr)
QD _
dR,dR =0, ¥, £0, 80b
/ 2 ¥R (R)) Y F(Ry) P (80)
SInZY 5p (Yr)
0D _
IR, dRydR =0;¥p £0, 80c
[ RudRaRs s s ey = 0 e (80<)
S*InEp;p(Yr) 2
—sz/deR : — (N2) — (NV2 ¥y £0, 80d
(=kaT)” [ AR, S R ot (Ryy — V) N A (80d)
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S*InEp;p(Yr)
OYF(R1)0YF(R2)0YF(R3)

(—kBT)3/dR1dR2dR3 - <N3> - 3<N2><N> Ny £ 0, (80e)

where Z%\JII op(¥F) is the in-the-field PI canonical partition function, and the relations to
the number fluctuations are clearly displayed. These number fluctuations refer to the
in-the-field fluid; the formulas on the right-hand sides remain the same when ¥r = 0, but
obviously the meaning is not the same.

Finally, several remarks are in order. First, the quantum Hamiltonians HéN) + ‘I’I(:N)
defined by Equations (1) and (45) contain in their statistical-mechanical PI-centroid formu-
lation the conventional Ornstein—Zernike framework; this is an additional mathematical
property of this type of Hamiltonians [19]. In this connection, the formal OZn deriva-
tions applied in the classical domain and related to the bijective connection external

field<»equilibrium density [177,178,181-183] hold here for Y < pg\},)c - This is guar-
anteed by the form of the quantum partition function Equation (44), which is isomorphic
to its classical counterpart Equation (2). Second, note that there is no defined interparticle
potential v(R;;) between PI centroids (compare to the variational approximations arising
from the PI formalism [4,145-147], which yield versions of such a potential), but this is not
relevant to this discussion [177]. In this regard, nor is the fact that, under the same condi-
tions, two different densities are included in Equation (57), namely the true particle density
and the centroid density, because: (a) one is the actual and the other is an auxiliary quantity,
(b) each corresponds to a distinct object, and (c) both are intimately related (the situation is
analogous to a distribution of mass and the consideration of its center of gravity). Third,
to bring Section 5.1 to a close, note that the applicability of the classical OZn numerical
schemes to the quantum CMn class is perfectly possible and rewarding: (i) at the pair level,
0OZ2 (BDH + BHw) is a powerful way to fix the equations of state of fluids with quantum
behavior [50,66,135,141,142]; and (ii) at the triplet level, OZ3 applications were reported in
References [59,60,62,64], although their relative merits have not yet been assessed.

5.2. The PI Total Continuous Linear Response TLRn Class

For this class, the fluid undergoes a general external weak field ¥, which is continuous
either spatially or in imaginary time (no magnetic interactions are considered). The PI
partition function can be cast as [7,11,61]:

- B 3N N TP gt NP BN X .
=PI,D (‘F) - ZNZO ﬁ/ 1_[]':1 Ht:l rj X exp [_ABWNP (1‘ )] X exp (_XZ]':l ZT:] ‘F(I‘] )) : (81)
The functional derivatives for this model now can be cast as:

511’13131 D(‘Ij) (1)
—kpTX—-LLD\ ") ;Y), (82a)
B 51ij(q1) pNX(ql )

6%nZp; p (¥)
_ 2 PID _ NN ¢) N € I 1, .
(—kpTX) 5%(ay)0%(a0) Irrra(a1, 92 ¥) = pnx (a1, 92 ¥) — onx (a1 ¥) oy (az ¥) +
px(a;¥)s(a; — a), (82b)
5%1‘13[311)(‘1")
: =T 9293 F) =
0% (q1)0% (9,)0% () TLR3(d1, 92, 93; ¥)

3 2 1
0 (a1, 92, 95 F) — plex (q1, 4 ok (a3:F) —

p@(ql, qg;‘l’)p%(qz;‘f) - p@(qz, qg;‘P)p%(ql;‘I’H

2\ (ar; ‘I’)Pﬁ%(qz;‘l’)p%(%; )+

pﬁ%(qpqz:‘l’ﬁ(ql —q3) — Pﬁ%(ql;%ﬁ%(qy‘l’)é(ql —q3)+

(—kpTX)?
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08 (a1, a5 ¥)6(q3 — @) — PNk (@ TNk (a5 F)3(qs — )+

08 (42, a5 F)6(q — a1) — PNk (@ TNk (a5 F)3(qn — q;)+
PS%{(‘MT)‘S(% —q3)0(qy — q3)- (82¢)

In the foregoing formulas, a vector q; stands for the position vector of a structurally
significant bead in the grand-canonical sample (i.e., q; is any of the 7).

Recall that, for structural evaluations, each canonical ensemble has NX significant
particles, and that X is held fixed throughout the grand-canonical ensemble. Therefore, by
following the standard procedures [2,11,61], one sets the definitions:

(1)

pnx (i Y) = (Xon)Grrri(as; ), (83a)
pex (a1, a4 ¥) = (Xpn)? Grire(ay, 40,5 Y), (83b)
Pox (a1, 4, a5 ¥) = (Xpn)® Grors(drdp, a3 %) (83¢)

and obtains the relationships:

SIn ZY o (YY)
/d‘h A

U ria )t = TP (83d)
531nZ§{QD(‘P) N
] dandatas s oty = YO (8%)
Ing
(~ksT)? [ dayd 2% = (N) = (N)};, ¥ #£0, (83f)
3 531n3p[,D(‘P) _ 3\ 2 3.
(—ksT) / a9 s S0t s = (N°) = 3N (N) +2(N)”; ¥ #0, (83g)

where the number fluctuations refer to the in-the-field fluid. The formulas on the right-hand
sides remain the same when ¥ = 0, although the meaning is therefore not the same.

The linear response cases in this case arise by making ¥ = 0 on the right-hand sides
of Equation (82). In r-space, this can be summarized in the following equations [61]:

o pOErp(Y) )y oy
kBT (S‘P(ql) ~ pN (ql,‘P = 0) = PN, (843.)
50V (qy; 1 5(qy —
kBTW ~ ﬁrTLRz(Chr‘hFT =0) = p%\I(GTLRZ(qlqu) -1) +PN(q2qu)' (84b)

Olrrra(q1, 9 F) 1 -
kT 0¥ (qs) X3FTLR3(q1/q2/CI3/ =0)=

o [Grirs(a1, 92, 93) — Grrre (91, 92) — Grira(d1,93) — Grire (9o, q3) + 2]+

1
gP%\I[(GTLRZ(Ch/‘Iz) —1)6(q; — q3) + (Grrr2(q1,93) — 1)0(q3 — qp) +

1
(Grir2(d2, 95) = 1)d(q2 — q1)] + 52PN0(q1 — 43)0(q2 — q3), (840)

where it is important to note the role played by X in Equation (84). Equations (84b) and (84c)
can be formulated in concise forms with Equation (82) and the spontaneous fluctuations of
the bead density at the two- and three-body levels, respectively.
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For notational simplicity, by 7" —arranging correlatively the NX beads present in each
canonical ensemble, the pair Gt gy and triplet Grpr3 correlation functions are defined by
the ensemble averages [61]:

1 ' .
PNGTLR2 (G, @) = PNGTLR2(112) = 55 (Yo (8 = @1)3(r™ —qp)),  (852)

PNGTLR3 (A1, Ao, 93) = PNGTLR3 (P12, 113, 723) =

1 * * %
ﬁ<zrﬁéf;¢r§7&q o(r"t — qp)d(r2 — qp)d(r —q3)). (85b)

Note that the correlations between beads include both equal and different imaginary
times. The foregoing averages (85a)—(85b) can be split into actual atom components: one-
particle, two-particle, and three-particle. In this regard, (a) for Grp gy, the bead-bead pair
correlations can correspond to beads in the same necklace (one-atom self-correlations ssc 2)
or to beads in different necklaces (two-atom correlations grr2) [11}:

Grrr2(q1,92) = ssc12(r12) + §Lr2(r12); (86a)

and (b) for Grrr3, the bead-bead-bead triplet correlations can correspond to three beads
in the same necklace (one-atom self-correlations sgcj 3), two beads in the same necklace
and the third in another necklace (mixture of one-atom self-correlations and two-atom
correlations X1 ry3), and the three beads in different necklaces (three-atom correlations
QIR3). At the triplet level this can be cast as [11,61]:

Grir3(q1, 92, 93) = Ssc1,3(A1, 92, 93) + ZLr2,3(A1, 92/93) + ZLR2,3(q1, 93]90) +

Zrr23(92, 93 "h) + 8rr3 (91, 90/ c13,) (86b)

where, for clarity reasons, the vector notation and vertical bars to separate necklaces in the
2. cases are used.

The pair and triplet static structure factors arise from Equations (84b) and (84c) via the
Fourier transform process explained earlier. They can be cast as [11,59-61]:

) X 2
2 2 e
SPR) = TR I ¥ =0) = (| Y exp(iler®)| ) — (27)°pnd(k) =
PN (N)X22| &
T =1
1 .
x T PN/ dr exp(ik-r) (Grrra(r) — 1), (87a)
3 1.3
Stk ke) = p*NT(TL)R(kLkz;‘Y =0)=
1 NX v NX vNX . : * :
X <ZT]*:1 1 2ir; —1 OXP {z (kl-rrl +kot — (kg + k2)~r13)}> —{d(k) — terms}, (87b)
which, in expanded form, can be written as:
SO (ko) = — + PN [ ik ik (K, + K G —1
rir(kike) = < + 57 [ dr{exp(ikir) +exp (ikyr) +exp(i(ky + ko)1) HCrrra(r) — 1)

+o (S§3c)1 (1, o) + 817 (K1, ko) + Zfs (Ko ko) + Ty (I + ko Ka) + Ty (o, ey + kz))
0% (27)%8(ke) [ dr{explilr 1)} Grira(r) 1)
0% (2701 ) [ dr{explilet)} (Grira(r) 1)
0% (27)%6(k1 + ko) [ dr{exp(ikin)} (Grira(r) ~ 1)
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0k (27)°0(k1 ) (27)6 (1 ). (87¢)

More information about these structural functions in the r- and the k-spaces can be
found in works by this author [11,50,58-61,66].

The fixing of the Gt r2 and Grpr3 spatial structures can be accomplished with PIMC
or PIMD simulations. Note that their computations scale as X2 and X5, respectively, which
makes Gty r3 a demanding task. To date, these calculations have focused on full evaluations
of Grrre [11,50,66], but only on restricted evaluations of Grrr3 covering equilateral and
isosceles features of the three-particle part g;r3 of quantum hard spheres [58]. As for

the structure factors S(TZL) r(k)and S <TSL) r(ki1, ko), the PIMC/PIMD situation regarding the
X-scaling is similar but further aggravated by the necessity to scan sets of commensurate
wavevectors and, also, by the drawbacks associated with the low-k regions. Again, a

@)

significant part of Sy, not very close to k = 0, can be determined with reasonable PI
simulation effort [50]. Nonetheless, the simulations of S(T3L)R over a significant range of
wavevectors, excluding obviously the unattainable k; = 0 and/or ky, = 0, and k; = —k;,

remain daunting (at least for most researchers).

0OZ2 and OZ3 Frameworks

In view of the present-day Pl-simulation difficulties in obtaining even restricted
descriptions of the structure factors TLR2 and (above all) TLR3, one might think of resorting
to direct correlation functions. However, the delocalization of quantum particles brings
about several complications if one tries to construct OZn frameworks by following classical-
like ways. A couple of examples will suffice to illustrate this knotty issue. Firstly, just at
the pair level, one can consider Haymet et al.’s approach [179-181]. Here, the pair part
of the TLR2 case Equation (87a), which depends only on g7 r» and is normalized to unity
for large wavevectors (see below), was the object of interest as applied to freezing in fluid
helium-4 [181]. Broadly speaking, some of the main features are (a) the ideal system was

defined as the Feynman ideal system; (b) the direct use of inverse derivatives ‘S%rl) led to

SN (r2)
a need for effective particle masses in the ideal system to deal with the self-correlations,

though this measure could not be implemented under diminishing temperatures; and
(c) in the end, a generalized OZ2 framework was obtained, but “effective” structure factors
had to be defined, and unnatural amplifications in that pair part of TLR2 were detected for
large wavevectors k. Secondly, another generalized OZ2 framework is that put forward by
Shinoda et al. [184,185], in which the time-honored molecular approach RISM [7,76] was
adapted to tackling the PI-model of a fluid with quantum behavior, as if it were a classical
molecular fluid (RISM = reference interaction site model). This approach also focused
on the same pair part of TLR2 mentioned above, and self interactions did appear when
working the related OZ2 scheme arising from RISM (i.e., a given particle “interacts” with
itself at different imaginary times). Accordingly, further approaches to cope with this fact
of the model were to be taken.

At this juncture, the following two observations may be useful to help grasp the
difficulties in this context. (i) First, a simple exercise. By assuming that for the TLR2
unrestricted bead-bead correlations, one might define a direct correlation function in the
conventional manner [5]:

-1
crire(qy, 9 ¥) = S(BX""¥(q1))

6(q; — q0) (88)

7

_|_
So\k(ay¥)  pNk(ai¥)
it is straightforward to check the strange S(TZL) r behavior that the application of an identity
analogous to (66) would yield with increasing X. As in the two foregoing approaches, one
can rederive the classical OZ2 equation for X = 1, but the expression for the Trotter limit
X — oo turns out to be meaningless. (ii) Second, a mathematical fact. Note that most of
the OZ2 frameworks (e.g., Percus—Yevick, hypernetted chain, and their variants [74,76]) are
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formulated with reference to interatomic potentials u (rjl). The point is that the potential

energy operators VIN)(11,15,...,1y) are diagonal in the coordinate representation, which
means that beads do interact via u(rj) if and only if they belong to different necklaces
and are at the same imaginary time step (e.g., as shown in Equations (36a), (37a), and
(38)). Hence, there cannot be any particle self interactions in the PI context associated with
HM + ¥,

The approximation proposed by the present author to deal with S(TZL)R consists in
separating the intra-necklace bead-bead correlations from the inter-necklace bead-bead
correlations and directly applying the classical OZ2 framework to the latter (the pair part
mentioned above) [186]. This (lucky) choice found some support in the applicability of
this procedure to the GFH picture of fluids with (weak) quantum behavior [11,148,149,186].
This approach can be summarized as follows:

1 . )
STiR(k) = % +PN/ drsscra(r)exp(ik-r) +PN/ dr(grry (r) = 1)exp(ikr) = (89a)

FR (k) + (5(513 (k) — 1), (89b)

where Fﬁg (k) is defined by the first two terms in Equation (89a), being a sort of “form

factor” for the one-particle thermal packet, and S (Lng (k) adopts the well-known classical
form associated with the overall inter-necklace correlations g r> (7). The self-correlations

do not contribute to the isothermal compressibility of the fluid (i.e., the k = 0 component),
which can also be formulated in the usual way only with SgR)(k) [135]. Application to
Qrr2 (1) of the standard OZ2 Equation (12), which defines its associated cy gy (7), yields,
after Fourier transforming:

) (k) ~ FEY ) 4 —PNLR0) (90a)
TLR\K) =~ 1R . ch(Z) (k)'
LR

where one notes that F&) (k) admits approximate analytical representations [136,186], a
very useful one being that derived within the GFH picture [136].

6m h?k?
FLR(0) ~ Foin(®) = g [1 —exp (/3 — )] (90b)

One way or another, quantum approximations that involve classical ¢, () schemes pro-
vide this context with reasonable alternatives to handle k-space difficulties [50,179,184,186],
although their corresponding ranges of validity are to be analyzed a posteriori. Surprisingly,
for the approximation given by Equation (90a), such a range turns out to exceed expecta-
tions, since even under very strong diffraction effects the comparisons with experiment
and PI-simulations are excellent. In this respect, at T = 4.2 K, for supercritical helium-3
and for normal liquid helium-4 at and near SVP (saturated vapor pressure) conditions,
the TLR2 results based on OZ2(BDH+BHw) were found to be almost indistinguishable
from those obtained via PIMC, and/or very close to experiment [34,50,176,187]. Under
diffraction effects and at the pair level, the conclusion when conducting OZ2 treatments
is clear: the intra- and inter-necklace bead-bead correlations can be separated safely for
most practical purposes. Two more observations: (a) with increasing quantum effects, the
very low-k region may be affected by the OZ2 approximations used (see Section 5.4); and
(b) when exchange interactions are not negligible, this sort of bead-bead separation cannot
be applied.

So far, to this author’s knowledge, no related OZ3 schemes have been reported for
TLR3. The intricacy of these triplet features is certainly greater than at the pair level. In
relation to this, one notes that the straightforward procedure followed in the pair linear



Quantum Rep. 2024, 6

601

response structures, Equations (86a), (89) and (90), cannot be used in the functions leading

to S(T3L)R, as shown in Equations (86b) and (87c). (gccordingly, whether this type of OZ

idea might be fruitful when studying the triplet S}/, remains to be investigated. The use
of approximations, extending those in Equation (90), for treating the terms displayed in
Equation (86b) will be necessary.

5.3. The PI Instantaneous ETn Class

This last class is not amenable to being treated with functional derivatives involving
an external weak field because of the collapse of the thermal packet under an instantaneous
localization process. To obtain the definitions of the related pair correlation function
80,eT2(r) and its associated structure factor S (Qz )ET(k), which are in many ways analogues
to their classical counterparts, the standard quantum reasoning is based on the study of
(a) neutron scattering, with the time-dependent treatment using Born’s approximation

and Fermi’s potential, plus the elastic sum rule applied to the dynamic structure factor
Séy " (k, w) [6,27,33]; or (b) the elastic scattering of X-rays, plus the consideration only of the
pair coherent part associated with the nuclei (i.e., the single-atom actual form factor due to
the electrons is dealt with separately) [6,32]. For the diffraction quantum effects the final
expressions are [3,6,9,11]:

S(QZET ZEQXP ik-(r; —11))) — (270) N (k) =

] 11=1
1+ pN/ dr exp(ik-r) (g em2(r) — 1), (91)
p%\IgQ,ETZ(r) = <Z]¢z 6(rj —qp)0(r; — qp)), (92)

where the ensemble averages refer to Eg Equation (29), both being formally equivalent
to the classical definitions (r = |q; — q,|). The latter remark implies that both quantum
averages reduce to the usual formulas in the classical limit. Explicitly, the pair correlations
are defined via the ensemble average:

PNgQETZ( E ZN>oeﬁH T”{eXP( 13 ) Zj#l(s(rj*qlw(rl*%)}/ (93)

and the PI approach gives:

p%\]gQ,ETz( r) &~ PNgETz ZN>0 NI /H] 1Ht 1dr x exp(—BWnp) X

(;1(2]-# Y007~ a0) 00T~ a2), o

or, in compact form

PRser(r) = (5 Zﬁéz ZT 1005 — q1)o(r] —qy)), (95a)

where the selection of the structurally significant (and equivalent) equal T-time beads is
to be highlighted; this is the distinctive trait of the ETn class. Likewise, the instantaneous
structure factor can be calculated within PI as [9,11]:

N N X

S0~ SE 0 = 1 (1) Y exp (e (5] 1) )) — (2m)pnsl10) =

]1111’1
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1+ o [ drexpliker) (gera(r) —1) (93b)

It is a simple matter to extend the formulation for the instantaneous triplets in r-space,
the PI average being (Figure 3):

1 X T T T
P?\]gETg,(rlZ/ 13, 1’23) = <Yzj7él#m7fj 21:1 5(1']' - q])é(rl - qzé(rm - CI3))>- (96)

helium-3 (a) helium-3 (b)
3 T=421K p,=0.0025A"° 3.04 T=421K p, =0.0025A"°

= ——g,,(rr0 - PIMC
S 2 — - PIMC+0Z2 w 20 g, ,-asympt.
= Lo " r=395A =
g £ 15
B 5
2 % 10]
& 0.5
(@]
0 T T T | 0.0 T T T .
3 6 9 12 0 5 10 15 20
riA s/A

Figure 3. Helium-3 instantaneous correlation function grr, at state point (4.21 K; 0.0025 A-3)
obtained through PIMC canonical simulations (Ng x P) = (1372 x 66). (a) Pair grr, and equi-
lateral ggr3, arising from PIMC plus OZ2 (BDH+BHw/5-iterations) [50,77,130,132] and only
PIMC, respectively. Notice that the long-range behaviors tend towards unity with increasing r.
Representative PIMC errors bars (one standard deviation) in the vicinity of the main maxima:
ET3 (r =395A; g3 =2705+ 0.021> and ET2 <r =3.95A; g =139+ 0.002), the OZ2 corrected re-
sult for the latter height being 1.396. (b) Isosceles grT3 at selected r-slices. Notice that the long-range
behaviors tend towards the pair values at each r value with increasing s (recall the canonical O(%)
effect on the structures).

The spontaneous fluctuations in the density at the pair and the triplet levels
can be expressed by formulas involving Egp Equation (30), analogous to the classical
Equations (9b)—(9¢):

Toer(a, 9y ¥ =0) = (L, 605 —a1) —pn) (L, 6 — ) —pn)),  (97a)
Lo Era(d1, 92,93 =0) =
<(2]111 6(rj —ay) —pn) (Zf\; 6(r; — qp) — pN) (2::1 5(tm —q3) —pPN) )- (97b)

and, therefore, the actual and PI definitions of the pair and triplet instantaneous
structure factors can be written as:

@ gy L@ g ~c@ay L@y
Sger() = o -TGkr(6¥ = 0) oy ~ 83K = ~TEH (6 ¥ =0), (98a)
1 1
SO r (ki ko) = p—NFS,)ET(kl,kZ;‘Y =0) >~ 58 (ky, k) = p—NFST)(kl,kz;‘{’ =0). (98b)

Once again, this definition of the triplet structure factor is very convenient since it
reduces to the classical formulation when neglecting quantum effects [3]. For completeness,
note that within PI one finds the explicit triplet formulas [59]:

Ter3(dy, 92,93 Y = 0) =

(L LD 605 — @) — on) (K0 60T — @) — pw) (L, 6(0% — as) —pn) } ), (99)
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Sep (ki ko) =

1
(N)X

<Z]I\i1 Zfil Zzzl Zle exp (i(kl-rf +korf — (k1 + k2)'rfn))> — {4(k) — terms}

(100)

Some related remarks are the following. (a) From the simulation standpoint: note
that the ETn structural computations scale as X, which makes them more expensive than
those of the classical case (X = 1), but far less expensive than those of TLRn, which scale
as X3, as shown in Equation (87b). (b) The development of Equation (100) is formally the
same as that of the classical case or, equivalently, that of the PI centroids given in Equation
(54), where one only has to substitute the CMn quantities for the ETn ones. (c) As stressed
earlier, there is a full formal equivalence among the Cn, CMn, and ETn basic formulations
of the isolated fluid quantities in r-space and k-space {g,, S"}.

5.3.1. OZ2 and OZ3 Frameworks

At this stage of the presentation, it is clear that no exact OZn frameworks are avail-
able for analyzing the structural functions of the ETn class. However, as occurred in the
TLRn class, the adoption of classical schemes/ideas, either such as [3] or modified [74],
seems unavoidable if one tries to use the device of direct correlation functions. In this
regard, and again based on the applicability of the classical-OZn to the Pl-based variational
pictures [11,148-150,186], there was nothing to lose by trying the direct use of the classical
0OZ2 and OZ3 schemes. It goes without saying that the OZ2(BDH+BHw) results were be-
yond expectations. Thus, under very strong quantum diffraction effects (e.g., helium-4 and
helium-3 fluids at T ~ 4.2 K), the overall agreement with experiment and PI simulation was
excellent [32,33,50,59,176,187], the very low-k region being the most sensitive to this approx-
imation (see Section 5.4). As regards OZ3, applications of the classical scheme have been
made to helium-3 [59,64], the quantum hard sphere fluid (bare of Yukawa attractions) [60],
and liquid parahydrogen [61,62], but no full tests of validity have been conducted.

The two basic equations here are the adaptations of the classical Equations (13) and
(15), i.e., formally the same as in CMn, although now they are approximations:

-1
55527)"(1() ~ (1 - PNCEEZT) (k)) , (101a)
SE e, k) ~ S (k)SE S E (a +la) {1+ el k), (01b)

(3)

where the direct correlation functions CSSZT) and cy; are introduced as arising from the
standard OZ2 and OZ3 classical procedures (Figures 4 and 5).

helium-3 , (a) helium-3 . (b)
24 T=42K p =0.0228671A 2- T=42K p =00228671A
a () ()
3 -2 2]
% =2 ’U? 44 ’
t 6] .. 2 6
2 c_.(rrr) - BHP3 = o (r=2Ass)
-84 ET3 e 8 L 1A
£ cesesec_ (1) - OZ2 0 Cers(r = 1A5.3)
‘. -104 Er2 -101 ——c(r=0As;s)
& -12] 212
-14 : : \ 14 : , ,
0 2 4 6 0 4
r/A s/A

Figure 4. Helium-3 instantaneous direct correlation function cgr, at state point (4.2 K; 0.02286713 A‘3)
obtained with OZ2 and OZ3 procedures applied to PIMC (Ns x P) = (1024 x 66) grr»—canonical
data. (a) Pair cp and equilateral cgr3, arising from OZ2(BDH+BHw /5-iterations) [50,77,130,132]
and OZ3(BHP3) [45,64], respectively. Notice the more rapid evolution of triplets towards zero with
increasing r. (b) Isosceles cpr3 at selected r-slices.
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Figure 5. Helium-3 equilateral components of several determinations of the instantaneous triplet
structure factor SE‘:S]Z at state point (4.2 K; 0.02286713 A‘s). Density-dependent intermediate data
calculated in connection with Reference [50] (such sets of numerical data were not reported).
(a) Results obtained with PIMC (Ng x P) = (128 x 66) in the canonical ensemble and
OZ3(BHP3) [45,64]. To be remarked: the PIMC and BHP3 negative values for k < 1AL,
the double-zero component —0.021 fixed via the (classical) sum rule Equation (14b); and the
small PIMC error bars (one standard deviation), the greater being near the main amplitude
(k —200A1;5%) — 1938 + 0.034). (b) Results obtained with PIMC (Ns x P) = (128 x 66) and
closures JF3 [45,64] and DAS3 [70]. Notice the positiveness of the whole behavior of JF3 and the very
reduced negative behavior of DAS3 near the origin (k < 0.3 A~1), at which it is also —0.021.

5.3.2. An ETn Functional Digression

Before going any further, it is worthwhile to remark that there is a functional approach
to the ET2 correlation function [6,140]. The point is that, by focusing on the variations of
the partition function 6Zp; p with respect to the variations in the interparticle potential
ou (r]t.l), one obtains an expression in which the correlation function ggr, shows up. The
general usefulness of this development seems scarce because there is no response from the
fluid to an external field. However, for completeness, it is noticeable that one can obtain
useful relations at the pair level involving both the ET2 and the CM2 structures [140]. To
simplify the following discussion, only the PP propagator is used in what follows.

The PP grand-canonical partition function for the homogeneous and isotropic fluid
can be cast as [7,95]:

Zp1,0(PP) ZN>O N;/H] 1Hz 1dr x exp [—pWip — 2]<1 Zt 1 tl ], 02

A straightforward calculation yields the related first functional derivative:

51nEp[,D(PP) 1% 2 V _ . .
W 2 Pg\])ET(Chf Q@) = > p%\]gETz(rlz), (r12 = !, equal-time distance), (103)

which is formally identical to the classical or to the PI-ET2 counterpart in the canonical
ensembles that can be found in [6] and [140], respectively.

As regards the extensions to higher orders, the situation is rather inconclusive. To
obtain a feeling of the drawbacks posed by this type of formulation, it seems instructive to
consider the development of 6>Zp; p (PP):

1 o
W(PP)& Epp(PP) = Epro( pp ZN>O Nu/H] 1Ht 1dr x exp(—pWnp)x

(_> {Lct Lo Y1 Yo oulr)ou(rh,) ), (104)

the main problem being that different imaginary times are mixed. One might even think
of extracting artificially equal imaginary time quantities by “tinkering” with the ¢t-sums,
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@) (kg = 0,ky = 0) =

but these manipulations are of no interest to ET correlations. Furthermore, beyond the
pair level expressed in Equation (103), these derivatives become increasingly entangled.
Although the latter might be related to spontaneous effects within the quantum fluid, they
seem to be of no use for the current study of static quantum fluid structures.

5.4. A Joint Consideration of CMn, TLRn, and ETn

(i) Apart from the general consideration that the three quantum classes of linear response
functions are directly related to different forms of density-correlation functions in the
isolated fluid (as in the classical case), there are some properties exactly shared by
the three classes. These properties obviously belong to the isolated quantum fluid
and can be identified at zero-field, ¥ = Yr = 0. A most interesting case arises for the
structure factors at zero momentum transfer(s) (k = 0), because the distinct response
functions of the (isolated) fluid must take the same value regardless of the pair, or the
triplet, structure considered.

At the pair level, there is the extended compressibility theorem [135] that states:

N2) — (N)?
= S,ng)(k =0) = S(TZL)R(k =0) = S(Lzlg (k =0) = pnkpTxT = M e (0), (105)

(N)

It is worth remarking that the foregoing exact result can be distorted when classical-
like OZ2 calculations with ET2 and LR2 are carried out. On the one hand, the discrep-
ancies from the OZ2-CM2 exact xT estimate remain, in general, controlled and do not
alter the overall representation of the k-space structures determined. On the other hand,
the importance of the disagreement may be a matter when analyzing in certain cases
(e.g., near changes of phase), as both the density and the temperature play roles in this
issue [50,66,135,141,142,186].

The generalization of Equation (105) to the triplet level, involving the double-zero
momentum transfer, reads as [61]:

58) (kg =0,k = 0) = S (I = 0,k = 0) = S (1g = 0,ky = 0) = 53)(0,0), (106)

By taking advantage of the OZn formulation for centroids, Equation (106) can be
written in terms of S(2) (0). Using Equations (69), (77c), and (78b), one finds

@) . @ i _
w — _iz + (2)1 + 1 5 95¢ a(k — 0); T = constant, (107)
PN N RSk =0) " py[s2, (k= 0)] PN

This, in view of Equations (105) and (106), leads to the following result, valid irrespective
of the response class [61]:

052 (0)
Nhchnd )

50)(0,0) = 5(2)(0){5‘(2)(0) o’
N

} ; T = constant; CM, ET, TLR. (108a)

The quantity $()(0,0) is a quantum fluid property related to higher-order fluctuations
in the number of the atoms (particles), and it is a simple matter to prove that:

N3
s (0,0) = <<N>> —3(N2) +2(N)? T = constant; CM, ET, TLR, (108b)
The trivial connections of the zero-field Equations (105) and (108b) with the functional
Equations (80d)—(80e) and (83f)-(83g), at zero field, are to be noticed (ET and CM are
completely parallel in this regard).
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Also, for the single-zero momentum transfer, one finds the exact CM relationship [61]:

3sZ) (k
SEm(k,0) = s%m{s(ggﬂ(m + pNgg”}; k>0, T=constant,  (109)
N

whilst, for ET, an analogous equation can also be written, but owing to the OZn properties
utilized, it is an approximation:

o @ 0yd 52 357 (k)
Spr(k,0) = S57(0)S Spp(k) + pN% ; k>0, T = constant. (110)
N

A further remark is in order here. As seen above, the extended compressibility theorem
at the pair level, Equation (105), and its generalization to the triplet level, Equation (106),
allow one to assess the related number fluctuation properties of the isolated quantum fluid.
These relationships anticipate the formulations at even higher orders that must hold for
the n-th order quantity S0 (k; = 0,k, =0, ..., k, = 0), which must also be independent
of the structural class considered, thereby leading to an explicitly constructive scheme for
defining the moments (N").

In addition, it seems worthwhile to explore, in future work, the possibility of obtaining

(3) ()

an equation for Sy (k,0) based on the connection between the instantaneous g ; and

centroid 883/1 pair correlation functions [140]. If successful, this could help to solve the ET
problems for low-k wavenumbers, generalizing in this way the exact result connecting the
properties of the centroid and the delocalized particle within the GFH picture [136,186]. So
far, no further formulas based on direct correlation functions for TLR3 have been derived.

(ii) The symmetry properties in r-space and in k-space of the structures CMn, TLRn, and
ETn, are translations of the classical ones seen in Section 3.3. CMn and ETn behave
in the classical way regarding the limits of increasing/decreasing distances between
atoms and, also, in the limit of increasing wavenumbers (see also Figures 1, 2b and 3).
However, the class TLRn (unrestricted bead-bead-.. . correlations) presents some
striking differences. In relation to this, suffice it to mention that, for the TLR2 functions
one finds in r-space, (a) Grrr2(r) atr = 0 increases with the P discretization, because of
its one-atom component sgc1 2, and it tends to unity for long distances due to the two-
atom component g1 ro; (b) ssc12 — 0 for long distances, and g7 r» does not necessarily
vanish when two atoms come close together (it may even be nonzero at r = 0!);

() S (TZL) r(k) — 0 for large wavenumbers. The magnitudes of these discrepancies from
the standard classical behaviors depend on the intensity of the quantum effects, and
the reader is referred to [50,58,59,66,176,186] for related results. Consequently, one
may expect an interesting variety of patterns when studying TLR3 functions.

(iii) Another set of exact PI relationships can be obtained [58] by following the classical
developments [30,155,156,162] given in Equations (27) and (28). It is easy to establish
that, for the two-point densities (referring to actual two-particle correlations) given by:

D = Zj#l 6(Rem,j — R1)6(Repm — Ry), (111a)

Per2 = XﬁlZi(ﬂ £l 5(“; —q1)0(r] — q2), (111b)
X X

Prro=X2y " " iz 6(rf —aqp)0(r" — ap), (111c)

one obtains the classical-like relationships:

AP\ _ _ .
;,( 5 >T—<N<I>> (N)(®); CM2, ET2, LR2. (112)
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The latter formula leads to the classical-like equations:

(D
PNS(Z)(O) (3<PN>>T :P?\I/ dq3{¢3(q1, 92, 93) — 92(q1,92) } +ZP%\]§02(q1/q2), (113a)

@) (Mng2(ri2) | _ [ e [ Q92 ) 41, 2 (1 50 ),
° (O)( dpN T_./dq3 goz(lql,2q2)3 1 +PN(1 5 (0))/4’2(712)>0, (113b)

where the functions { ¢y, ¢3} stand for:

{92, 93} = {gcm2, §cms } {8ET2, 8ET3}, {8LR2, SLR3 ), (113¢)

and, for consistency, $(2) (0) corresponds to its associated pair structure ¢, (recall that, in
practice, the 5@ (0) values may show deviations from the exact Equation (105)).

Note that the total continuous linear response TLR is not contained in the LR relation-
ships, since the self-correlations do not fit into this scheme. Equation (113a,b) arise only
from the pure actual two- and three-atom correlations.

For the purposes of this work, it is also worthwhile to remark that Equation (113b) can
be transformed and split into two parts [155,156] as (¢2(r) > 0):

/N\emct(ru) = A(r12|@3)if @3 = exact triplet function, (113d)

where

Aesaa(r12) = 520)(4202) — [ agyga(rnn) = 1(gatrm) 1), (139

A(r2]gs) = /d%{w - <P2(713)fl)2(r23)}- (113f)

Given that Aexaet(712) is just a pair quantity that can be fixed with high accuracy, whilst
A(r12|@3) is a quantity that depends explicitly on ¢3, the use of these two quantities yields
consistency tests of possible closures for ¢3. In this connection, one uses KS3 as a reference
by expressing the triplet closure in the form:

[93(r12,713,723) ] 1os. = Pks3 X P31, A2, d3) = @2(r12) 92(r13) 92(r23) X @3(dy, dp, 93)- (113g)

By substituting a closure to be tested in Equation (113f), two comparison tests are be-

tween (a) Aexact (712) and A(r12|@3), and (b) the values of the density derivative (dg,/9dpn)
determined with the computed pair results and the corresponding estimates arising from
the closure.

In relation to this, for completeness, the three basic closures, KS3 Equation (22), JF3
Equation (23), and AV3 Equation (24), lead to the following expressions for their quantities
in Equation (113d) (Figure 6):

- KS3:
A(r12lgkss) =0, (113h)
(992(r12) /90N ) 7 k53 = (4’2/5(2) (0))/51‘13(402(713) —1)(g2(r23) — 1). (113i)

- JEs:
5@ (0) ‘ .
A(rz|ors) = ! /dqa(q)z(ﬁa) —1)(¢2(ra3) = 1), (113))
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(092(r12)/90N) 1 3 = /d%((l’z(rla) = 1)(p2(r23) — 1) (113k)
- AV3:

A(r2|@avs) =

N~

52)(0)
P2

- 1) [ das(e2(r) = V(gar) = 1), (113D

(092(r12)/90N) T, Av3 = %(1 +¢2/S? (0))/‘1‘13(4)2(713) —1)(g2(r3) —1).  (113m)

helium-3 5 (a helium-3 5
40{ & T=42K p =00228671A T=42K p, =00228671A

ET2 - instantaneous

30 1 == Numerical (Richardson) ET2 .eixn::ta'(-'rz::rlij:al)
o Ks3
101
20- & —_—JF3 o JF3
—— AV3=(KS3+JF3)2 AV3

(dg_.,(r)/dp) / A° - T=constant

%
101 >
04+ =
5
-101
-20 L
%4
3 6 9 12 6 9 12
riA r/A

Figure 6. Helium-3 closure consistency calculations (Equation (113)) for the instantaneous triplet
correlation function grrs3 at state point (4.2 K; 0.02286713 A~3). Density-dependent intermediate
data calculated in connection with Reference [50] (such sets of numerical data were not reported).
(a) Density derivative at constant temperature of the pair radial correlation function gg1,. Closures
KS3 [41], JF3 [44], and their average AV3 [63], are compared to the numerical result (“exact”) fixed
with Richardson extrapolation (four-point estimate [188]). Notice the greater closeness between
AV3 and the “exact” values. (b) Functional Arr, at constant temperature fixed with Richardson
extrapolation (four-point estimate) compared with its closure approximations arising from KS3, JF3,
and AV3. Notice the greater closeness between AV3 and the “exact” values past the region where JF3
behaves wrongly.

(iv) Furthermore, as regards OZn schemes, application of the classical and quantum
reasonings [42-45,63,64,77,130-132] is a possible and rewarding way to obtain in-
formation on the quantum triplet CM3 and ET3 structures. Recall that the CM2
calculations have, in the end, an exact OZ2 framework, but that under any other
circumstances, approximations are involved. Despite the latter remark, the usual
PIMC/PIMD (“raw”) pair radial structures CM2, ET2, LR2, arising from the canonical
simulations, can be (a) utilized to carry out OZ2 studies of the asymptotic decay
properties [189,190] and (b) improved using OZ2-based treatments and corrections
(e.g., the BDH+BHwW analysis considered in Section 3.4). By doing so, grand-canonical
approximations for these pair functions can be determined, which may be viewed
as better intermediate quantities for an intensive use of direct correlation functions
in triplet calculations via closures. In this connection, although for r-space triplets
the PI simulations in the canonical ensemble are sufficient to give very useful infor-
mation, note that for k-space triplets there are no complete OZ3 tests regarding the
(density—temperature) ranges of validity. The huge PI computational load involved,
covering significant ranges of the two wavevectors and physical conditions, and
the variety of closures for triplets are reasons for explaining this lack of knowledge
(Figures 4, 5 and 7).
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Figure 7. Quantum hard-sphere fluid equilateral components of triplet structure factors at state
point (Ag =0.6; p}y = 0.589) on the fluid side of the crystallization line [63,66,142]. Use of reduced
units is made: k* = koyg (0ys = hard-sphere diameter). (a) Centroid triplet structure factors CM3
obtained with PIMC canonical simulation (Ng x P) = (250 x 12) and the closures JF3 [45] and
DAS3 [70]. Notice the PIMC largest error bars (one standard deviation) at the main amplitude, which
is near (k* = 5.912; 583/[ = 10.716 £ 0.519), and the negative values at the double-zero component
(—8.5 x 1074, fixed with the classical Equation (14b)) and at (k* = 2.365; S, = —0.006 + 0.001).
Also, JF3 results are always positive, while DAS3 results (obtained via Stirling two-point derivatives)
remain below zero for k* < 1.2. (b) Instantaneous triplet structure factors ET3 obtained with the
same methods as above. Notice the PIMC largest error bars (one standard deviation) at the main
amplitude, which is near (k* = 5.912; SST) = 8.559 £ 0.342), and the negative values at the double-
zero component (—4.2 x 107#, fixed with Equation (14b)) and at (k* = 2.365; Sg&l = —0.006 £ 0.001).
Also, JF3 results are always positive, while DAS3 results remain below zero for k* < 1.

(v) Finally, it is worthwhile to write the connections (“sum rules”) of the dynamic struc-

ture factor Séyn (k, w), which can be obtained through inelastic neutron diffraction

experiments [27], with the PI quantities S](SZT)(k) and S (TZL) r(k):

S(Qz,)ET(k) = /_oo dw Séyn(k,w) — pISI(SZT)(k) (114a)
[ee] 1 _ _ fL .
Sorir(l) =2 /O dw W SY'(k,w) = pSTR(K),  (114b)

where w stands for the angular frequencies of the neutron radiation. S (QZ)TL r(k) arises as a
density—density relaxation function [27] (Equation (87a)). The latter expressions have been
utilized in fluid helium-4 studies (e.g., see References [33,34,176,184]).

6. Systems Studied in This Work, Computational Details and Related Observations

The main structural concepts reviewed in the previous Sections 3-5 are illustrated
in this work with further numerical applications to supercritical helium-3 and the QHS
fluid on the crystallization line, thus expanding the scope of previous works on these key
systems [58-60,63,64]. For helium-3, the focus is on pair and triplet structures in r-space
and triplet structures in k-space, whereas for quantum hard spheres is on triplets in k-space.
The computational techniques employed are PIMC simulations in the canonical ensemble
(N,V,T), (or better (N x P,V,T)), complemented with OZ2 and OZ3 treatments, by using
the closures and relationships addressed in this work. The simulations utilize sample sizes
Ng x P inside a central cubic box of side L, with the usual periodic boundary conditions,
and the Metropolis sampling scheme involving the normal-mode algorithm (acceptance
ratio 50%) [79,150]. One PIMC kpass is defined as (10°Ng x P) attempted bead moves,
and one PIMC Mpeass is 10° kpasses. The computed structural classes are the centroid
(CMn) and the instantaneous (ETn) at the pair and triplet levels, the latter being focused



Quantum Rep. 2024, 6

610

on some equilateral and isosceles features. Representative results are contained in the
Supplementary Materials.
The state points studied are listed below:

(i)  For helium-3: (T = 4.21 K; py = 0.0025 A=3), (T = 42 K; pyy = 0.02286713 A~3),
(T = 8.99 K; py = 0.0228717687 A~3). The pair interatomic potential selected is
Janzen-Aziz’s SAPT2 [111], and PIMC calculations involve the SCV] propagator with
« = 1/3[89]. Information obtained in Reference [50] on auxiliary state points about
the state point at 4.2 K: Apy = +0.002 A=3, +0.004 A3 is also employed.

(if) For the QHS fluid [63,66,142], only k-space results for one state point are reported,
(Agpx) = (0.6;0.589). Complementary structures for two state points about the
latter, by varying p}; at constant A%, are also obtained in the present work; these
variations are: Apy; = +0.01715, which for a system with s = 3.5 A, amount to
+0.0004 A~3 (other pilot applications, along the crystallization line, at
Ap =02, 0.8, 1.2543, 1.9832 [66,84,142], have also been carried out and will be com-
mented on later). PIMC calculations involve the CBHSP propagator [86]. Recall that
there is a unique way to characterize a state point in the QHS system by using reduced

units [63,66]: i.e., the length unit is the hard-sphere diameter, p3; = p NO'%S, Ap = %.

PIMC canonical simulations focus on the instantaneous and centroid pair g (r) and/or
triplet g3(7, s, s) correlation functions. The sample sizes (Ns x P) employed are as follows:
(a) for g» and g3 in helium-3, (1372 x 66) at T = 4.21 K, (1372 x 22) at T = 8.99 K, and
(1024 x 66) at T = 4.2 K [50]; (b) for g7 in the QHS fluid, (864 x 12) at the auxiliary state
points analyzed, and the same at the target state point (A};03) = (0.6;0.589) taking its
pair information from calculations in Reference [63].

The pair structures in r-space are computed in the usual way, utilizing histograms [13],
with the width of the bins being A = 0.1 A. Most of the “raw” pair canonical structures are
subsequently OZ2-analyzed and improved in the form already described [50,141]: applica-
tion of the OZ2 Baxter—Dixon-Hutchinson’s (BDH) procedure [77,130] plus Baumketner—
Hiwatari (BHw) corrections [132]. By doing so, access to every k-space-related property at
the pair level is obtained with high accuracy (Figure 2).

As regards the MC/MD calculations of g3 triplets, they present a number of non-
trivial subtleties, as discussed by Tanaka and Fukui [46], Baranyai and Evans [48], and
Barrat et al. [45]. In the current PIMC applications, the method followed in r-space is
based on References [46,48], which, for the study of quantum fluids, was firstly used in
Reference [58]. The interested reader should refer to the latter reference for specific details.
To facilitate the understanding of the reported results, however, suffice it to say that triplet
correlations are determined via:

(RS,U) = — B o s, (115)

a NP%I(AV)RSU

where (Ant) is the number of times that mutual distance triplets lie within the ranges
R-A<r<RS-A<s<S andU—-A < u < U (again: A = 0.1A);theprevious
notation should be obvious: R = r15, S = r13, U = ry3. In addition, to avoid redundancies
in the counting, the conservative (and less time-consuming) condition #,s,u < L/4 is
imposed [46]. The run lengths of the PIMC computations for helium-3 in r-space are
as follows: in between 1233 and 1300 kpasses for fixing the pair structures gcpn (r) and
geT2(r), gathering statistics every 8000-12,500 accepted configurations; and in between
2470 and 2560 kpasses for fixing the triplet structures ¢cp3(7, s, ) and ger3(r, s,s), where
r = s is included, gathering statistics every 8000-10,000 accepted configurations. Statistical
errors (one standard deviation) are fixed with block subaverages and remain very small: at
the main peaks, they are below 0.8% (see main details in Figures 1 and 3).

The calculations of the triplet structures in k-space turn out to be much more involved,
and a few remarks are to be made. The PIMC simulations involve the sample sizes (Ng x P)
(a) (128 x 66) for helium-3 at T = 4.2 K(Figure 5) and (b) (250 x 12) at the QHS fluid state
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point (A}; py,) = (0.6;0.589) (Figure 7). These calculations are focused only on the equilat-
eral components sB) (k, k, %) : instantaneous for helium-3, and instantaneous and centroid
for the QHS state point. Twelve sets of {kj, kj }; vectors commensurate with the simulation
box are scanned; each set is composed of 8 pairs such that: |k;| = |ka| = k;, the vectors be-
ing at an angle of 77/3, and with the constraint2 < ki + ki + k% < 200 [62]. This implies that,
for helium-3 at T = 4.2 K, the resulting moduli (wavenumbers) are in 0.5 < k;/A~1 <5,
whilst for the QHS fluid state point, the moduli are in 2.3 < kj < 11.8 (kf = kjoys). Also,
the sampling is more focused on the low-k wavenumbers and the regions of the main
peaks. PIMC run lengths are as follows: for helium-3 in between 30 and 120 Mpasses,
gathering statistics every 5000 accepted configurations; and for the QHS fluid state point
in between 6.5 and 60 Mpasses, gathering statistics every 8000 accepted configurations.
Statistical errors (one standard deviation) are fixed with block subaverages and remain
controlled: at the main amplitudes they are 1.8% for the instantaneous case in helium-3;
4.8% for the centroid case; and 4% for the instantaneous case in the QHS fluid (see main
details in Figures 5 and 7)). As a complementary result, the (mean) imaginary components,
which must be identically zero [45], at the main amplitudes turn out to be 0.0045 £ 0.0114
for the instantaneous case at the helium-3 state point; —0.0218 % 0.4219 for the centroid
case; and 0.0485 £ 0.2518 for the instantaneous case at the QHS fluid state point. Clearly,
although the QHS sampling is highly informative, it must be improved. In addition, all
these results give an idea of the slowness of this sort of calculations when dealing with
fluids with quantum behavior. This drawback becomes more acute if the fluid state point
investigated belongs to the actual crystallization line of the potential model selected to
describe the fluid. In this case, the Ng sample size cannot be small (i.e., about one hundred
particles, as the used in helium-3); the “flipping” back and forth in the simulation between
the fluid and solid branches [13] must be avoided. This is the case in the current QHS fluid
application. After monitoring such an effect, it has not been observed with Ng = 250, but it
is rather conspicuous with Ng = 128. This monitoring has involved the configurational
centroid CM2 structure factor (k # 0) defined as normalized to unity at its crystal-structure
maxima [142]. For the current QHS study with Ng = 250, the latter configurational quantity
remains below the maximal fluid value estimate 0.2 [65].

Closure calculations reported here for triplets (instantaneous and centroid) in r-space
are carried out utilizing KS3, JF3 and AV3, whereas in k-space they are carried out utilizing
BHP3 [45,59,60] and DAS3 [70]. These calculations necessitate the corresponding pair
structures, g>(r) and S (k). Detailed descriptions of the related procedures can be found
in works by this author [58-64], although, for the reader to better grasp the reported results,
it may be worthwhile to mention the following facts.

(i) JF3 and BHP3 share a common type of integral [44,45,161], which, in each case, is
utilized in this work as follows:

- JE3 (r-space) [58]:

I(r12,113,723) = /dCI4 hy(r14)ha (124) o (134) =

Y " (2v + 1) Py (cos 0[ry3, 123)) /O N dy y*ho (v) fu (v, 113) fu (v, 723), (116a)

+1
folyry2) = /71 deV(x)h2<\/y§ +v3 2xy1y2>/ (116b)

- BHP3 (k-space) [59]:
1
)k ko, 0]y, Ka]) = (2H)3/ dks t(ks)t(ks — ky)t(ks + ko) ~

1 Viax 1 e
WZU:O (v+ 5)Pu(cosOllct ko)) /0 dk Rt(K) fy (k1K) fo (ko k), (117a)
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+1
Foka k) = /7 1 dwpv(w)t<,/k§+k2—zwkuk), (117b)

where the P, stand for the standard Legendre polynomials, and the upper limit v, = 30
is utilized (in the limit v;;,x — co, the v-expansions are exact [45,161]).

(i)

(iii)

For the closure analyses at constant temperature, the numerical density-derivatives of
the pair g,(r) and the direct correlation functions, ¢, () and ¢, (k), are evaluated with
the centered algorithms: Stirling’s (two-point) and Richardson’s (four-point) [188]
(Figures 5-7). By denoting a generic radial pair function by f,(; pn), the previous
algorithms can be written as:

3fz(r;PN)>S“”' fa(ripn + Bow) —a(rion — Apn)
92\7PN) ~D; (A 118
( N )1 1(An) = 28on (1182)
. Rich. .
(afz(r,PN)> <Dy (Ao 200x) = 4D1(Apn) — D1 (28pn) (118b)
doN T 3

As regards JF3 and AV3, the following observations are worth making. Comparison
with PIMC results for the equilateral components of the helium-3 triplet structure

factors S;;T)(k, k, %) indicate that (Figure 5 and Table 1) (a) JF3 cannot capture the
negative behavior within the low-k region and its usefulness reduces to the large-k
wavenumbers, since it gives the asymptotic behavior of the structure factor; and (b)
AV3 as reported in [64] yields lower values for both the negative depth in the low-k
region and the height of the main amplitude. In view of the results in Figure 6, it
is highly likely that AV3 can be improved using Abe’s developments [42], thereby
yielding better triplet results in both r-space and k-space.

Table 1. Detail of the instantaneous SI(SST)(k, k, %) results for helium-3 (T = 42 K;
pn = 0.02286713 A*3). AV3 and BHP3 data taken from [64].

(3)

Instantaneous—S;; (k,k, 5 )

kAL PIMC JF3 AV3 BHP3 DAS3

—————— 0.001 0.020 —0.021 —0.021
0.5 —0.008 £ 0.001 0.003 —0.053 —0.011 0.013
1 —0.028 £ 0.002 0.047 —0.140 —0.005 0.061
2 1.938 £ 0.034 1.893 1.891 1.759 1.910
21 1.999 2.000 1.904 2.009
5 1.006 + 0.001 1.005 1.005 1.005 1.005

(iv) BHP3 minimizations for ET3 helium-3 at the state point at T = 4.2 K were re-

ported in [64], where use of conjugate gradients [191] was made, as explained

elsewhere [59,60]. Discretizations of the ¢(r) functions into 7001 points covered the
e[t

I apN) I

and without any problems, the latter quotient reaching values ~ 10~ in a few hun-

distance interval [O <r/A< 70]. Convergence as assessed via was rapid

dred iterations. The explored ranges of wavenumbers for Sy 3) 7(k,k, 5) have been
extended, k > 5A~1, for checking the properties in k-space as k increases: JF3 ap-
pears as the limit with increasing k wavenumbers, and the results are consistent.
Figures 4 and 5 and Table 1 collect representative results for this system. As seen, for
the equilateral components, BHP3 [64] gives a nice representation of the PIMC values,

particularly in capturing the negative behavior for k <1 AT
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Nevertheless, some pilot BHP3 minimizations for the QHS fluid (CM3 and ET3) along
the crystallization line [84,142] have turned out to be affected by convergence problems.
These latter results are therefore far from conclusive from a physical standpoint, and only a
brief comment follows. The key observation is that the convergence in this case (tested with
both gradients and conjugate gradients) appears to be strongly dependent on the value of
the norms ||(dcy/dpn) 7|, in such a way that the larger this value is, the slower and more
physically doubtful the convergence path turns out to be. These norm values are clearly
associated with the depths at the origin of the pair direct correlation function c;(r = 0).
To obtain a better feeling of this situation, some data related to the pair direct correlation
functions analyzed in this work are worth quoting here:

(a) For helium-3 at (4.2 K; 0.02286713 A~3), the five instantaneous values g7 (r = 0), corre-
sponding to the five state points involved, are in —9.196 < cer2(r = 0) < —5.051 [50,64],
and no BHP3 problems with the convergence were observed.

(b) For the QHS fluid at (A} = 0.6; p5; = 0.589), the three instantaneous values
involved (Apy, = +£0.01715) at the origin of the interparticle distances are in
—36.764 < cpmo(r* =0) < —30.916, while the three centroid values are in
—58.720 < copp (r* = 0) < —46.598.

(c) The reference values given by the squared norms ||(dca2/ apN)TH2 turn out to be
as follows:

- For helium-3, using the Richardson four-point derivative (42 = £0.002, +0.004),

the instantaneous reference is || (dcer2/ E)pN)TH2 ~ 0.4845 x 107 A”.
- For the QHS fluid along the crystallization line [84,142], covering the

conditions mentioned above compatible with 0.2 < Ax < 1.9832 (O'HS =35 A),

and using Richardson four-point derivative (Apj{] = +0.0042875, &+ 0.008575),
one finds values for the instantaneous reference in

o 2 o
0.3050 x 10° A’ < [|(dcera/dpon )l < 02598 x 1010 A°, and for the centroid
reference in 0.2881 x 1010 A% < [|(dccama/dpn) 7]l < 0.2094 x 1011 A%,

As seen, there is a significant BHP3 difference between the foregoing results for helium-
3 and the QHS fluid. Note that the comparison is better made using the actual values in A
for distances, since the modeling via hard spheres for helium-3 is not consistent [59] for
the current structural purposes. In relation to this, the distinct features of the interparticle
potentials u(r) involved are to be remarked: for helium-3, continuous for r > 0 and
weakly attractive at the minimum (~ —11 K) [111], whilst for QHS, there is an infinite
discontinuity at r = cyg... These potentials are obviously connected to the shapes of the
pair direct correlation functions, and hence to their density derivatives. Consequently,
although applications of BHP3 are clearly dependent on the latter derivatives by reason of
their construction Equation (25b), in intricate regions such as the freezing transition, this
dependence becomes extremely sensitive to the quality of the numerical derivatives (recall

the basic density increments Apy (Afa) about the target state points: 0.002 A3 for helium-3,
and 0.0004 A3 for QHS). Therefore, a very careful fixing of the QHS intermediate cgry and
ccmp, by diminishing Apy for increasing the accuracy in the density derivative calculations,
could fix this BHP3 situation. However, apart from the computational overload, possibly
including an augmented precision in the calculations, one can still foresee some difficulties.
Firstly, the slow minimization of a large quantity ®[t(r)] which, together with the fine
details of the density derivatives of the pair direct correlation function involved, might
misdirect the convergence path and lead to unphysical solutions. Secondly, although
OZ2 for centroids is formally exact, OZ2 is an approximation for the instantaneous case,
which means, for the latter, that extra problems can be encountered in the freezing region
when applying simple corrections such as BHw. Furthermore, there is the question of the
complete calculation of the triplet structure factors by including its general components.
Obviously, detailed work to clarify the ranges of applicability of BHP3 is needed.
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(v)  On the contrary, the current DAS3 calculations of S ®) (k, k, %) are directly worked
out in k-space and, once the necessary pair information c; (k) is available, they are
straightforward. Apart from the numerical derivative problems, no intrinsic proce-
dural problems appear. As shown in Figures 5 and 7 and Table 1, DAS3 also gives
good representations of the equilateral PIMC results, albeit apparently not so good
as BHP3 in the instantaneous low-k region. These applications use the two-point
derivative Equation (118a) for the QHS-fluid CM3 and ET3 evaluations, and the four-
point derivative Equation (118b) for the helium-3 ET3 evaluations. For this closure,
the underlying OZ2 problems with the instantaneous class also exist, and the basic
assumptions in Equation (26) remain to be fully tested. Again, detailed work to clarify
the ranges of applicability of DAS3 is needed.

7. Final Remarks and Future Directions

The investigation of the static triplet structures in quantum condensed matter (fluids
and solids) via path integrals is a promising and challenging avenue. Although it may
be said that an initial background to this topic is already established, key theoretical and
computational aspects in both the real (r-space) and the reciprocal Fourier (k-space) remain
to be explored and understood. The theoretical issues should focus on (a) expanding further
the limits set by the usual pair-level approach (solid phases [63]), and (b) the treatment
of systems composed of nonzero-spin particles, particularly fermionic systems. The com-
putational issues should mainly address the questions of cost-effectiveness posed by the
required accuracy when determining the variety of different quantum triplet structures (di-
mensionality > 4-D), with a view to increasing the simulation Ng sample size and, also, the
possible integration of proper two- and three-body potentials (e.g., [112,113]) in the struc-
ture computational schemes. In this regard, exascale computations, when widely available,
could alleviate the effort to be made (just as a high hope, if quantum computers became a
reality in practice some day, on their own or integrated into hybrid arrays, the quantum
triplet problems might provide an excellent test bed). All these developments can provide
very useful guidance for materials research and future higher-order structural studies.

Some specific theoretical goals within the path integral framework can be the fol-
lowing. (i) The consideration of general external fields, including magnetic interactions
and/or situations involving more than one spin state in monatomic fluids; the latter can
give rise to a special set of treatments for fermionic fluids when studied with the in-
sightful Wigner path integral schemes [103,104]. (ii) A formulation of the actual triplet
structures in molecular fluids (e.g., hydrogen fluids) that, going beyond the overall one-site
picture [61,62], gives full meaning to the direct atom—atom constructions [11] or yields
more global molecular approaches.

As regards the specific computational goals, one can mention the following pending
path integral tasks in homogeneous and isotropic monatomic fluids (4-D problems). In the
diffraction regime, (iii) the determination of the total continuous linear response functions
TLR3, which remain virtually untouched [58], and (iv) the completion of the ET3 and CM3
structures by fixing their behaviors over significant ranges of the three significant variables
that characterize them (i.e., three independent interparticle distances, or two wavenumbers
and an angle). In the quantum exchange regimes, there is nothing yet related to calculations
of triplet structures that has been undertaken and work on this should be welcome.

As complements to the exact path integral calculations of triplets, one may try a
variety of closures. These closures are not as efficient and clear-cut as those at the pair level.
Despite this remark, there are some results indicating that, when studying the instantaneous
and centroid g3 and S®) functions within the quantum diffraction regime, closures may
be a great source of information. Triplets g3 in r-space have been discussed at length
elsewhere [58-61,63,64], and suffice it to say that the results obtained through the AV3
closure Equation (24) [63,64] point to the possibility of achieving significant improvements
based on Abe’s expansion [42]. In this regard, it is expected that the negative effects of
increasing densities on the long-range isosceles correlations could be fixed to a significant
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extent, which may reflect in better k-space results. Nonetheless, closure $©) results for
quantum triplets in k-space remain comparatively an unknown issue. For the time being,
the closures BHP3 Equation (25) and DAS3 Equation (26) give results (S(®) equilateral
components) that make them worth exploring in depth. They may capture traits of the
sensitive low-k (negative) region of the equilateral ET3 and/or CM3 structure factors and,
also, the behavior of the important main amplitude region. In connection with the low-k
region, BHP3 seems better adapted than DAS3. However, and based on pilot calculations,
BHP3 variational calculations seem less appropriate for investigating intricate regions, such
as the quantum hard-sphere crystallization line, whereas DAS3 calculations appear here
as a more robust option for both ET3 and CM3. For large-k wavenumbers, the basic JF3

closure (Equation (15) with CS):) (k1,kz) = 0), which is part of both closures, dominates the

triplet G behavior.

The k-space closure results obtained so far are just a beginning (e.g., [62,64] and
Figures 5 and 7 herein), and more work is needed to substantiate their relevance, particularly
regarding the non-equilateral components. Searching for the limits of applicability of
closures, even for qualitative purposes related to the CM3 and ET3 cases in the diffraction
regime, seems a rewarding task. The case TLR3 does not seem amenable to closure studies
because of self-correlations, although there is nothing against trying closure treatments of
the pure triplet-atom part ([58] and Equation (113)).

Finally, some conjectures. One recalls that not even the pair CM2 functions can be
measured directly through experiments since centroids as such cannot couple with external
fields. However, this unavailability does not impair research on quantum fluids, at least
not much more than does the experimental unavailability of ETn and TLRn functions for
n > 3. Fortunately, numerical experiments (PIMC, PIMD, closures, generalized convolu-
tions [11,140,148-150]) may help to bridge the gaps successfully, so long as access to reliable
potential energy forms V(N) is possible. At this juncture, it is tempting to speculate on what
might be extracted from the connections, within a nonrelativistic context, between TLRn
and gravity fields (CMn is a particular case of TLRn) by setting/considering local external

mass variations in the vicinity of a quantum fluid sample (H(gN> is defined in the absence
of an ever-present gravity background, and of the interparticle gravitational forces which
are negligible in comparison to their electromagnetic counterparts). All of this “quantum-
Cavendish setup” might sound “great”, owing to the many issues involving gravity and
quantum concepts [192]. Nevertheless, gravitation is a subtle space-time subject [175], and
arguments from general relativity (with a change in the conceptual framework) together
with the unavoidable questions concerning what to observe, how and where to perform
the experiments, the interpretive approximations to be made, the precision of the measure-
ments, etc., would have to be addressed to undertake this task. Also, and just in another
vein, focusing, for example, on quantum hard spheres, which are particles that repel each
other before classical contact can happen [78,84,86,163,164], could hydrodynamic quantum
analogs [23-26] be proposed to provide insights into the experimental side of the structure
problems discussed in this article?

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/quantum6040038/s1, where files in LMSfiles_QR2024.zip contain
numerical data related to each of the figures (Fig_n) in the article. These data files are text files,
their names are self-explanatory according to the conventions used in this article, and are orga-
nized in directories as follows. Fig_1: gfcmsz3_he3.sp3, gfetz3_he3.sp3. Fig_2: qhs_cr2_cml6.589,
ghs_cr2_etl6.589. ghs_gem?2_16.589, ghs_get2_16.589. Fig_3: he3_get2_421K.25, he3_get3dg_421K.25,
he3_get3isos_421K.25. Fig_4: he3_cet3dg_42K.2286, he3_cet3isos_42K.2286, he3_cr2_et42K.2286.
Fig_5: he3_Set3dg_42K.2286. Fig_6: he3_dg2_drho.et2_clos, he3_funct.et2_clos, he3_get2 42K.188,
he3_get2_42K.208, he3_get2_42K.228, he3_get2_42K.248, he3_get2_42K.268. Fig_7: qhs_Scm3dg_16.589,
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Appendix A A Formal Analysis of Zero-Spin Bosonic Exchange Structures

Within the PI approach, the derivation of the physically significant structures of a
homogeneous and isotropic zero-spin bosonic fluid can be carried out along essentially
the same ideas reviewed in the main text of this article. The key point is that the parti-
tion function can be expressed as containing a weighting function, which is nonnegative
everywhere in configuration space, thereby being a proper probability density. The three
classes of structures, ETn, TLRn, and CMn, can be studied by generalizing the pair-level
treatments [7,9,39,40,83,135,138,139]. In what follows, to illustrate the main features of the
bosonic triplets, use of the PP propagator is made [135].

The Hamiltonian for N atoms to be dealt with in the linear response regime is now
taken of the global form:

0; ETn
HN) = g 4 ¢, ¢ = J¢(N) oL 0; TLRn, (A1)
¥V £ 0; CMn

where H(()N) is the Hamiltonian operator for the isolated N-atom system given in Equation (1),
and ¥Y(N) ;é 0 stands for the action of an external (continuous or non-localizing) weak
field: YN =y ¥( ]) which, in the case of CMn, is a constant-strength field Yr (the
requu‘ements for the foregoing operators remain the same as those stated in Section 5). The

Bose-Einstein (BE) grand-canonical partition function for zero-spin atoms can be written
as [7,9]:

EBE(Y) = 2N>0 &P 'BVN Zm /dr N‘exp —pHWN ’er > (A2)

where @y runs over the N! permutations of the N atom labels, and
| erN> =|pn(r,12,...,tN)) = | ONTL, ONT2, - - -, PNTN ), With pNT; denoting the specific
action of a given permutation on label j. Application of the PP propagator using P beads
(the optimal discretization) leads to the PI approximation [7,9,135]:

N)
prpp(¥ ZN>O ZF ﬁy Zm /H] 1Ht 1dr X CN, oy X
P
exp [_272522]111 {(rf — PNT; ) +Z ( i ]t+1> } _ gzjd Zleu(r]tl) X
exp {—Z‘szjl\il Zf:l ‘I’(r;)} (A3)

In Equation (A3), several features are to be remarked. (a) Cy(,,, are positive constants.
(b) er]l leads to r} if pn leaves j invariant, or to an rll otherwise (j # I). (c) There is
complete symmetry in the treatment of the corresponding N x P beads in each canonical
ensemble, owing to the mathematical group property of the N! permutations. Two con-
sequences of (c) are: (c.1) translational invariance in imaginary time holds, and (c.2) the
effect of the external field can be factored out of the weighting function for each canonical

ensemble. Therefore, note that Equation (A3) can be compacted as [135]:

—B
H
—

N)
ZN>O SXPIPRN) 'BV /H] 1Ht 1dr X QBE (rl, LT ..,r}\,,...,rlg,) X exp{—gzjil Zle‘f’(r}tﬂ (Ada)
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P%\Ié’ Sﬁsrz(r)

where QXF is the Bose-Finstein weighting function, nonnegative everywhere and including
all the permutational effects:

OFF = Zm Cn,py X exp(—BWnp(pN)) >0 (A4b)

Although the form shown in (A3) is well-known [7,9], it may be worthwhile to re-
call that, for permutations different from the identity, there appear P-membered “open-
necklaces”. In a P-open-necklace, there is no harmonic coupling between, conventionally,
itsbeads t = 1 (head) and t = P (tail). Thus, any of such permutations is represented within
PI by a mixture of P-membered necklaces and/or P-open-necklaces. The latter necklaces
interlink with each other harmonically in a head-tail fashion, thus building nP —membered
(closed) necklaces (i.e.,2 < n < N;n = 11is the identity permutation). A brief description
of what arises from PI follows.

(i) The identity permutation reduces to the picture of distinguishable particles dealt
with in the main part of this article, which gives N individual necklaces with P
beads apiece. (ii) For the permutation in which only the exchange 1<+ 2 occurs, i.e.,
(1,2,3,4,...,N) — (2,1,3,4,...,N), one finds N — 2 individual necklaces with P
beads apiece (particles 3, 4, ..., N) and one 2P-membered necklace corresponding
to that permutation and built in a head-tail fashion from the open-necklaces 1 and
2: bead t = 1 in open-necklace j = 1 links with bead ¢ = P in open-necklace j = 2,
and bead t = P in open-necklace j = 1 links with bead t = 1 in open-necklace j = 2,
the rest of beads being linked in the normal way found in the identity permutation.
(iii) For the permutation in which there is only a triple exchangecycle 1 -2 — 3 — 1,
ie, (1,2,3,4,...,N)— (2,3,1,4,...N), one finds N — 3 individual necklaces with
P beads apiece (particles 4, ..., N) and one 3P-membered necklace corresponding to
that permutation and built in a head-tail fashion: bead t = 1 in open-necklace j =1
links with bead t = P in open-necklace j = 2, bead t = 1 in open-necklace j = 2 links
with bead t = P in open-necklace j = 3, and bead t = 1 in open-necklace j = 3 links
with bead t = P in the open-necklace j = 1, the rest of the beads being linked in the
normal way found for the identity permutation. (iv) The process continues, mixtures
of nP—membered necklace configurations arise, and so on.

As a result, for a given permutation one finds, in the end, a mixture of 7nP-membered
necklaces such that N = Y, Nyn, where some of the N, can be zero (n = 1,2,...,N).
Also, the potential energy contributions are invariant under the group of permutations
and, therefore, the final expression in terms of bead interactions is the same regardless
of the permutation and coincides with the form obtained for the identity permutation
(illustrative graphs of mixtures of necklaces can be seen in References [9,11]). The beads
are equivalent, and when entering an nP—membered necklace, lose their appurtenance to
an initial P-necklace (translational invariance), although for keeping track of the particle
positions and correlations, an ordering must be retained, which can be updated consistently
throughout the simulation, etc. [9,39]. Although the latter are crucial matters from the
simulator’s practical point of view, in any case, the correctly formulated ensemble averages
imply integrations over the bead configurational space with a weighting function that
already contains these symmetry characteristics. The practical importance of the bosonic full
symmetry to the fluid structural study is to be highlighted. Most of the basic derivations
carried out in the case of distinguishable particles can be applied in this further context.

Firstly, for the instantaneous pair (ET2) and triplet (ET3) cases in r-space, one must
give form to the standard quantum averages:

1
BE

i:mzmexpww)ﬂ{zj#a(rj—q1>5<rz—q2>xexp(—ﬁHéN)>} . (A5a)

EBE(IIJ

3 BE
PNEQ,ET3 (r12,113,123) =
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Py = ) w0 exp(BUN)Tr{ Y11y (6 — d1)0(ri — 4)0(m — a3) x exp(—pH )}, (ASb)

The PI partition function for dealing with the instantaneous class ETn is

Eptpp(ET) = Z L ‘BMN Z / HHdI X Cnpy X

N>0 N j=1t=1

N P—-1

xp |~z 4 (F —onef)+ ) (5 —171)’ ﬁZZ

N)
ZN>Oexp 'BV /H] 1Ht 111 x OF] ( 17+ ..,r}\,,...,rg) (A5c)

At this point, it may be useful to renumber the N x P beads consecutively, as per-

formed earlier by using {rT* }, the labels being:
™=12,...,P,P+1,P+2,...,2P,...,P(N-1)+1,P(N—-1)+2,...,NP. (A5d)

By using the indices j, [, m, t, as counting devices, Equations (A5a) [9] and (A5b) are
approximated by the PI equal-time averages:

1 ex N)
p%\lg}E:EIE"Z,PP(r) = ET Z F 'BM / H dr” x OFf x
PI PP( )N>0 *=1

1 pr N N i —
ﬁthl Zj:l Y ny OEPUTIT = q)s(eP D —gy) 5, (Abe)

—— —

j#l

1 ex N)
p?VgE%,PP(rlZ/ 13, 123) = =BE T P ﬁy / | I dr” x OFF x
Eprpp(E ) 1

Zt 1 Z/ 1 Zl lZm p S(PUTITE— q)s(rPE DT — ) (eP I — q5) 5. (A5f)
A

It is also straightforward to derive the associated instantaneous pair structure factors:
BE(2 2 P(I-1 3
SQ,E(T) (k) ~ Sgrpp(k) <2t 12, Y 1eXP(1k P P )H)>>BE — (27) pné (k) =

1+ PN/ dr exp(ik-r) (XE%Z,PP(T) - 1) (A5g)

Serty (ki ka, cos(ki, ko)) ~ Sprop(ki, ka, cos(ki, ka)) =

%<Zf:1 ijil ZIN:1 22121 exp (i(kl.rP(jfl)th e | W +t))>BE
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{6(k) — terms} (A5h)

The expanded form of Equation (A5h) is analogous to Equation (54). As seen, transla-
tional invariance in imaginary time holds true for every ET equation written above.

Secondly, the class PI-TLRn can be worked out in the manner shown earlier. By taking
the functional derivatives with respect to the external field ¥ of:

ex N)
S pp(TLR) = ¥y SR [T TP

OFF (r%,rz, R < U v ..,r%) X exp {—izjl\il Zf_l‘f(r]tﬂ i (A6a)

the results are somewhat analogous to those of TLR in Section 5 since separations of the
forms displayed in Equations (86a) and (86b) do not make sense in the BE context and
cannot be employed here. Accordingly, by renumbering the N X P beads as before (A5d),
the TLR2 and TLR3 levels can be summarized in the response functions (they are defined
by QFF at zero field ¥ = 0) [135]:

BE(2 BE(2
SQ,T(L)R(k) ~ STLI({,ng(k) =

NP NP

Z Z eXP(’k Tl — 1" ))>BE - (zn)SPNé(k) =
=1t5=1

P4 pN/ dr exp(ik-r) (G¥ER2,PP(”) - 1) (A6D)

where G%’fm pp is the overall bead-bead correlation function under BE statistics, and:

Sertik (ki ke, cos(ky, ko)) & S pp (k1 ko, cos(ky, ko)) =

NP NP NP

Z Z Z exp( (kg 4+ ko 1% — (kg + ko) TS))>BE — {6(k) — terms} (A6c)

T —11'2 11';—1

which involves both the pair G?ERLPP and the triplet G?ER&P p overall bead-bead and
bead-bead-bead correlation functions under BE statistics, respectively (in relation to the
separation comment made above, compare for instance Equation (A6b) with Equations (87a)
and (89a)). Again, translational invariance in imaginary time holds true for every PI-TLR
equation written above.

Thirdly, the class CMn is somewhat especial. The introduction of a constant-strength
field, ¥r = f-r, leads formally to a partition function in which conventional centroids do
appear [135]:

N)
() = Tg Z2EN) TN [Tt 0 () xexp{—fzj Xr (s ) ., (A7a)

which, using Equation (40), is:

N
— ex N)
uf’ifpp(CM) eXpLPUN) :BP‘ /HdR5 (Rj — Rep ) ¥ / H dr x OFF x exp —,BZ‘I’F(Rj) . (A7Db)
N>0 j=1,..N =1

t=1,...,P

In this regard, it is worth insisting on the fact that the centroids are defined as if they
were associated with the original closed P-necklaces of the N distinguishable particles,
although now one must include the possibility of dealing with P-open-necklaces. The
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centroid still is a “center of mass”, either of a closed P necklace or of a broken P line, which
agrees with Voth et al.’s proposal [138]. However, this definition presents the problem of
violating the invariance under imaginary-time translations [139], a feature that must hold
under bosonic exchange. Such inconsistency is resolved by the integration over the centroid
coordinates Rj [138,139] all over the configuration space. Nevertheless, this forces one to
have a detailed description of the function inside the integral at fixed centroid positions,
which does not seem very efficient from, in theory, a practical point of view. Therefore, from
a purely formal perspective, for the centroids so defined, their usual role in the counting of
number fluctuations [135] can also be identified under bosonic exchange. The functional
derivatives with respect to ¥ that can be obtained from Equation (A7b) are analogous to

those given in Equation (48). Consequently, the linear response functions S(C2 184 and S (CS]?A
arising at ¥ = 0 can be formally written in the same manner as Equations (52)-(54).

The bosonic pair and triplet structure factors discussed above must share the same
values at zero-momentum transfer [135], as in Equations (105) and (106). This extended
compressibility theorem for boson fluids obviously excludes the pure two-body case LR2
considered for distinguishable particles. Recall that closures were used in the past to study
bosonic fluids in an approximate way [3,43,44,74]). Therefore, one might also think of postu-
lating classical-like OZ2 and OZ3 frameworks for the current centroid correlations, but the
situation seems far from promising in practice, if only for the necessity of obtaining accurate
pair centroid correlation functions derived from the constrained Equation (A7b) at zero
field. Moreover, theoretical questions regarding whether a hierarchy for direct correlation
functions in this centroid context can be defined should also be cleared up. Furthermore,
classical-like OZ applications to the bosonic ET and TLR correlations, incorporating or not
quantum corrections, would be approximations whose final reliability could only be tested
a posteriori. Note that the present centroid discussion is not intended to go any further
than the number fluctuation questions, since there is a one-to-one correspondence between
the number of particles and the number of centroids which, by construction, respects the
features of bosonic exchange in the development of this CM framework. For discussions
covering a more rigorous centroid definition and related dynamical schemes, the reader is
referred to References [138,139].

Finally, the formulations given in this Appendix A could also be developed using
propagators more efficient than PP, but apart from a more complicated notation when
writing the partition function, they would be formally similar to the present ones. Also, as
regards Pl actual computations, it is out of the question that the PP propagator is not the tool;
for bosonic exchange, options and algorithms are discussed in References [9,39,40,96,193].

Appendix B List of Main Acronyms and Their Basic References

AV3 Intermediate closure for triplet structures [63,64].

BE Bose-Einstein statistics [9,39,40,83].

BDH 0Z2 Baxter-Dixon-Hutchinson variational procedure [77,130,141].
BHw 0Z2 Baumketner-Hiwatari grand-canonical corrections [132].

BHP3 OZ3 Barrat-Hansen—-Pastore variational procedure [45].

BOA Born—-Oppenheimer approximation [124].

CBHSP Cao-Berne hard-sphere propagator for quantum hard spheres [86].
CMn Path integral centroid class of structures at the n-th level [18,19,59,135].
DAS3 Denton—Ashcroft symmetrized closure for triplet structures [70].

ETn Path integral instantaneous class of structures at the n-th level [9,11,39,89].
GFH Gaussian Feynman-Hibbs picture [4,145,186].

JE3 Jackson—Feenberg closure for triplet structures [3,44].

kpass 103Ng x P attempted bead moves in a PIMC simulation.

KS3 Kirkwood superposition closure for triplet structures [41].

MC Monte Carlo simulation method [13,17,71].
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MD Molecular dynamics simulation method [13,17,72].

Mpass 10°Ns x P attempted bead moves in a PIMC simulation.

OZn Classical Ornstein—Zernike framework at the n-th level [1,6,45,73,75].
0z2 Classical Ornstein—Zernike framework at the pair level.

0z3 Classical Ornstein—Zernike framework at the triplet level.

PAs Pair actions for path integral simulations [9,86].

PI Path integral formalism [4,145].

PIMC Path integral Monte Carlo computational scheme [7,9,16,39].

PIMD Path integral molecular dynamics computational scheme [10,94,99].
PP Primitive propagator [7,9,85].

RISM 0Z2 reference interaction site model [7,76,184,185].

QHS Quantum hard spheres [66,84,86,141].

SAPT2 Janzen-Aziz pair potential between two helium atoms [111].

SCV]J Suzuki—Chin-Voth-Jang-Jang fourth order propagator [87-89].
SVP Saturated vapor pressure conditions.

Path integral total continuous linear response class of structures at the n-th
level [7,11,61,66].
WPIMC Wigner path integral Monte Carlo [103,104,174].

TLRn
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