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Abstract

We generalize the harmonic-order N-body DPT method for an isotropically confined
quantum system of identical interacting bosons to first-anharmonic order and, in
principle, higher orders. We introduce a graphical decomposition of the perturbative
expansion of the N-body Hamiltonian. We calculate the Clebsch-Gordon coefficient
tensors that couple together 3 irreducible representations of Sy analytically, and an-
alytically transformed the graphical basis to collective coordinates. We calculate the
N-body wavefunction and density profile in general and have demonstrated agreement
with an analytic model. We apply this formalism to the exactly-solvable example
of a trapped gas of atoms interacting with a (fully-interacting) harmonic-oscillator
“Hooke’s law” interaction and compare with the dimensional expansion of the exact
ground-state wavefunction and density profile. We report progress on the example of

a cold gas BEC (with zero angular momentum).
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Chapter 1

Introduction to the dissertation

1.1 Ultracold atoms exhibit wave-like properties

1.1.1 The wave-particle duality of nature

In 1906, the Nobel prize in physics was awarded to J.J. Thomson for showing that
electricity in gases is conducted by a particle which we now call the electron. In
1937, G.P. Thomson, the son of J.J. Thomson, shared the Nobel prize with Clinton
J. Davisson for the discovery that the electron is also a wave. Is an electron a particle
or is it a wave? In the heady days leading up to modern quantum mechanics, this
was a common topic of discussion. Light was shown to have discrete (quantized)
properties like particles, and fundamental particles were shown to exhibit interference
phenomena as if they were waves.

Louis de Broglie synthesized these paradoxical findings by proposing that any
moving body (atoms or airplanes) has an associated wave with a wavelength inversely

proportional to its momentum

h
A= (1.1)

The de Broglie relation is an example of an intriguing aspect of quantum mechanics:
the wave-particle duality of nature. Atkins and Friedman (1) suggest that the terms
“particle” and “wave” should be regarded as artifacts from a language based on
an antiquated understanding of nature. Note that as the momentum of a particle
gets smaller, its de Broglie wavelength gets larger and its wave-like properties more
apparent. That is significant in this thesis, because we are interested in a gas of atoms
near absolute zero temperature, where thermal motion dies down and the wave-like

behavior of atoms exhibits stunning phenomena.



If two stones are dropped in a pond, the radiating ripples will eventually coincide.
When two waves in a pond collide, two peaks combine to yield a bigger peak, two
troughs combine to make a deeper trough, but a peak and a trough can combine to
yield—nothing. This behavior of waves is called “interference” and a picture of this
scenario would show an interference pattern showing the above wave arithmetic. A
similar effect occurs in sound waves. One may enjoy a quieter flight when wearing
“noise-canceling headphones” that emit the right kind of sound waves to cancel out the
effect of the ambient noise. If atoms truly have wave-like properties, one would expect
similar phenomena. Two colliding “matter waves” should also exhibit an interference
pattern, where matter plus matter equals more matter in some places—and nothing
at all in others. In order to observe such a phenomenon, it is necessary to construct a
“matter wave” composed of many atoms in the same quantum state, an improbable

situation given the huge number of possible quantum states often available.

1.1.2 Low temperature tilts the odds in favor of coherence

In 1924 Einstein showed that if a gas of non-interacting identical (boson) atoms was
cooled below some critical temperature many of the atoms would “condense” in the
quantum state with the lowest energy. Notice that this condensation occurs without
interactions: it is a purely statistical effect that occupation of the lowest energy state
becomes more likely as the temperature of the system falls. This condensed fraction
of the gas is called a Bose-Einstein condensate (BEC).

This condensation into a single quantum state only happens if each of the atoms in
question has a total number of protons, neutrons and electrons that is an even number.
One aspect of quantum mechanics is that these things matter. In the periodic table
of elements, each atom has either an even or an odd number of particles. Those
with an even number are said to be “bosons” (named after Satyendranath Bose, who
introduced Bose statistics (2)). Those with an odd number are said to be fermions,
after Enrico Fermi. An even number of fermions form a composite boson, and protons,
neutrons, and electrons are all fermions. While any number of bosons can occupy the
same quantum state, Fermi-Dirac statistics dictate that no two fermions can occupy
the same state.

This distinction becomes relevant in a gas of very cold atoms, because as the
temperature decreases, the average energy of each atom decreases and whether or
not more than one atom can occupy the state with the lowest energy level becomes

important. This quantum state with the lowest energy is called the “ground state.”

3



Recently, gasses of fermion atoms have been cooled low enough that Fermi-Dirac
statistics are important. In this gas, the atoms are “stacked up” in the lowest energy
levels such that each atom has a partner with an equal and opposite momentum.
Such cold gases of bosons or fermions are said to be “quantum degenerate”, since the
degeneracy restrictions become significant in both cases.

People sometimes ask what a BEC is “good for”. The same people may have asked
the same question of the academics developing the laser in the 1960s. In the 1970s,
lasers were being used to scan barcodes in supermarkets and by the 1990s, lasers had
become household devices used in compact-disc players. What makes a laser different
from other light sources is that in a laser the photons are coherent. That is, they are
all in the same quantum state. During the same decade, those lasers (in some case
the same lasers developed for playing the compact-disc) were used to create a BEC;
i.e. coherent atoms in the same quantum state. A better question to ask is “what is

an understanding and control over the quantum behavior of matter good for?”

1.1.3 Atoms are described by “wavefunctions”

Atoms in a BEC have wave-like properties. In the formalism of quantum mechanics,
the collection of atoms in the same quantum state are described by a mathematical
equation known as “the wavefunction” of the quantum state. This wavefunction
is often denoted ¥(r,¢) and is a function of space and time. Sometimes the time-
dependence of the wavefunction is known or can be treated separately. In such a case,

one obtains a stationary wavefunction W(r) by solving the Schrédinger equation
HU(r) = EV(r) (1.2)

where H is the Hamiltonian operator which acts on the wavefunction, the result
being a constant E times the wavefunction. The constant E is the energy of the
quantum state associated with the wavefunction. The wavefunction W(r) contains all
information about the physical system. All physical observables can be obtained if

the wavefunction is known.

1.2 Research questions

The primary purpose of this thesis is to derive the wavefunction of a potentially large

number of identical bosons in the same quantum state and from this wavefunction



calculate two physical observables: the energy and spatial distribution of the macro-
scopic occupation of the ground state.

In order to do this, we further develop a method which has been used to calculate
the ground-state energy, the wave function, and the density profile for a BEC confined
by an isotropic (spherical) trap. This method, N-body dimensional perturbation
theory (DPT), is in the class of perturbative methods, in which a calculation is
refined by including additional “orders”.

In particular, this thesis will address the following questions.

1. Can the harmonic-order DPT method be extended to first anharmonic order
and, in principle, higher to address large-N, strongly interacting, and highly

correlated systems?

2. What improvement in the DPT-calculated BEC density profile is obtained by

adding the first anharmonic order correction?



Chapter 2

A short history of relevant theoretical

investigations into the BEC phenomenon

From a certain temperature on, the
molecules condense without
attractive forces, that is, they
accumulate at zero velocity. The
theory is pretty, but is there also

some truth to it?

Albert Einstein, 1924

2.1 BEC in an ultracold atomic gas

A dilute atomic gas BEC is a clean manifestation of the N-body problem in which
the specific form of the interactions is of little importance. This is in contrast to the
N-body problem in liquids and solids. Collective coherence phenomena like those
observed in quantum liquids and nuclei may be observed in a gas that is so dilute
that interactions may be well-approximated by a mean-field theory. Due to the low
density, quantum phenomena which are typically infinitesimal, such as the structure
of the wavefunction, can be observed by optical means (3).

A Bose-Einstein condensate (BEC) of a cold gas of boson atoms was predicted in
1924 by Einstein (4; 5) based on some work by Bose (2) on the statistics of a gas
of photons (which are massless bosons). A BEC in a cold gas was first observed in

1995, nearly 70 years later, for rubidium (6), sodium (7), and lithium (8). To achieve



condensation, these alkali vapors were cooled down toward the absolute zero limit—
to a few nanokelvin® The achievement of such low temperatures was made possible
by laser-based cooling and “trapping” techniques which were developed in the 1980s
(for reviews, see (9; 10; 11)). These gases were “trapped” in a confining potential
provided by magnetic fields and/or lasers, then cooled by Doppler laser cooling and
by “old-fashioned” evaporation.

A BEC is a state of matter where many atoms occupy a single quantum state,
forming a coherent matter wave. An early experiment demonstrating the stunning
behavior of coherent matter split a BEC into two parts and observed interference
fringes between the two matter waves as they expanded—Ilike incident ripples on a
pond (12). A BEC can be used to perform precision measurements. A measurement
of the Casimir-Polder force between a BEC and a surface has been performed by
measuring perturbations in the center-of-mass oscillations (13).

The theory of a BEC goes back to the 1940s. For a tutorial review of fundamental
ideas implicit in the theory of a BEC, see Reference (14). A recent article (15) reviews
advances in the theoretical description of the homogeneous (not in a trap), weakly
interacting Bose gas at zero and finite temperatures. Although a BEC occurs so near
absolute zero, the temperature of the condensate is still an important quantity. Much
physical insight can still be obtained in the zero temperature approximation, which
we focus on in this thesis. A tutorial for the non-specialist on the most common
theoretical methods used to describe weakly-interacting BEC at finite temperatures

is provided in Reference (16).

2.2 A mean-field description of a BEC is quite

useful

In a dilute BEC, the interaction between an atom and the N — 1 other atoms can
be approximated by the interaction between that atom and a “mean-field”. In this
sense, the mean-field description is a single-particle approximation to the full N-
body problem. If an atomic BEC is so dilute, a mean-field description is effective

in calculating both quantitative and qualitative descriptions of its properties. For

!'The Kelvin scale is a temperature scale similar to Celsius, except that a system at 0 kelvin,
“absolute zero”, has no thermal energy at all. A nanokelvin is one billionth of one kelvin. Absolute
zero is —273°C or —459°F..



a review of the use of mean-field theory for calculating properties of a BEC, see
Reference (17).
Applied to a dilute gas, where the interactions can be taken to be two-body and

short-range, the mean-field time-dependent Schrodinger equation is

g v(e,0) = (-5 4 Vi) + g (e, ) (e (2.1)

Equation (2.1) is called the Gross-Pitaevskii (GP) equation (see Eq. (35) in Ref-
erence (17) and references therein). In the above equation, Vi (r) is the external
confining potential. The order parameter ®(r,¢) depends on the single particle wave-
function ¢(r;t) (a function of r parameterized by t) and occupancy of the BEC state
No(t):

a(r, 1) = v/ FolDp(rs ). 22)

The coupling constant ¢ is proportional to the scattering length a: g = %. The
chemical potential p is adjusted so that the total number of atoms is equal to sum of
the occupancies of each state (3).

The ground state can be obtained (Eq. (39) in Reference (17)) by making the
substitution ®(r,t) = ¢(r)e/"

(= Vo) + 96 (1) = o), 23)

where the mean-field term is proportional to the particle density n(r) = ¢(r)>.

The GP equation is valid in a dilute gas: when the number of atoms in a “scatter-
ing volume” |a|? is much less than one. This condition is expressed using the so-called
“gas parameter” n|a|®> where n is the average density of the gas. Typical values of
n range from 10" to 10®cm™3 (17) and the natural scattering length of 8" Rb is 5.77
nm, which corresponds to n1]al® of 1.92 x 107! to 1.92 x 10~1.

When n]al®> << 1 the gas is said to be dilute or, confusingly, weakly interacting.
This does not mean the effects of interactions are negligible. As discussed in Dalfovo
et al. (17), the ratio of the (ground-state) energy due to interactions to the kinetic
energy is another useful parameter which indicates the importance of interactions,

% x %(ﬂ : (2.4)
where the harmonic oscillator length ay, is a measure of the width of the ground-state

trap potential? and provides a useful length-scale.

2The harmonic oscillator length is the classical turning point of the ground state of the non-

interacting trap.



For 8" Rb, |a|/ap, is on the order of 1073, so it does not take many atoms in a dilute
gas before the effect of interactions becomes significant, even when the gas parameter
indicates a dilute gas.

For a discussion on excitations in a weakly-interacting BEC and a review of ex-

perimental investigations of Bogoliubov excitations in a BEC, see Reference (18).

2.3 Sometimes one must venture beyond the mean-

field description

The GP equation is valid in the dilute gas limit, when n|a|*> << 1. Even in such a
dilute regime the accuracy of the GP equation may be estimated by calculating cor-
rections to the mean-field approximation. Recent experiments have produced BECs
which are not so dilute, making beyond-mean-field corrections imperative. Experi-
mental advances have demonstrated control over the strength of interactions between
atoms in a BEC. A BEC with interactions “tuned” by changing the magnetic field was
demonstrated in Reference (19). A gas parameter of n|al® ~ 1072 (19) was reported,
a regime where the mean-field does not provide quantitatively correct results (see for
example Reference (20)). This approach is limited by the increase in three-body col-
lisions (which is proportional to a*), but similar results can be obtained using lattice
techniques (see for example, Greiner et al. (21)). For a recent review of experimental
and theoretical investigations of N-body physics in confined (strongly interacting)
dilute gases in an optical potential see Bloch et al. (22) (both Bose and Fermi gases)
or Morsch et al. (23).

Obtaining solutions for large systems of interacting particles continues to challenge
existing approaches and current numerical resources. As the number of particles
N increases, the Hilbert space that holds an exact solution of the problem scales
exponentially in N making a direct numerical simulation intractable(24; 25). For
general interparticle interactions, this necessitates approximations which effectively
truncate the Hilbert space of the solution, usually by choosing a particular ansatz for
the many-body wavefunction or by truncating a perturbation series. In this section,

we provide a partial listing and brief description of several different approaches.



2.3.1 Theory and computation beyond the mean-field

Braaten and Nieto (26) derived quantum corrections to the GP equation (a classi-
cal field equation) for the ground state. The resulting correction is proportional to
1//n(0)a3 (where n(0) is the BEC density at the trap center) and the equation is of-
ten called a modified Gross-Pitaevskii equation (MGP)3. In a later paper, Anderson
and Braaten extended this analysis to include vortex states. Fu et al. (29) intro-
duce a modified GP equation which uses an energy-dependent effective potential and
introduces an additional shape-dependent term.

Timmermans et. al (30) derived a Thomas-Fermi-Bogoliubov theory, a descrip-
tion of a BEC and quantum fluctuations based on the approximation that the BEC
is locally homogeneous. The resulting perturbation series is analytic for a zero-
temperature, weakly-interacting BEC. The authors point out that the Thomas-Fermi
description really involves more than merely neglecting the kinetic energy in the GP
equation, and produce a more rigorous derivation of the Thomas-Fermi equation. In
addition to an analytic calculation of the chemical potential, the condensate deple-
tion, pressure and density of states are calculated. The result is valid when the size
of the condensate exceeds the “size” of the ground state of the trap ay,.

Just as the Thomas-Fermi equation may be obtained by neglecting the kinetic
energy of the GP equation, Gupta et al. propose a modified Thomas-Fermi equation
by neglecting the kinetic energy of the MGP for the isotropic (31) and anisotropic (32)
traps. The authors match the MGP (28) results for a ® Rb BEC with 10* atoms for
both the isotropic and the cylindrical trap. The corresponding excitation frequency
for the compressional mode also agrees with numerical results.

Fabrocini and Polls (33) compare a local-density approximation (which adds addi-
tional terms beyond the GP) to a correlated-wavefunction approach for both
isotropic (33) and a cylindrical (34) traps. The two approaches give similar results,
up to na® = 1073 for the isotropic case and up to na® = 1072 for the cylindrical case.

Esry (35) developed an approach which uses atomic physics to derive equations
which are similar to the Bogoliubov approach. Hartree-Fock, random-phase, and
configuration interaction approximations are used to solve the N-body Schrodinger
equation. This method has the advantages of using a familiar atomic physics per-

spective, maintaining “number conservation” and multiparticle excitations may be

30ther similar equations which go beyond the GP are sometimes called MGP, such as in Refer-
ence (27) referring to an equation derived by Nunes (28) using density functional theory. One can

tell which MGP is being discussed by noting the reference.
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included. Other authors have used multi-configurational Hartree-Fock approaches to
investigate trapped BECs (see for example Reference (36) and references therein).
Vanska et al. (37) develop a program for a direct configuration interaction (CI) cal-
culation for a BEC. Cederbaum et al. (38) developed a coupled-cluster approach for
a BEC in a 1 — D trap (for a recent review of coupled cluster theory, see (39)).

Mazzanti et al. (40) used correlated-basis theory (41) to study a BEC using both
a hard-sphere and soft-sphere potential. They found that the energy became shape-
dependent when the gas parameter was around 1073, and that other quantities (such
as the density profile) were shape-dependent over the whole range of the gas param-
eter.

Thogersen et al. (42) write the variational wavefunction in a basis of correlated
Gaussians. A direct numerical diagonalization of the N-body Hamiltonian (with an
attractive interaction potential) is performed for up to 30 atoms (convergence to four
digits typically requires 500 Gaussians).

Schneider and Feder (43) used a discrete variable representation (DVR) of the
Hamiltonian of a dilute, zero-temperature BEC to determine the ground and excited

states. This approach has been shown (44) to parallelize well.

2.3.2 Adiabatic hyperspherical harmonic approaches

Bohn et al. (45) applied the adiabatic hyperspherical harmonic expansion (with the
K-harmonic approximation(46)), in which certain BEC properties are described by
motion in an effective potential of a single collective coordinate (the hyperspherical
radius). The interactions are zero-range. Sorensen et al. (47; 48; 49) discuss a similar
adiabatic hyperspherical approach for a central two-body interaction potential and
discuss the BEC phenomena in the context of the surface of the hyperradial effective
potential. Sogo et al. (50) have derived a semianalytic solution to the hyperspherical
effective potential for N bosons with zero-range interactions. Rajabi(51) showed that
by making an ansatz for the wavefunction, the adiabatic hyperspherical harmonic
approach may be used to solve the N-body Schrédinger equation analytically (within
the approximation) for a class of potentials that include the Hooks-law and Coulomb
interaction potentials.

Das et al. (52) proposed an alternative to an expansion in a hyperspherical har-
monic basis: an expansion in a “potential harmonic basis”. Calculations for a small
number of particles were shown to be near exact diffusion Monte Carlo (DMC) cal-

culations with a strong scattering length (53), (the same DMC data referenced in
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Chapter 8). Calculations for a dilute BEC with a large number of atoms interacting
with a van der Waals interaction (54) are shown to agree with experimental results
for dilute "Li (55) and * Rb (56) BEC.

2.3.3 Monte Carlo methods

For an introduction to Monte Carlo methods in physics, see for example Refer-
ences (57; 58).

In an early computational verification of the signature distribution of particles in a
BEC, Krauth (59) used essentially exact path-integral Monte Carlo (PIMC) methods
to simulate 10, 000 atoms in a spherical trap with weak interactions (a/ap, = 0.00433).
He calculated the density profile for the Bose gas at small finite temperatures to show
that below the critical temperature the condensed part of the gas can be described
by the GP wavefunction. Holzmann et al. (60) showed that for the same scattering
length, the density profiles calculated using Hartree-Fock and PIMC are in good
agreement near the critical temperature, but that the HF approximation fails for
zero temperature. These calculations are performed in the dilute regime and agree
with the mean-field GP results.

In References (53; 61; 62; 63; 20; 64), Monte Carlo methods are employed to
study the validity of the GP equation at larger interaction strengths in a BEC. These
results exhibit “universal” behavior in the dilute regime that is characterized by the
parameter na® or (n — 1)a.

Blume et al. (53) and Nilsen et al. have verified at low-N that a modified GP
equation which includes quantum fluctuations in References (26; 65; 33) leads to a
greatly improved ground-state energy and density profile. Blume et al. (53) show that
for a scattering length of a = 0.433a/ay,, the GP underestimates the ground-state
energy by 4% and 10% for N = 3 and N = 10, respectively, but underestimates
the height of the condensate peak n(0)/N by 20% and 35% for those numbers. In
contrast, the MGP peak coincides with the DMC result for N = 3 and N = 10.

DuBois and Glyde (62) use an approximate variational Monte Carlo approach
(VMC) to show that as the scattering length increases, the bulk of the BEC is actually
pushed to the outer edges of the gas. In a later paper (20) the analysis is carried
further to show that at na® > 1072 the mean-field theory fails and that at na® > 0.1
the BEC behaves like a liquid * He droplet. This reference also reports the appearance
of correlations (“wiggles”) in the N-body density profile, which suggest that the
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hard-sphere particles become packed in some arrangement as the effective size of the
hard-spheres is increased in relation to the trap size.

DuBois, Glyde, and Sakhel (62; 63; 20) find that the shape of the probability
density profile for the trapped condensate becomes flat for strong interactions, as
opposed to the parabolic shape (due to the parabolic confining potential) predicted
by mean-field theory in Reference (17). This shape is believed to be significantly
influenced by interactions and depletion.

In Reference (66), Purwanto and Zhang use the ground-state auxiliary-field quan-
tum Monte Carlo (AF QMC) method (67) to calculate the ground-state energy and
density profile for a trapped BEC with strong interactions. The AF QMC method uses
second-quantization and accounts for particle permutation statistics. This method is
not exact (as DMC is) for bosons with repulsive interactions, but it is shown that
the systematic errors are very small. The authors point out that the kinetic portion
of both the GP and MGP do not include correlation effects, while the Bogoliubov
approximation under the local density approximation (Bogoliubov+LDA) does so
and demonstrates much closer agreement with AF QMC results. The authors also
find that despite this discrepancy, the MGP and Bogoliubov+LDA yield similar total

energies.

2.4 Does the shape of the interaction matter?

Most of the above references model the low-temperature interactions between atoms
with a short-range potential, such as a “hard sphere” potential with a radius equal

to the scattering length a

Vir) = 0 if a<|r| | (25)

oo if Jr|<a

or the Fermi pseudopotential(68)

ad(r)—=—r. (2.6)

These simple models of atomic collisions have been shown to be valid only in weak
traps where the width of the trap ground state is larger than the scattering length
la|. For two or three atoms in strong confinement, several groups have shown(69; 70;

71; 72) that the shape-independence approximation breaks down for strong traps.
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Blume and Greene (53) and Giorgini et al. (61) employ the diffusion Monte Carlo
(DMC) (73; 74) method to show that the ground-state energy depends, to a good ap-
proximation, only on the s-wave scattering length for low densities (n(0)a® < 2 x 1073)
and that a modified GP equation yields a more accurate ground-state energy. This
threshold for shape dependence is in agreement with the correlated basis function
results of Mazzanti et al. (40). In Reference (53), DMC was applied to a trapped
BEC at zero temperature with strong interactions. It was shown that for sufficiently
low densities three different model potentials with the same s-wave scattering length
yield the same ground-state energy, verifying the premise that properties of an ul-
tracold dilute gas depend only on the scattering length to a good approximation.
The DMC method can calculate the lowest energy essentially exactly (if there is no
guiding function bias and the time step has been extrapolated to zero) for a low num-
ber of atoms. Esry and Greene (72) also showed that for three atoms in a trap the
shape-independent approximation agrees with exact results only for dilute densities.

In early traps shape dependence was not an issue. More recent work requires
consideration of the effect of trap confinement on scattering (71). In both the optical
lattice work (see, for example the work of Greiner et al. (21)) and the large-gas param-
eter BEC’s obtained by the use of a Feshbach resonance (see for example Cornish et
al (19)) the scattering length can exceed the trap width. Blume and Greene (70) and
Bolda et al. (71) independently showed that the introduction of an energy-dependent
effective scattering length (of the untrapped atoms) in the Fermi pseudopotential (2.6)
yields good agreement with exact results for two atoms in a trap. In Reference (75),
Collin et al. propose a similar energy-dependent generalization of the Fermi pseu-
dopotential and derive a generalized GP equation that includes an effective-range
scattering length.

In Reference (76), Kalas and Blume show that while interactions in a dilute gas
could be characterized by a van der Waals interaction (proportional to =% for neutral
atoms), a pseudopotential with an energy-dependent scattering length (70; 71) yields
results close to fixed-node DMC (FN-DMC) calculations with a hard-sphere plus a
van der Waals tail. Using such a pseudopotential or a hard-sphere contact potential
gives rise to correlations due to two-body interactions only.

Thogersen et al. (42) point out that due to the use of an attractive interaction
potential with a two-body bound state, a large and diverging scattering length results
from small changes to the depth of the potential near the two-body threshold. Because

an infinitesimal change in the potential leads to a disproportional large change in the
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scattering length, the latter ceases to be a physically meaningful length scale when

the scattering length diverges.

2.5 N-body dimensional perturbation theory

And now for something completely

different

John Cleese, 1969

In this chapter, we have discussed a few different kinds of theoretical and computa-
tional techniques used to understand the behavior of a BEC (a macroscopic quantum
object) from a microscopic model that keeps track of each particle. In this thesis, we
employ dimensional perturbation theory, a complementary N-body perturbative ap-
proach. This N-body dimensional perturbation theory (DPT) is essentially analytic
and avoids costly computation. One significant advantage of analytic approaches in
general is the physical insight that may be gained. N-body DPT is no exception. The
macroscopic behavior of the BEC, such as the energy levels, what it looks like, the
vibrational-mode characters and frequencies can be obtained. We will be interested
in applying DPT in both the dilute gas limit, as well as in the regime na® > 1073
where the mean field GPE is no longer useful. We provide an introduction to the

present N-body DPT method as well as background material in the next chapter.
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Chapter 3

N-body dimensional perturbation theory

"Ha! Is it come to this?” thundered
the Stranger: ”then meet your Fate:
out of your Plane you go. Once,

twice, thrice! "Tis done!”

Lord Sphere in Edwin A. Abbot’s
Flatland: a Romance of Many

Dimensions, 1884

In this dissertation, I present a formalism suitable for the study of confined, corre-
lated systems of N bodies. In this chapter, I set the stage by reviewing perturbation
theory, previous work by our group and others in dimensional perturbation theory,
and how this dissertation extends the framework to higher perturbative orders. Be-
cause most of this work was performed in collaboration with group members, in this

thesis I will revert to the editorial “we”.

3.1 Perturbation theory in general

The method we develop is based on a dimensional perturbation theory (DPT) ap-
proach, where the number of spatial dimensions is generalized to an arbitrary number
of dimensions. This may seem odd to one who has studied perturbation theory in the
context of an atom “perturbed” by an electric field (the Stark effect) or by a magnetic
field (the Zeeman effect). In both of these examples, the perturbation parameter is
a physical quantity, in the sense that it is something that can be controlled in the
lab. The N-body problem is difficult enough, and one may well ask why the choice

to include unphysical dimensions is of any use to those of us bound to three spatial
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dimensions. A proper understanding of perturbation theory outside of the context of
the typical undergraduate introduction will be helpful.

Perturbation theory is a technique by which a difficult problem is broken down
into a series of easier problems using an iterative method of obtaining successive
approximations. There are many examples of perturbation theory in atomic and high
energy physics. In Ref. (77) it is pointed out that there are generally three steps to

a perturbative analysis:

1. Convert the original problem into a perturbation problem by introducing a small

parameter €.

2. Assume an expression for the answer in the form of a perturbation series and

compute the coefficients of that series.

3. Obtain the answer to the original problem by summing the perturbation series

for the appropriate value of «.

There are many ways to accomplish step one, so why not introduce a pertur-
bation parameter in such a way that the zeroth-order solution has a closed-form,
analytic expression? In general, if a closed-form zeroth-order solution exists, then the
higher-order terms introduced in step two may also be soluble in an analytic closed
form (77)%.

3.1.1 Example: solution of a cubic polynomial

Also in Ref. (77), the following elementary example is given which illustrates the
above steps without the trappings of a particular physical theory: finding the roots
of the cubic polynomial

2* — 4.001z + 0.002 = 0. (3.1)

The first step is to introduce an expedient perturbation parameter, ¢, generalizing
Eq. (3.1):

2*— (d+e)r+2=0. (3.2)
The second step is to assume the roots to have a perturbation series solution of the

form

!The summation of the series in the third step is often complicated in that many non-trivial
perturbation series are actually not convergent. See Ref. (78) for an extended discussion of divergent

series in perturbation theory.
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x(e) = Zanen, (3.3)

The zeroth-order (n=0) coefficient is determined by solving the roots of Eq. (3.2)
with € = 0:
¥ —dr=0. (3.4)

The above equation has three roots: z(0) = ap = (—2,0,2). These are said to be the
“zeroth-order” solutions. The second-order solution to the root —2 is determined by

substituting Eq. (3.3) with n = 2 into the cubic polynomial (3.2), obtaining
(8a; +4)e + (8ag — a; — 6aj)e® = O(?). (3.5)

Since ¢ is a parameter, each coefficient of the above polynomial in € must be zero. This
condition is used to determine the values a; and as; and therefore the perturbation
expansion for the —2 root to second perturbative order:

1 1
ZL‘1:—2—§€+§52+.... (36)

A similar procedure may be used to calculate the perturbative solution to the other
two roots as well. Finally, to obtain the second-order perturbative calculation of the
roots, one simply lets € = 0.001 to recover the original problem. For this example,
the convergence is striking: the difference between the second-order perturbative root

near —2 and a numerical calculation is 6 x 10711,

3.2 Dimensional perturbation theory: an extensible

framework

Dimensional perturbation theory (DPT) (79; 80) provides a systematic approach to
the study of correlation in confined quantum systems. This method takes advantage
of the high degree of symmetry possible among identical particles in higher dimensions
to obtain an analytic description of the confined quantum system, without making any
assumptions about the number of particles or the strength of interparticle interactions.

Because the perturbation parameter is the inverse of the dimensionality of space

DPT is equally applicable to weakly- or strongly-interacting systems. Another im-

portant advantage of DPT is that low-order DPT calculations are essentially analytic
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in nature(81). As a consequence, the number of atoms enters into the calculations
as a parameter, and so, in principle, results for any N are obtainable from a single
calculation(82). Also, even the lowest-order result includes correlation, and so DPT
may also be used to explore the transition between weakly interacting systems and
those which are strongly interacting. These results can be systematically improved
by going to higher perturbative order. In reference (83), Dunn et al relate a general
method to calculate much higher-order corrections efficiently and exactly using tensor
algebra.

The dimensional perturbation theory approach also follows the above three basic
steps: the original D = 3 problem is generalized to D dimensions, a 1/D perturbation

series is assumed, and the D = 3 solution is ultimately obtained.

3.2.1 A brief history of dimensional scaling and DPT
3.2.1.1 Dimensional scaling

Contemporary dimensional perturbation theory (DPT) has an interesting background
story. In 1980, Physics Today carried an article (84) by theoretical physicist Edward
Witten entitled “Quarks, atoms, and the 1/N expansion” discussing a perturbative
quantum chromodynamics solution (in a referenced earlier work) in which three quark
colors are generalized to N quark colors, the large-N limit is determined, and a
1/N perturbative calculation is performed. This is not the first example of a 1/N
expansion; previous articles are referenced in (84). The article also showed the utility
of a large-dimension limit in the examples of the hydrogen and helium atoms and a
1/N (where N is the number of spatial dimensions) perturbative calculation of the
ground-state energy. The results discussed (reported from another reference) were
not numerically impressive at lowest order.

Chemist Dudley Herschbach read the article and states in Ref. (79)

...since I was teaching a quantum mechanics course and on the look-
out for provocative problems, I tried setting up the helium example as a
homework exercise. By merely recasting the large-D limit to factor out
the hydrogenic portion, I found that a very simple calculation gave 1%
accuracy. This encouraged me to try to make use of another unphysi-
cal limit, D — 1, which had a known solution. In order to interpolate,
[ assumed a geometric series in powers of 1/D, fixing the parameters by

means of the simple, exactly calculable D — co and D — 1 limits. Setting
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D = 3 in the resulting series gave the correct energy within 0.002%. The
question of whether this was a portent or a fluke provoked much further
work, in collaboration with enterprising students and colleagues, which

led us to other intriguing surprises.

Dimensional scaling work flourished in the following decade or so, aided by a few
specialty conferences. A 1996 article by Dunn and Watson (85) contains an overview
of dimensional scaling studies in physics and physical chemistry with well over 100
related references. Dimensional scaling studies have been applied to a broad range of

problems, but have a few general features in common (79):

1. The model for the physical system is generalized to D spatial dimensions.

2. The model is transformed and the coordinates and parameters are dimensionally-

scaled to remove the leading-order D-dependence.
3. The model is solved exactly at one or more values of D.

4. The solution for D = 3 is calculated in terms of the unphysical D solution(s),

by interpolation or perturbation.

3.2.1.2 N-body dimensional perturbation theory

When the D = 3 solution is obtained from a perturbation series in § = 1/D, the
dimensional scaling method is called dimensional perturbation theory. In the present
formulation, the perturbation series for the energy and wavefunction of a system of

N bodies is written in the form

_ _ > N o
E = Eoo+5;<5) B
d = i(aé)jcpj.

=0

In practice E; = 0 when j is odd?. The terms of order j = 0 are derived from a
Hamiltonian of the form of uncoupled harmonic oscillators (written in a collective
coordinate basis) and so we refer to the 7 = 0 perturbative terms as “harmonic
order”. The higher-order terms are called “anharmonic.” The present work draws

most directly from the N-body DPT application developed by Loeser in Ref. (86) for

2For a non-degenerate perturbation theory
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an atom with many electrons. In this paper, Loeser introduced a (harmonic-order)
N-body DPT perturbation formalism for the N-electron atom and the ground-state
energy was calculated to harmonic order (7 = 0) in 1/D. The more specific features
of this N-body DPT approach are:

1. The DPT method begins with a fully-interacting Hamiltonian in internal coor-

dinates, generalized to arbitrary dimension.

2. The Hamiltonian is dimensionally-scaled and the Schrodinger equation is simi-
larity transformed to obtain a Hamiltonian of the form of kinetic-energy deriva-
tive terms plus an effective potential which remains finite in the large-dimension

limit.

3. In the large-dimension limit (a classical limit similar to i — 0), the wavefunction
collapses to a classical symmetric arrangement of particles, which represents a
minimum of the (multivariate) effective potential. The large-D energy is simply

the minimal value of the effective potential.

4. By considering displacements of the internal coordinates from this large-dimension
configuration we obtain a perturbation series of the Hamiltonian, where the per-

turbation parameter depends only on D.

The group of Deborah Watson began the extension of Loeser’s seminal work to a
Bose-FEinstein condensate in a spherically-symmetric trap, calculating the harmonic-
order energy in References (82; 81). In Reference (87) Dunn et al used the theory
of group representations to derive the harmonic-order ground-state wavefunction for
L = 0. A crucial development in Reference (87) is the transformation of the harmonic-
order Hamiltonian in internal coordinates to normal coordinates by introducing an
intermediate step: the construction of so-called “symmetry coordinates.” An earlier
work by Dunn et al showed how these results could be systematically improved by
going to higher order(83). The harmonic-order DPT formalism in these references
is directly applicable to any confined quantum system with a two-body interaction
potential, although the focus has been on a BEC. This method is truly general for
any isotropic confined quantum system of identical bosons in an isotropic confining

potential with two-body interactions.
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3.2.2 New N-body DPT work in this dissertation
3.2.2.1 Influential preliminary work

My first assignment was to generalize the above formalism for a BEC in a spherical
trap to a cylindrical trap at harmonic order. The results were not as good as we
had expected (88). In this work, we followed the example of McKinney et al (82)
in modeling the atom-atom interaction potential by a step function with adjustable
parameters, and “calibrating” the potential: the potential parameters are determined
by optimizing the ground-state energies for different numbers of particles to bench-
mark diffusion Monte Carlo data(89) for N < 100 and extrapolating to higher N.
In addition to determining the form of the large-D interaction potential, such an
optimization makes the most of the current order in the perturbation series. We
had hoped for results like Ref. (82), where the extrapolated ground-state energy com-
pared favorably with other calculations up to a BEC with many thousands of identical
atoms. We found that our extrapolations were not as good.

The harmonic-order cylindrical trap energy results needed improvement, so we
sought to add more information to the fit. Reference (53), from which we obtained
our benchmark low-N energy data, also contains the ground-state density profile for
a cylindrical trap. The density profile is a directly observable manifestation of the
quantized behavior of the confined quantum system. In order to add this additional
information to our calibration to benchmark data, we generalized the harmonic-order
(L = 0) wavefunction from a spherical geometry to a cylindrical geometry(88), and
derived the harmonic-order density profile for both a spherical trap (90) and for
a cylindrical trap (91). Due to the inflexible form of the harmonic-order density
profile, we could not fit well to benchmark data and the results still did not meet
our expectations. We knew that the density profile could be greatly improved by
including the next-order (first anharmonic) term which would give the density profile
the flexibility to conform to the benchmark data. We settled for publishing the
harmonic-order density profile for a spherical trap (90) and made the decision to

generalize the formalism to higher order.

3.2.2.2 Work that is in this dissertation

In Part II we develop the formalism of N-body DPT for first anharmonic order and,

in principle, higher orders. To calculate the first-anharmonic-order wavefunction, it
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was necessary to extend the structural expression of the harmonic-order Hamilto-
nian, which was written in Ref (81) as a bilinear form of coordinate vectors con-
tracted with a coefficient matrix. The coefficient matrix in Ref (81) was shown to
have a completely symmetric particle-label permutation symmetry and was written
in terms of structural matrices which were derived from spectral graph theory. Not
finding any corresponding higher-rank structural tensors from spectral graph theory,
we constructed our own using a general procedure that can be employed at any order
(Appendix C), for any rank Hamiltonian coefficient tensor. We also showed that these
structural tensors (which we call “binary invariants”) form a basis for the coefficient
tensors (Chapter 4). We calculated the terms of the first-anharmonic-order Hamil-
tonian, written in the form of coordinate and derivative vectors contracted with a
rank-three tensor.

Having decomposed the first-anharmonic-order Hamiltonian coefficient tensors in
a basis of binary invariants, we then transformed each binary tensor to normal co-
ordinates (Chapter 5). In Ref. (87) it was shown using the theory of group repre-
sentations that the transformed harmonic-order Hamiltonian coefficient matrices are
proportional to Clebsch-Gordon coefficient matrices. These Clebsch-Gordon matrices
are simply identity matrices. In Chapter 5, we use the same transformation matrices
to transform the first anharmonic order Hamiltonian coefficient tensors to normal co-
ordinates by transforming the binary invariants, showing that they are proportional
to rank-three Clebsch-Gordon tensors, and by deriving both the transformations and
the Clebsch-Gordon tensors in closed-form. By this transformation of binary in-
variants, the N-body Hamiltonian is analytically transformed to collective “normal”
coordinates.

The reader is referred to Appendix A, which provides a parallel narrative to Chap-
ters 3-5 for the simpler N = 3 case. The reader is also referred to Appendix B for an
index convention “reference card”.

As discussed in Chapter 6, the first-anharmonic-order wavefunction is calculated
using a simple commutation relation in Eq. (3.54). Having derived the first-anharmonic-
order wavefunction, we calculate the ground-state probability density profile in Chap-
ter 6.

In Part III, we apply the N-body DPT formalism developed in Part II to two
examples. In Chapter 7 we derive the wavefunction and density profile of a trapped
gas with interactions modeled by a Hooke’s law (spring-force) potential. While this

system is not physical (in a real gas, interactions do not increase with larger distance),
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it is exactly soluble. We derive the exact wavefunction and density profile, derive
an analogous perturbation series, and demonstrate that the DPT wavefunction and
density profile formalism (as well as the coded implementation) are in agreement with
the exact results. In Chapter 8, we begin the application of the formalism to a BEC
by optimizing the spherical density profile and energy to benchmark data.

3.3 N bodies in higher dimensions

In this section, we perform the first two steps of any dimensional scaling procedure.
First, we make a difficult three-dimensional N-body problem seemingly more difficult
by generalizing it to arbitrary dimensions. Second, we see that the system has a

simple solution (which is exactly soluble in closed form) in the large-dimension limit.

3.3.1 The D-dimensional Schrodinger equation

We consider a system of N identical particles confined by a spherically symmetric
potential and interacting via a two-body potential g;;. It is easy enough to generalize

the 3-dimensional Schrodinger equation in Cartesian coordinates to D dimensions:

N N-1 N
HU =Y "hi+Y Y gy|V=EU, (3.7)
i=1 i=1 j=it+1
where 5
h? 0 D,
hl' = _Q—TTLZ' £ WZQV —+ ‘/conf ( Zy:l SL’W> (38)
and

9ij = Vint (\/ Z; (24 — xjy)2> (3.9)

are the single-particle Hamiltonian and the two-body interaction potential, respec-
tively. The operator H is the D-dimensional Hamiltonian, and z;, is the v** Cartesian
component of the i*" particle. Von¢ is an external confining potential and Vi, is the

two-body interaction potential.

3.3.2 Confined quantum systems in internal coordinates

Internal coordinates provide a convenient description of quantum systems confined

by a central potential. For a system of N atoms, we define the following internal
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coordinates: r; measures the distance of particle ¢ from some common origin and 7; ;
depends on the angle between r; and r;.
The definition of internal coordinates is easily extended to D dimensions by defin-

ing the D-dimensional radius, r;

ri = ; (3.10)
and the angle cosines, v; ;, as
(Zle fﬂiuﬂfju)

TiT;
Each of the coordinates ;; are defined in the 2-dimensional plane defined by the
D-dimensional vectors r; and r;.

We transform the Hamiltonian to internal coordinates, following the derivation in

Ref. (81) and restricting our attention to L = 0:

h? ”? D—-120 Vik — YiiVik 02
H— - J ij Ji
; { 27712 ( 8772 * T 87’1' + ; hoti TZ-Q 8’)/2J8’)/2k

D -1 0 .
2 Z’ngw> + Vconf(Tz‘)} + Z Z Vint (7)
ij

i i=1 j=i+1
(3.12)

3.3.3 The Jacobian-weighted Schrodinger equation

In the internal coordinate Hamiltonian, integrals over internal coordinates must in-
clude a weight function of the Jacobian of the transformation from Cartesian to
internal coordinates. In what follows, it would be convenient if this weight function
was unity. This can be accomplished by performing a similarity transformation on
the Schrodinger equation.
Similarity transformations of the wave function ¥ and operators O have the fol-
lowing form:
& ="'0, and O =y "'Oy. (3.13)

There are many ways to perform such a transformation, depending on the choice of
the transformation x. In Ref. (92), Avery et al. considered the several choices of the
transformation y, all of which are related to the Jacobian of the transformation from

Cartesian coordinates to internal coordinates .J, where
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J = (7‘17“2 e TN)(D_l)P(D_N_l)/Q . (314)

The quantity I' is the Grammian determinant: the determinant of the matrix [v;], ;
(see Appendix D of Ref. (81)).
We use the transformation that Avery et al. called case (i) (Table 3 in Ref. (92)),
in which
x=J"z. (3.15)

The transformation x has three useful properties.

e When integrating (such as when we determine the density profile), the weight

function of the integral W is equal to unity, i.e.
W=Jx’=1. (3.16)

e A first derivative of an internal coordinate is the conjugate momentum to that

coordinate.

e The expression for T is explicitly Hermitian (or self-adjoint).

The result is the similarity-transformed (3.13) Schrédinger equation Eq. (3.17)
(T+Vig)®=E®, (3.17)

which has an operator T which is the derivative portion of the kinetic energy plus an
centrifugal-like “effective potential” Vg. This distinction is analogous to the solution
of the Schrodinger equation of the hydrogen atom, where the angular momentum
eigenvalue “centrifugal” term is added to the potential energy so that the equation is
of the form of two terms: a purely derivative kinetic term plus an “effective potential.”

In the above, the derivative portion of the Jacobian-weighted Hamiltonian 7" is

Al
= hQZ[_QmZﬁrﬁ 2mu<ZZ%k i Yik) 05,07k 6 Z%J )

i=1 JF#l k#i Jj#i

+

N(N —2)+(D—N—1)? (?)}

2
8myT;

S )
h? Z[ o 8r ~ o p ZZ %k %j%k)a—'

i=1 J# k;ﬁl ik

+

N(N —2)+ (D — N —1)? (?)} s

2
8myT;
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In the above equations, I'® is the determinant of the Grammian matrix h/ij]ij with

row and column ¢ removed (see Appendix D of Ref. (81)).

3.4 There’s plenty of room for additional symmetry

in larger dimensions

Generalizing the Schrédinger equation to higher dimensions allows us to introduce

additional symmetries that are not present in three dimensions.

3.4.1 Preparation for the large-dimension limit: dimensional
scaling

Following Ref. (81), we regularize the large-D limit of the Schrédinger equation by

defining the dimensionally-scaled variables

i =ri/k(D), E=r(D)E, and H = k(D)H, (3.19)

where k(D) is the dimension-dependent scale factor which regularizes the large-D
limit®. The actual choice of (D) depends on the physical system. In Table 3.4.1, we
list choices of the k(D) used in (81; 82; 90).

The kinetic energy 7' in Equation (3.18) scales in the same way as 1/r%, so the

dimensionally-scaled Schrodinger equation is

_ 1 - _
H® = T+U+V |d=FE 3.20
<H<D> U ) ’ (3.202)

3In order to be consistent with previous DPT references the terms h and m; in the Hamiltonian
later are included here, but will later be neglected by an implicit change to oscillator units, where &

and m are unity.

Physical System k(D) Q(D) Auxiliary variables

N-electron atom Q(D)/Z (D —1)(D—2N —1)/4

quantum dot QD) (D—=1)(D—=2N—-1)/4 Iy = m*]zvho
BEC D%,  D? (o = \/ 7 = apo D2

Who = AD )iy

Table 3.1: Dimensional scaling for three different confined quantum systems.
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where

N
I
>t
V)
[~]=
/‘\
1\3
3 [
)
%
[\
§
8
=
3
2
z
Q
~—
w
()
(@)
=

N N(N—2)+(D-N—-1) (“”)
_ 1
U = K .20
;m(D) 8 ’ (3.20c)
N N—-1 N
V = Z‘/::onf Z ‘/;nt(flj) (320d)
i=1 i=1 j=i+1

The centrifugal-like term U of Eq. (3.20c) has quadratic D dependence, so the scale
factor k(D) must also be quadratic in D, otherwise the D — oo limit of the Hamilto-
nian would not be finite. The precise form of (D) depends on the particular system

and is chosen so that the result of the scaling is as simple as possible.

3.4.2 Large-D limit of the Hamiltonian

We consider the large-dimension limit of the Schrodinger equation by first rewriting

(3.20a) in terms of the inverse dimensionality J, where
§=1/D. (3.21)

In the large-dimension limit (6 — 0) the factor of k(D) (which is quadratic in D) in
the denominator of Eq. (3.20a) suppresses the derivative terms of (T'), leaving behind
only centrifugal-like term,
_ , 1 1 ) 2r(i)
U(7;0) = h—,i) O"N(N —2)+(1—(N+1)9) T

oo 8m; 72 0%k(D

(3.22)

o0

as well as the large-D limit of the confining and interacting potential terms.
This centrifugal-like term, together with the confining and interaction potentials

form an effective potential, Vies:

N
‘/eff 7’ /77 Z U Tz; + ‘/conf Tu + Z Z ‘/:Lnt 7’@771], . (323)

=1 =1 j=1+1

The centrifugal-like term provides a repulsive core, even in the ground state.
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3.4.3 Symmetric minimum of the effective potential

Due to the disappearance of the derivative portion of the kinetic energy, the particles
in the system become “frozen” in some arrangement which minimizes the (multivari-
ate) large-D effective potential, and the excited states collapse onto the ground state
at the minimum of Vi¢;. We assume that this minimal arrangement is totally sym-
metric under particle interchange. The N particles are arranged on a hypersphere,
each particle with a radius 7, from the center of the confining potential. Furthermore,
the angle cosines between each pair of particles takes on the same value, 7.

Thus in the large-D limit we assume the following values for 7; and -, ;:

lim 7, = 7o (1 <i<N) and
D00 (3.24)

m 75 = 70 (1<i<j<N).

D—oo

This symmetric structure in which all N particles are equidistant and equiangular
from every other particle can only exist in a higher-dimensional space and is impossi-
ble in a three-dimensional space unless N < 3%. The defining parameters of this high
dimensional structure, 7o, and 7., are the lowest-order DPT expectation values for
r; and 7;; . This would indicate that the expectation values for the radii and interpar-
ticle angles for actual D = 3 systems should have values corresponding to structures
that can only exist in higher (D > 3) dimensional spaces. Accurate configuration
interaction calculations for atoms in three dimensions do indeed have expectation
values for the radii and inter-electron angles which define higher-dimensional struc-
tures (93). This symmetric high-dimensional structure is also not unlike the localized
structure found in a hyperspherical treatment of the confined two-component normal
Fermi gas in the N — oo limit (94).

In dimensionally-scaled units the D — oo approximation for the energy is simply

the effective potential minimum, i.e.

Eoo = 7eff<f007/7003 0= 0) . (325)

In this D — oo approximation, the centrifugal-like term that appears in V¢ , which

is nonzero even for the ground state.

4In a special case, valid for only one interparticle angles, 4 particles can be arranged at the points
of a tetrahedron in three dimensions. The interparticle angle is in no way fixed by the number of

particles.
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Beyond-mean-field effects are already present in this approximation. This may
be seen in the value of v, , the D — oo expectation value for the interparticle angle
cosine (see Eqs. (3.24) and (3.26)). In the mean-field approximation, the expectation
value for the interparticle angle cosine for the L. = 0 states considered here is zero. The
fact that v, is not zero is an indication that beyond-mean-field effects are included
even in the D — oo limit.

The D — oo approximation may also be systematically improved by using it
as the starting point for a perturbation expansion (DPT). This highly-symmetric,
D — oo structure imparts a point-group structure to the system which is isomorphic
to the symmetric group of N identical objects (95), Sy. This symmetry allows for
an analytic determination of the higher-order perturbative terms, even though the

number of degrees of freedom becomes very large when N is large.

3.5 Perturbation about large-D structure

The method of N-body dimensional perturbation theory used here starts with the
large- D, symmetric, static arrangement and forms a perturbation series by considering
small displacements about that static arrangement. We consider small, dimensionally-

scaled displacements about the minimum of Vigs:
Ty = Too + 027 (3.26)
Yij = Yoo T+ 51/2%{]‘- (3.27)

We will perform a series expansion of Ve about & > = 0 to obtain Vioes as a power
series in 0 %, but first we find it expedient to express the internal coordinates using

N(N+1)
2

the vectors y and y’. We define a vector g consisting of all the internal

coordinates,
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<
I

=i
=
Il

, where

and

Y12

713

V23

Y14

V24

V34

15

V25

YN-2,N

YN-1,N

(3.28)

We make a similar definition for the internal displacement coordinate vector g,

We then make the substitution

Y =Yoo + 6%y

!
V12

!
V13

/
Y23

V14
Vou
Va4
%5

!
Vo5

/
YN—2,N

/
YN-1,N

. (3.29)

(3.30)

in the dimensionally-scaled Schrodinger equation (3.20a). As we shall see, writing T

and V¢ as functions of the column vector g’ will enable us to write the corresponding

series expansions in a compact form.
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3.5.1 Series expansion of the kinetic term, G

The series expansion about § = 0 of (3.20b) is calculated in Appendix D. Here are

the results:

T = _15 S ZZI—%O o
- 9 8712 T2 87,2

1=1 j#i

ZZZO—@JJQ _:200)%0 /82 / )

i=1 j#i ki 8%-]07“?

lr—vm)_ % s
53/2 (ZZ( T = fygj) 7

1=1 j#i

’700) _ Yoo / / ’Yék 62
Py (2 iy gy ) SO

i=1 jAi ki 00 ij Vik
N y P

+> > (N2 e +0(6?). (3.31)
i=1 j#i oo / Ui

Equation (3.31) may be written in the compact form of (as of yet undefined)
tensors G contracted with the column vectors g, and 9y by summing over all P =

N(N +1)/2 internal coordinates,

P P P
___E:E: __3/2 (1 9
- 0 u1 v yl,l %2 5 E , E , E , 3 V1,V2,U3 yV1ayL2ayL3
v1i=1rvo=1r3=1

v1=1wv9=1

P
+> 06,0y ) +0(8), (3.32)
v=1
The tensors (g)Gylm, (?GVWWS, and (11)GV have an intricate but well-defined

structure, which is the subject of the next chapter. The actual values are calculated

in Appendix D. A few notes on notation are in order here

e We differentiate between the tensors (e.g. (g)G and (?G

s with a pre-

v1,V2,V3 )
superscript for perturbative order (0 for harmonic, n for n'" anharmonic), and

a presubscript for tensor rank.

e We reserve the index label v or 1; to label the elements of the internal displace-
ment coordinate ¢/, or the normal coordinate vector ¢/,. In both cases, the range

of vis from 1 to P = w for a spherically-symmetric system.
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e We will often employ the repeated summation convention, where repeated v

indices in a tensor contraction are assumed to be under a summation from
v=1to P

With these conventions, we write the perturbative series of the derivative portion

of the kinetic term as a series of G tensor contractions:

T = —%5@@% Oy, Ot — %53/2 (%}Gm o Tn O, O, + G, 0y ) +0(82).
(3.33)
In previous papers, in which orders beyond harmonic were not considered, (3’ G,
was simply labeled G or G,, ,,. Also, Eq. (19) in Reference (87) is incorrect: 0y, is a
row vector (a covariant Cartesian tensor) and therefore the relevant part should read
95, Gur 10y, ,- The same mistake is in Eq. (30) of Reference (81). This clarification is

necessary in order to correctly transform (3.33) to a normal-mode coordinate basis.

3.5.2 Series expansion of the effective potential, F'

In Appendix D we calculate the series expansion of the effective potential Vs [9'; 9]

about § = 0, obtaining

P

d 1 & _ 8Veffy75]
+5(d(5 est[Y +2VIZIZ " mm

vo=1
oo)

+0(6%). (3.34)

Veff [?7; 5] = Veff [’gooé 5]

P

P P P —
G0 dy 1 o 0 Vee[y; O]
53/2 / e VR eff | Y,
(Zyua a5 el g VZI MZQ MZS e 1, 0,

v=1

We may express Eq. (3.34) in a compact tensor form with the following definitions:

Ew = Ve:[;0] (3.35a)
O = %Veﬁ[@,é]oo (3.35b)
9F, ., = ayjzayy2llff[y,5] ) (3.35¢)
VF, = %;Vm[ 5]00 (3.35d)
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ok ~
VF, = ——————Vee[9; ]

V1,V2,V _ _ — 3356
e 0Yur O, Oy (3.35¢)

[e.e]

With the above definitions for the effective potential F' tensors, the perturba-
tive expansion of the effective potential is expressed in the following series of tensor

contractions:

P P
o 1 o
‘/eff [y/; 5] = EOO + 0 <(%)F + 5 Z Z g)FVl,VQ yl,/1y/V2>

P P

P P
o1 o
+6%/2 <Z EEAS DID DD D & y’my’ygy’y3> +0(6?). (3.36)
v=1 )

v1=1rv9=1r3=1

In previous papers, (8)F was labeled vy and (Q’FM was labeled £, ,,.

3.5.3 Perturbation series expressions

Combining the series expansions for the (derivative portion of the) kinetic term (3.33)
and the potential term (3.36), we obtain the Hamiltonian operator as a perturbation

..
series in d2:

H = E. + 6 Hy+ 6*?H, + O(5?), (3.37)
where
_ 1 0 1 0 . 0
HO = _5 (Q)Guhug 8%1 837{/2 + 5 (Q)FV17V2 ylvlyl//Q + (O)F <338>
and
_ 1, B 1 o 1a 1)
Hl = —5 (3)G1/1,I/2,l/3 yl//lagl/)2agl/)3 _'_5 (3)Fyl,y27y3 yllllyl//gylllg_é (I)Gy a@{,"‘ (I)FI/ yl// (339>

In the above equations, summation of repeated indices from 1 to P = N(N +1)/2 is
implied. The tensors F' and G in Egs. (3.38) and (3.39) have an intricate symmetric
structure that is difficult to express without the benefit of graph theory, as developed
in Section 4.3. We will return to the calculation of the actual elements of F' and G
in Appendix D.

The N-body wavefunction ®(7;,;;) is assumed to have a similar expansion about
0=20

B ) = 3 (52) @, (3.40)

J=0
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The DPT expansions of the Hamiltonian Eq. (3.37) and of the wavefunction
Eq. (3.40) form a series expansion of the Schrédinger equation in which each order in

0 must be equal to zero:

§ : (Hy—Ep) ®o=0 (3.41)
&2 o (Hy— Ey) ©o+ (Hy — Eo) @1 =0 (3.42)
6%+ (Hy— Ey) g+ (Hy — Ey) 1 4 (Hy — Ep) @2 =0 (3.43)
(3.44)

The above equations are solved sequentially: the solution to Ey and ®¢ in Eq. (3.41)
are then used in Eq. (3.42) to solve for E; and ®;, and so on. The resulting pertur-

bative energy series is

E:Eoomi(a%)j@. (3.45)
=0

3.6 Solution of the harmonic-order equation

3.6.1 Normal-mode frequencies, harmonic energy

To solve the harmonic-order equation (3.41), McKinney et al in (82; 81) reasoned that
the form of Hy indicates a solution of the form of P uncoupled harmonic oscillators
written in terms of collective “normal mode” coordinates.

In order to determine the frequencies of the normal modes (but not the actual
collective coordinates themselves), McKinney et al employed the Wilson GF matrix
method(96). This method is a way to simultaneously diagonalize both the harmonic
order (g)G and (g)F coefficient matrices and find the roots of the following character-
istic polynomial in A:

det(\I— Y9G OF). (3.46)

There are P = N(N + 1)/2 roots A, but due to the Sy symmetry of 9 G and )F
there are only five distinct (though degenerate) roots of A, labeled 0+, 1+, and 2.

For each root \,, the normal-mode frequency w, is related to the root value by
the equation

A = w2, (3.47)

The energy through first-order in § = 1/D is then (81)
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E=Ex+6| > > (n+ %)du,nua}u + OF|, (3.48)

p={0%, 1+ 2} n,=0
where the n, are the vibrational quantum numbers of the normal modes of the same
frequency w,, (n, counts the number of nodes in a given normal mode). The quantity
dyn, is the occupancy of the manifold of normal modes with vibrational quantum
number n, and normal-mode frequency w,, i.e. it is the number of normal modes
with the same frequency @, and the same number of quanta n,. The total occupancy

of the normal modes with frequency @, is equal to the multiplicity of the root A, i.e.

dy =Y dun, (3.49)

n,=0

where d, is the multiplicity of the u™ root. The multiplicities of the five roots(81)

are
do+ = 1,
do- = 1,
di+ = N -1, (3.50)
di- = N-1, and

dy = N(N-—-3)/2.
The term (%)F is due to a constant in the Hamiltonian that results from the

derivative of the effective potential with respect to 9.

3.6.2 Normal-mode coordinates, harmonic wavefunction

In order to determine the harmonic-order wavefunction, one must also determine the
collective normal-mode coordinates. Dunn et al explicitly construct the normal-mode

coordinates in Ref. (87), as well as the harmonic-order DPT wavefunction

Oo(q) =[] én (Vo d) , (3.51)

where ¢, (1/@0,q),) is a one-dimensional harmonic-oscillator wave function of fre-
quency w,, and n, is the oscillator quantum number, 0 < n, < oo, which counts the

number of quanta in each normal mode.
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3.7 Solution of the first-anharmonic-order equation

Having solved the harmonic-order Schrédinger equation, Eq. (3.41), for £y and @,
we now proceed to solve the first anharmonic order Schrédinger equation Eq. (3.42).
We first assume that the first anharmonic order wavefunction can be obtained from

the harmonic wavefunction by some operator A,
®1(q') = Ado(q), (3.52)

so that the wavefunction through first anharmonic order (see Eq. (3.40) has the form

®(q) = (1 + 52A)D(q) + O(5) (3.53)

We substitute ®; from the above Equation into the first-anharmonic Schrodinger
equation, Eq. (3.42), noting that F; is zero due to symmetry considerations, and we

obtain an expression involving the unknown operator A with known quantities:

(A, Hy)®y = H, . (3.54)

This equation builds upon the above determination of the harmonic order energy
and wavefunction. The result will be the calculation of the first-anharmonic-order
wavefunction ®;. The key to this solution is to use the normal-mode coordinates
determined at harmonic order to transform the first-anharmonic Hamiltonian H; to
a normal-coordinate basis in order to determine the operator A and therefore the
wavefunction ®; in normal coordinates.

A brute-force transformation of the F' and G tensors in H; (which are of dimension
P x P x P, where P = N(N + 1)/2 for isotropic confinement) would quickly become
computationally prohibitive at large N. In Chapter 4, we show that the Hamiltonian
terms in the DPT perturbation series can be resolved in a structural basis, which
we call “binary invariants”. In Chapter 5, we show that the transformation of each
first anharmonic order binary invariant must be proportional to one of eight group
theoretic tensors called “Clebsch-Gordon coefficients” and we calculate the propor-
tionality coefficient. In Chapter 6, we derive the first-anharmonic-order wavefunction
as well as the density profile. So far, no physical system has been specified.

This general formalism, particularly the binary invariant basis expansion and the
use of Clebsch-Gordon coefficients, can be later used in Eq. (3.43) to calculate the

second-anharmonic energy and wavefunction and so on.
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Part 11

Anharmonic-order formalism development
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Chapter 4

Fearful symmetry, framed: decomposition in a

structural basis

Tyger! Tyger! buring bright
In the forests of the night,
What immortal hand or eye

Could frame thy fearful symmetry?

William Blake, 1789

We previously alluded to the intricate structure of the coefficient tensors of the
DPT Hamiltonian. In this Chapter we capture this structure using graphs and mul-
tilinear algebra to define a small basis set which frames the intricate symmetry in
the DPT Hamiltonian series. We use this basis set expansion to separate the N-
dependence from the details of the physical system. In the following chapter we will
transform the basis tensors to normal coordinates, thus analytically determining the
DPT Hamiltonian in a basis of normal coordinates and therefore utterly taming the
N-body problem at each order.

In previous work (87; 81; 82; 90), the intricate, symmetric structure of the
harmonic-order Hamiltonian Eq. (3.38) in matrix form was expressed in terms of
the so-called “simple submatrices”, I, J, and R which are used in spectral graph
theory. Such matrices actually formed a basis for the harmonic-order matrices. In
calculating the transformation of the harmonic (3.38) and first anharmonic (3.39)
Hamiltonian to normal mode coordinates, we will need to generalize these basis ma-
trices to basis tensors. In this chapter we introduce such generalized basis tensors,
which we call “binary invariants”. Since the F', G, F'G, and GF tensors for bosons in
a internal coordinate basis must have the same structure (but not necessarily the same

elemental values), the decomposition of these matrices in a structural basis allows us
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to develop a general theory for quantum confined systems of bosons. In Chapter 5
we show that the transformation of these basis tensors to normal coordinates may
be performed analytically, for general N. By decomposing each perturbative order
of the DPT Schrodinger equation in the basis of binary invariants, we have opened
the door to an analytic DPT solution at orders higher than harmonic for arbitrary
number of particles.

The reader is again referred to Section A.4 in the Appendix for a parallel narrative

for the simpler N = 3 case.

4.1 Hamiltonian indical structure and group

symmetry

The large-D symmetric arrangement specified by 9., has the highest degree of sym-
metry possible, where all particles are equidistant from the center of the trap and
equiangular from each other (a configuration that is only possible in higher dimen-
sions). This point group structure is isomorphic to Sy, the group of permutations of
N items.

The G and F Hamiltonian tensors in equations (3.38) and (3.39), reproduced
below, are written in terms of the Hamiltonian coefficient tensors G and F"

_ 1 0 1 0 1 0
Hy= —— ( )Gm,uz aﬂlul 837/»2 T 5 (2)F1/1,l/2 yllfly’//2 + (O)F

_ 1, B 1 I 1a 1)
Hl = _5 (B)Gul,ug,ug yzlxlagly2 aglyg + 5 (3)F1/1,l/2,1/3 yz/jlyzlzgyz/jg - 5 (1)Gl/ 837{, + (1)F1/ yz// .

In the above equations, summation of repeated indices from 1 to P = N(N +1)/2 is
implied. These tensors represent the coefficients of a Taylor series about the large-D
limit, so the elements themselves are evaluated at the large-D limit. We have spec-
ified that the system is invariant under the elements of Sy (permutation of particle
labels) in the large-D limit. This order-by-order invariance under the permutations
of Sy greatly restricts the Hamiltonian tensors so that tensor elements related by a

permutation must be equal.

4.1.1 Indical structure of internal coordinate tensors

The harmonic-order block matrices contain the sets of elements (in Eqs. (4.4)-(4.8))

arranged in an intricate pattern. In Ref. (81) it was shown that, at harmonic order,
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this arrangement could be expressed in terms of only seven structural matrices. In
this dissertation, we introduce a generalized structural decomposition of the tensors

that occur at higher orders.

4.1.1.1 Harmonic order

We refer to the Hamiltonian tensors of a specified order and rank R generically as
(%der)Q, where @ can represent any Hamiltonian matrix (F, G, GF, or FG). At
harmonic order the Hamiltonian involves rank-two (2)@ tensors, which are P x P
matrices (where P = N(N + 1)/2). In the basis of internal coordinates, these (g)Q

have the same indical structure as 4,,9.,:

gl’lgl/Q =
r1ry rirg - Ty 1712 vz o T1YN—1N
rorT1 ToTg -~ ToT' N 2712 o713 - T2YN-1N
rNT1 INTN TNY12 TNYN-1N
)
Y1271 Y12T2 -+ Y12TN V12712 Y1213 Y12YN-1N
Y1371 Yi3T2 - Y1371 V13712 Y13713 Y13 YN-1N
YN-INT1T ¢ YN-INTN | YN—INYVI2 " YN-INYN-1N

where 7, is defined by Eq. (3.28).
The indical structure of the (g)Q matrix reveals a block structure which we

vi,v2

write as
0) ~rr 0) ~r
(2) Qi,j (2) Qi,}/jk)

) Avyr 0) vy
2 Qi 2 Qg

(4.1)

e The upper-left block, (2) " is an (N x N) matrix with indices associated with

4]

(74,7;); hence, we use the subscript 4, j to refer to these indices.

e The upper-right block, PGk o 18 an (N x N(N —1)/2) matrix with indices
associated with (7;,7;x); hence, we use the subscript 7, (jk) to refer to these

indices.
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e The lower-left block, (o 18 an (N(N —1)/2 x N) matrix with indices
associated with (v;;,7%); hence, we use the subscript (ij), %k to refer to these

indices.

e Finally, the lower right block, (2)Qz§),(kz) yisan (N(N—1)/2x N(N —1)/2) ma-
trix with indices associated with (v;;, x); hence, we use the subscript (ij), (k)

to refer to these indices.

4.1.1.2 Anharmonic order

At first anharmonic order the Hamiltonian has rank-one (PQ (which are column
vectors of length P) and rank-three (?Q tensors (which are P x P x P tensors). We
also write the anharmonic tensors in block form in a similar way. The column vector

(ll)QV has the same indical structure as g, and has a block form

1 '

Qo

M) A~y
1% (i5)

(4.2)

The rank-three tensor (?lemm has the same indical structure as ¥,,9,,%,, and has

a block form which may be flattened out by nesting column vectors (indexed by v3)

inside a matrix (indexed by vy, 15):

o HO
) Qi Q)
3 QV1,V27V3 = ) 7 7 @ ' ’ (43)
5 Qi) 3 Qi) (m)
QU 5 Q. k0
J)s s J)s ,

We will refer to the block tensors by their (superscript) block labels.

4.1.2 Symmetry creates a patchwork of equivalence classes

The maximally symmetric point group Sy, together with the invariance of the full
Hamiltonian under particle interchange, requires that the F' and G tensors be invari-
ant under the elements of Sy. The elements of Sy are permutations which interchange
particle labels(95).

Significantly, invariance under permutation requires that Hamiltonian tensor el-

ements related by a label permutation induced by the point group must be equal
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(because the perturbation series is an expansion about D — oo so all tensor elements
are evaluated in this limit). For example, consider two elements of the rr block matrix
(g)Q”: @qu and (2) b5 - These are related by the permutation (12) and therefore
must be equal. There is no permutation that relates (Oz)Q”": (Oz)Qfl and @Qgg , SO
these elements need not be equal.

The requirement that the coefficient tensors in the Hamiltonian series be invariant
under the permutations of Sy imparts an intricate structure to the tensors. The set of
permutations of Sy effect a partitioning of a Hamiltonian tensor for N particles into
disjoint subsets of identical elements. These disjoint sets may be called equivalence
classes, as the elements of each set are all related by a permutation of Sy and are
called equivalent. For a more precise definition of equivalence class, see Section 4.2.2.
For an explicit example of the partitioning of the Hamiltonian tensors for N = 3, see
Section A.4.

Consider again the elements of the (g)Q” block. The element (2’ @7 belongs to a
subset of N elements (of the form (3) i) which are related by a permutation induced
by the point group. This set is the equivalence class of (02) Q7 . Likewise, the element

(3) 12 belongs to a set of N — 1 elements related by a permutation induced by the

) rr

point group and sharing a common value. We see that the (g is partitioned into

two equivalence classes:

{(9Qr « 1<i< N} (4.4)
(D0 1<i<N&i#j} (4.5)

Proceeding in this fashion, we observe that both the upper-right and the lower-left
blocks of the harmonic-order tensors are similarly partitioned into two equivalence
classes (where, for compactness, the indices are taken to be integers between 1 and

N). We only list the equivalence classes of the upper-right block:

{90, + i<k} (4.6)
(9Q, + i#iAk&] <k} (4.7)

Also the lower-right block is partitioned into three equivalence classes:

9@ ¢ 1<} (48)
(0 ¢ i<i&i<hk&i#j#k} (4.9)
(O + i<i&k<l&i#j#k#I}. (4.10)



4.2 Decomposition in the basis of binary invariants

The @)-tensors have an intricate arrangement of identical elements over an underlying
index structure. We will see that each equivalence class can be represented by a

binary tensor which is unchanged by the action of Sy.

4.2.1 Introducing binary invariants

Each tensor block is composed of disjoint sets of identical elements. The elements of
each set are related by a permutation. Such a relation is said to be an equivalence
relation. A set of quantities which are related is called an equivalence class; this is a
more general group-theoretic definition than the common use in physics. Each block
has a finite number of such equivalence classes. We quantify these symmetry proper-
ties by introducing a binary tensor, consisting of ones and zeros, for each equivalence
class in a block that embodies the structural arrangement of the corresponding el-
ements. For a binary tensor to represent an equivalence class, it must be invariant
under particle interchange. This property will later be used to construct the binary

invariants.

Definition 1 We define a binary invariant [B(G)|,,u,...vp aS a Tank-R tensor in

which elements belonging to the equivalence class G are one and all other elements

R

are zero.

For example, in Appendix A, Eq. (A.32), it is shown that when N = 3 the 3 x 3

block matrix (3’ Q" may be written as

1 00 011

0) ~rr 0) ~rr 0) ~rr
(2)Q :(2) 11 01 0 +(2) 12 1 0 1

001 110

The matrices of ones and zeros are the binary invariants for the equivalence classes
of QQr and Q1. A binary invariant BYe?(G) of a tensor (2%”Q has the same
dimensions. It follows from the definitions of binary invariant and equivalent class
that a binary invariant is invariant under the permutations of Sy. The above matrices
are invariant under the 6 elements of Ss.

For the DPT Hamiltonian coefficient tensor of a given rank for a given number

of particles, it is easy to explicitly construct the set of binary invariants. For each
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element of the Hamiltonian tensor, an equivalence class is generated by specifying a
tensor with only one non-zero element (in the same location as the choosen Hamil-
tonian element) and then considering all possible permutations of Sy acting on the
binary tensor. Each resulting binary tensor is related to the original binary tensor
and the set forms an equivalence class. Summing over the resulting tensors within
each equivalence class generated by the permutation, we obtain the binary invariant
for that equivalence class in numerical form.

For example, let us construct the binary invariant for the equivalence class of the
element (Oz)Q’l"l“ for N = 3. First, we write a matrix with only one non-zero element

at the position of (2’ e

100
000 |- (4.11)

000

Next we consider the action of the permutation group Ss,

S3 = (1)(2)(3), (1)(23), (3)(12), (123), (132), (2)(13) (4.12)

on the matrix in Eq. (4.11). There are two permutations which leave the matrix
unchanged, and the group S5 is divided into cosets of two elements which map to the
same matrix. We apply one element of Sy from each coset to the matrix and add the
result. (Equivalently, we may apply all elements of S3 and divide by the size of the

cosets.) The result is the binary invariant for the equivalence class of (3’ 1

100 100 00 0 000
o1o0fl=looo|l+tlo1o0o]|*+*]o0oo0o0]- (4.13)
00 1 00 0 00 0 00 1

A similar procedure may be followed to construct the binary invariants in closed

form. This construction is established in Appendix C.

4.2.2 Binary invariants are a basis

Here we sketch a short proof that it is always possible to decompose an Sy-symmetric
Hamiltonian in the basis of binary invariants. It is not necessary for the invariants to

be binary, but it is both sufficient and convenient.
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We define an equivalence relation ~ on the set of Hamiltonian tensors in some
basis by
a~b if and only if dp € Sy such that pa = b. (4.14)

Definition 2 The equivalence class of an element a in a set X is the subset of X of

all elements that are related to a.

This definition is true for any relation, in the case considered here the relation is a

permutation of particle labels.

Definition 3 We denote the set of all equivalence classes for a Hamiltonian coeffi-

cient tensor block as G.
Lemma 1 The set of binary invariants for all G € G s linearly independent
Lemma 2 The set of binary invariants for all G € G spans a unit tensor.

Theorem 1 The set of binary invariants {B (G) : G € G} forms a basis for the DPT

Hamiltonian coefficient tensors.

Proof This result follows from the definition of a basis and that the set of binary

invariants for all G € G is linearly independent and spans the vector space. O

In Reference (97) Kelle develops a general proof is given that it is always possible
to find such a basis set that is invariant under any group. A complex tensor may

always be expanded in a basis which is invariant under some group G.

4.2.3 Expansion in the binary invariant basis

The elements of (‘gder)@bl"c’“ constitute disjoint sets of identical elements. Because the

binary invariants for a block of a DPT Hamiltonian tensor form a basis, it is always
possible to decompose such a tensor block as a linear combination of binary invariants,
where the coefficient of BY°* (G) is the value of the set of elements associated with
g.

We decompose the (?;der)le‘mk tensors at any order as a (finite) linear combination

of binary invariants:

order oc oc oc.
(R ! le”/];"””R - Z le k<g) [Bbl k(g)]m,w,...,u ’ (415>

R
GEGhiock
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where Gy, represents the set of equivalence classes and the binary invariant B%°*(g)
has the same dimensions as the original Q tensor block. The scalar quantity Q"°*(G)
is the expansion coefficient (a scalar), where the order and the rank R are implied
by G. If Q% is symmetric, then we also drop the block label in the above (enough
information about the block is implied by G).

The decomposition of symmetric tensor blocks in the basis of binary invariants
in Eq. (4.15) represents a generalization to higher orders of the matrices used at
harmonic order in (81). This equation separates the system-specific physical infor-
mation from the complexity of the general N-body problem. All of the information
about the Hamiltonian of the particular system is contained in the scalar quanti-
ties Q"°*(G), while all of the complicated N-dependence is embodied by the binary
invariant BY°*(G).

As the number of particles increases, the size and complexity of the binary in-
variants also increase rapidly, particularly for the higher-rank tensors. We need to
be able to capture the intricate structure of these binary invariants in a closed form
for general N if we hope to be able to transform the DPT Hamiltonian tensors an-
alytically. We have determined a closed form expression for the binary invariants in
Appendix C.

In Chapter 5 we will show that the transformation to the normal-coordinate basis
for each binary invariant in a basis set can be performed analytically, for general IV,
and that the result is proportional to the generalized Clebsch-Gordan coefficient for
the transformation. In fact, we will show that all of the complicated N dependence
will be entirely contained within these Clebsch-Gordan coefficients, which are derived
from group-theoretic considerations. This analytic transformation avoids large com-
putational cost at large N and need not be repeated for a different value of N or even

a different Hamiltonian (for N bosons in an isotropic confining potential).

4.3 Graphical representation of tensor structure

Graph theory is not a new addition to DPT. In previous work (87; 90; 81; 82), graph
theory actually played a crucial role in elucidating the structure of the harmonic-order
Hamiltonian (3.38). The “simple submatrices” I, J, and R arise from spectral graph
theory.
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Graph theory provides an elegant correspondence between the indical structure
and the elemental symmetry of the tensors in (3.38) and (3.39). We will label each

equivalence class of DPT Hamiltonian coefficient tensor elements by a graph.

4.3.1 Introducing graph theory

Graph theory is a uniquely intuitive and accessible branch of mathematics (98). Sim-
ply knowing the definition of a graph and adopting the notation of graphs has allowed

us to perform feats that would have otherwise been quite difficult.

Definition 4 A graph G = (V, E) is a set of vertices V' and edges E. Each edge has

one or two associated vertices, which are called its endpoints.

For example, _ ] is a graph with three vertices and two edges (lines). We allow

our graphs to include loops and multiple edges .

4.3.2 Mapping tensor structure onto graphs

Let us introduce a mapping, ¢, which associates a function of internal coordinates

with a graph as follows.
1. For each distinct internal coordinate index, draw a labeled vertex.
2. For each index pair (ij), draw an edge ( LJ)
3. For each distinct single index i, draw a “loop” edge ()

The image of this mapping ¢ on each element of a rank-R Hamiltonian tensor in the
internal coordinate basis is a graph of R edges. For example, the graph corresponding
to the tensor element (Oz)ank) under this mapping is

0) ~r é ( J
Yan,, - O L (4.16)

These graphs provide a convenient notation to label the equivalence classes of
tensor elements. Under this mapping, each set of identical elements is associated with
a set of graphs which are also equivalent under permutation of the index labels—an
equivalence class of graphs. Such equivalent graphs are also called isomorphic. We

represent each equivalence class of isomorphic graphs with a graph with the vertices

IStrictly speaking, this is a “loop multigraph”: the definition of a graph does not allow for

multiple edges between a pair of vertices, nor a “loop” edge with common endpoints.
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unlabeled. For instance, the equivalence class of the tensor element (Q)ngij) will be
labeled by the graph (»— and the value as (g)Q( (). The set of graphs representing
the equivalence classes of the harmonic-order DPT Hamiltonian tensors are given in
Table 4.3.2. The set of graphs representing the equivalence classes of the rank-one
and rank-three tensors are given in Tables 4.3.2 and 4.3.2.

The image of this mapping on the set of all internal coordinates for N particles
is a graph which is a simplex on N points, with a loop at each vertex. For example,
applying this mapping to a tensor representing four particles we obtain Figure 4.1.
This simplex can be useful in generating the possible graphs for a given rank. Each
graph in the image of the mapping from a rank-R tensor can also be obtained by
taking a particular choice of R edges (along with the associated vertices) from the
“loopy-simplex” in 4.1. The above graphs can be obtained, for rank-R, by taking
R edges of the “loopy simplex” graph at a time, with replacement and with the

associated vertices.

4.3.3 Graphical decomposition of harmonic-order matrices

The harmonic-order matrices (g)Qi’fﬁi’; may be decomposed using Eq. (4.15),
(g) l;lloil; _ Z leeck(g) [BblOCk(g)] b (4.17>
G€Ghiock

where the equivalence classes Gy are now labeled by graphs

G" = {00 00}
G"=G" = {O— O —} (4.18)

G = G, L

For example,

(9@ = QO BOON,+QQ Q) BQQ), . (419)

When @ is symmetric (which will be the case for F and G) then the expansions for

%,J

(2) Q" (2) Q" are the same, so we may drop the block labels on the binary invariant.

4.3.4 Graphical decomposition of first anharmonic-

order matrices

. 1 . o .
The rank-one first-anharmonic tensors (1)Qf’,l°‘3k have a trivial decomposition, since

there is only one graph in each block:
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Graph Tensor Elements

O rr
O (2) i

0 rr
00 Yo

©) ()
O 2l = 26,

o _ O om
2 Qigj) = 2 Qi

) ~vy
O (i7) (i)

(0) _ (0 _ (0 _ (0 vy
o] i = 2 Qanon = 2 Qipwn = 2 D)
e 0
.o (i) k)

Table 4.1: Graph labels for the equivalence classes of the rank-two, harmonic-order

DPT Hamiltonian coefficient tensors.

Graph Tensor Elements
1 T
Q Va;
— 1)
1 0 (ij)

Table 4.2: Graphs labeling equivalence classes for the rank-one, first-anharmonic DPT

Hamiltonian coefficient tensors.

Graphs FElements | Graphs Elements Graphs FElements
) Hyrrr 1) v M
* e O S | O 3%

1) ~rrr (1) Avyr 1) Ay
80 3 Wiji,j OQ  F&6), 6k A 3 & i), k), (k)

QO NYem | Qv B | O~ YQaon
% UQ?ZTJT JEX I—Q DQPZ?)’ (k). -—I—- UQ@V ),(30)
00 WO | 1O W | L Y,
O’—‘Q (? ?ijzk :.O (?’)) 2?]'7)",(k1),z‘ 9 o (Wi;;,(ij)v(kl)
X DO | 2O DO wm | 3 YR G
QO QU 5 YO0

Table 4.3: Graphs labeling equivalence classes for the rank-three, first-anharmonic

DPT Hamiltonian coefficient tensors.
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G’ = e (4.20)
Therefore, Eq. (4.15) becomes

Yo, = Yo Q) [BOQ),

1 1
Vo = Y@ e [Be), (4.21)
The rank-three tensors (?lel‘j‘;’;m may also be decomposed using Eq. (4.15),
(;) Zlﬁi];ug _ Z leeck(g) [Bblock<g)] s (4.22)
G€Gpiock

where the equivalence classes Gy are now labeled by graphs

e = {1,82,000)
QT — QT = @ — {8" OO, Oﬂo, Q._(.) QHQ}
G =G =G = {00.00..0.10.1.0.20. 20} (423
e = {6, 0 111818
For example, tensors in the rrr block may be decomposed as follows:
Qs = QD) [BER)] 5, + QUL @) [B(R D],
+QQ QO Q) [B(QQ Q) - (4.24)

The use of graphs has provided an intuitive way to label the sets of identical
elements in the Hamiltonian coefficient tensors. The binary invariants are labeled by

a graph G, but the use of graphs is not essential to the definition of a binary invariant.
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Figure 4.1: The graph one obtains by applying the mapping ¢ to the set of all internal
coordinates for N = 4. All of the smaller graphs may be obtained from this graph by

considering all the possible ways to take a certain number of loops and edges.
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Chapter 5

Transformation of Hamiltonian to

normal-coordinate basis

Reference (87) laid the foundation for the analytic transformation of the DPT Hamil-
tonian series to a collective “normal coordinate” basis. This work extends (87) from
harmonic order by paving the way for the transformation of higher orders in the DPT
series. In section 5.1, we consolidate and slightly revise the notation of the results of
(87) with the purpose of application to higher orders. In section 5.2, we show that
the tensor coefficients of the DPT Hamiltonian transformed to symmetry coordinates
are proportional to the Clebsch-Gordon coefficients of the transformation, and show
how the decomposition in the basis of binary invariants is transformed to symmetry
coordinates. Finally, we transform the DPT Hamiltonian to collective coordinates in
Section 5.3.

The result is that the DPT Hamiltonian has been analytically transformed to a
basis of the collective motions of the system. Not only does this analytic result avoid
a computationally expensive procedure but it also offers the potential to study the
collective motions of a confined quantum system.

The reader is referred to Section A.5 in the Appendix for explicit examples in the

simpler N = 3 case.

5.1 Two-step transformation of the Hamiltonian

In a previous paper (87), Dunn et al derived a transformation V,, ,, from internal
coordinates y’ to normal coordinates . One might imagine that analytically de-
termining the eigenvectors of the ~ N? x N? matrices in the harmonic-order DPT
Hamiltonian series for an arbitrarily large number N interacting particles is a daunt-

ing task. In Ref. (87) this feat is accomplished by using an intermediate step: a
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transformation of the internal coordinate vector y’ to the “symmetry coordinate”
vector S,
S =Wy, (5.1)
. N(N+1) _ N(N+1 . .
where W is an (2 ) % (2 ) matrix (Eq. (45) in (87)).

With a subsequent transformation C (Eq. (63) in (87)) of the symmetry coordinate

vector S , one obtains the normal-mode coordinate vector
q=CS. (5.2)

Note that, in this work, C replaces c¢® in Ref. (87).

5.1.1 Transformation of coordinate vectors

Using Equations (63) and (81) in Ref. (87) we transform the internal coordinate vec-

tors ¢;, and internal coordinate derivative vectors d, to obtain their normal coordinate

analogs,
P P
@ = 2. CoaWanil,
a=1 vo=1
0 N 0
= Cil r Wal/ a_,
DI A

a

<

0=

where P = N(N +1)/2.

We will use the summation convention for repeated indices. Also we will drop the
brackets on [C~'],,, writing instead Ca. L With these notation conventions and using
the summation convention for repeated indices, we write the normal coordinates g,

in terms of the internal displacement coordinates 7,

qlul = CV17GWG,V2:I]/V2 (53)
0 T 0
= [C],  Wamm—- 5.4
aqyll [ }m,a V2 ag;/Q ( )
We use the following identities (from Equations (47) in (87)),
I=W'W, I=c'c, (5.5)

which we will employ in tensor-contraction form
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[lq,lzg - Wa,m Wa,l/z 5 [1/1,1/2 - Cil Ca,l/z ) (56)

v1,a

where summation over repeated indices is implied. Using the tensor form of these
identities with the transformed internal displacement coordinates and derivatives in
Eq. (5.3), we obtain an expression for the internal displacement coordinates in terms
of the normal coordinates,

U = WiniCas

v2,a> a,v1 qu1

d d
oy = WZ;GCE,,I 0 (5.7)

We here generalize previous work which involved matrix equations to tensor equations.
The transpose operation is only defined for a rank-two tensor and has the effect of

transposing the order of the indices.

5.1.2 Transformation of Hamiltonian tensors

We substitute the internal coordinate and internal coordinate derivative vectors from

the above Egs. (5.7) into the Hamiltonian terms in Eq. (3.37) reproduced below:

_ 1 0 1 1 0
Hy = _5 (2)Gu1,l/2 aﬂlul 837/ 5 2 (2)F1/1,l/2 yllfly’//2 + (O)F

and

TR

7 La 5, la )
Hy =—5 Gm,ug,ug Y, Uiy YYg + = )F Usy Uy 5 (I)Gu 82% + (l)F y,

3| 3 Fvi,vo,rs yulyugyug vJv)

where summation over repeated v; indices from 1 to P is implied. The result of this

substitution is a Hamiltonian written in the basis of normal coordinates:

Hy = —5 9, (WEaCh0,) (Whichaon,) (5.8)

a,v1

L] . §
5 OFy, (WhaCod,) (WhiCihal,) + OF

and

T 1 T T T AT
Hl = 2 3 Gy’y2y3 (Wy aCa Vl Vl) <Wl/é,b Cb,wa ) <WI/ CCC llga )
1 —
i (? FI/{I/éV:’,’ (WVT a Ca V1 qyl) (sz,bcb#}g qu,Q) (Wl'/f c Cc ngyg)

(5.9)

,a—a,v quV'

+-3 1>GV,W o, + VE W Co
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Regrouping the summations over non-coordinate tensors, we may write H, and

H, in the following compact form:

_ 1 1
HO - _5[(2)GV]V1,V28(]{,1 aq’,2 + (?))FV + 5[(3)}7"/]”17”2(]:,1(];2 (510)
and
_ 1 4 1.4
Hl = _5[(B)GV]V1,V27V3QI//18q,’,28(1{,3 + 5[(3)F]u17u2,u3%,/1ql//2q;/3 (5'11)
1

where the subscript V' on the F' and G tensors denotes transformation by the matrix
V' to the normal-coordinate basis. Implicit in the above equations is the following

definitions for the F' and GG tensors in the normal-coordinate basis:

P P P P
[(g) GV]ul,yg - Z Z Cul,acug,b Z Z Wa,ui Wb,ué (g)Gu{,ué

a=1 b=1 vi=1vh=1
P P - - P P
OR] = e e, [ XY W Waay VB
v a=1 b=1 V=1 v}=1
P P
|:(11)GV} = Zcu,a (Z Wa,u’ (11)G1/’> (513)
v a=1 v'=1

P P P
(ev] = S e Cain

P P P

,
ELITED 3 33 A e

v1,V2,V3

P P P
(1)
XADD D W WousWey 5 Fopn g

vi=1vh=1v}=1
The terms in parenthesis in the above equation are simply the F' and G tensors
transformed to the symmetry coordinate basis. These can be separately defined,

with a subscript W denoting transformation from internal to symmetry coordinates.
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P
[(g)GW]a,b = Z Z Wa,ui Wb,ué (g) Gui,yé

vi=1vi=1
P P
(0) _ 0
[ QFW]ab - Z ZWQ,V1Wb7V2 QFV17V2
’ vi=1vi=1
P
[(11)GW] - Z Wa,l/ (11)GV’ (514)
v'=1
P
R, - Swn
v'=1
P P P

da,b,c

p P P
W7 ] _ (1)
|: 3 FW_ b - Z Z Z Wa,ui Wb,ué Wc,ué 3 Fui,ué,ué .
vi=1vi=1vi=1
5.1.3 Intermediate step: transformation to symmetry
coordinates

The above-Equation (5.14) represents a crucial simplification in the transformation
to normal-mode coordinates: the transformation of the Hamiltonian to symmetry
coordinates as an intermediate step.

The symmetry coordinate vector S has a block form defined in Ref. (87), Eq.
(42):

o
st
S = | gv-uu |, (5.15)

[N-1, 1]
S,y/

[N-2, 2]
s

where the column vectors S[)J(\i], S[)](\C_l’ U and S[)J(V/_Z’ 2 (where X’ means ' or v/)
have length 1, N — 1, and N(N — 3)/2, respectively. As explained in Ref. (87),
the symmetry coordinate transforms under three different irreducible representations

(irreps) of Sy, which are labeled by [N], [N — 1,1], and [N — 2,2]. The symmetry
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coordinate may be further subdivided into blocks labeled by r and gamma as well as
the irrep labels.

Due to the block structure of S in Eq. (5.15), it is at this point convenient to
introduce an index convention which reflects this structure. For a discussion of index
notation convention (as well as a reference card), see Appendix B. In what follows,

we may change convention mid-equation to reduce indical complexity, such as
S, = [SE“(]5 . (5.16)

In the notation on the left side of the above equation, v runs from 1 to P = N(N +
1)/2. In the notation on the right, the W block is labeled by irrep o and matrix block
X =r,7, and indexed by ¢ (whose range depends on «).

Each block in the symmetry coordinate column vector (5.15) transforms under an
irreducible representation of Sy. We list below the matrix representations of these
irreps from Ref. (87):

(W), = — (5.17)

2
[V] -
(W )w) v (5.18)
where 1 <1 < j < N. Therefore (W£N1>(“) isalx N(N —1)/2 matrix.
ij
1
WIN-LIY  —  C (O, iy — i0iins) s 5.19
( r )17’? Z(Z T 1) ( k+1 +1,k‘> ( )

where 1 <i< N —1,1 <k < N. Therefore ( T[N_l’”) is an (N — 1) x N matrix.
ik

In the above equation, we have defined a step function ©,

1 if 0<u
©:=9 0 if £=0
0 if <0

There are several variants on the step function, which differ in their values at the
origin. The common Heaviside step function has Of = % and the UnitStep[x]

function of Mathematica has ©y = 1. For integer arguments, ©; = UnitStep[i-1].

58



1
k)~ fili + D(N — 2)

(Oi—kt1 +Oiip1 — (01 + 0ig1))  (5.20)

)

where 1 < i < N —1,and 1 < k < [ < N. Therefore <W£N71’1]> - is an
i, (kl
(N —1) x N(N — 1)/2 matrix.

1
wiv=22) =
Wi = G105 910 D
X ((@i—m-i-l - i5i+1,m)(@j—n - (] - 3)5]}n)

H(Oimnt1 = 10i410)(Ojm — (7 = 3)0jm)) (5.21)

where 1 <i<j—24<j< Nand1<m<n<N. Therefore (Wy[N*M])
is an N(N —3)/2 x N(N — 1)/2 matrix.

These matrices can be assembled into a W block matrix which transforms the

(7),(mn)

entire internal coordinate vector y’' to symmetry coordinates: S = Wy’. The W
matrix has a block form defined in Eq. (45) of Ref. (87):

wi 0
(V]
0 w)
W = W[{V—lv 1] 0 . (5.22)

Each block in the W transformation (5.22) effects the reduction of a reducible rep-
resentation of Sy to an irreducible representation of Sy. The total dimensions of
the W matrix are N(N 4 1)/2 x N(N + 1)/2 and the dimensions of each block have
been given above.

The analytic transformation of arbitrarily high-N DPT Hamiltonian tensors to
symmetry coordinates might seem an impossible task. Fortunately, in Eq. (5.13) both
F and G transform in the same way to symmetry coordinates. This windfall allows us
to calculate the transformation to symmetry coordinates of each binary invariant once
for both ' and G for any (isotropic) confined quantum system of identical bosons .
Having transformed the DPT Hamiltonian to symmetry coordinates, it is relatively

simple to finally perform the final transformation to normal coordinates.
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5.1.4 Final step: transformation to normal coordinates

In Ref. (87) Eq. (81), the normal-coordinate vector ' is shown to have the following

block form:
q/[JiV}

q/[N}

q/ = q/L{V_lv 1} . (523)

q,[Nfl, 1]

q/[N—Q7 2]

The column vectors q/[iN}, q’[iv_l’”, and q'[N_Q’Q} have length 1, N—1 and N(N —3)/2,
respectively.
In Reference (87), Eq. (80), the transformation from symmetry coordinates to

normal coordinates C,, ,, is defined as

CEV] cos GEV] CEV] sin GEV] 0 0 0
™M cos g M sin o] 0 0 0
Cuhuz - 0 0 CEV—I, 1] cose[f—lﬁ 1] CEV_I’ 1) sin@ﬁv_l’ 1] 0
0 0 V1 H o gtV =1 1] N1 1 g gIN =10 1] :

0 0 0 0 JN—2, 2

(5.24)

We define the 2 x 2 matrices CIVl and CIV=1 1 writing C,,, ,,, in block matrix form:

CIN-1, 1] . (5.25)

AN-2, 2]

The transformation matrix C,, ,, has indices © which range from 1 to 5. This is to
be distinguished the C,, ,, matrix in Eqgs. (5.13) in which a direct product of each of

the blocks in the above matrix is formed with the appropriately-sized identity matrix.

CM I 0 0
Corwy = 0 V-1 U QTN y q 0 . (5.26)
0 0 V=2 In_2, 9
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The matrices Ijn], Ijy—1, 1), and I|y_s o) are square matrices of dimension 1, N — 1,
and N(N — 3)/2, respectively.

The normal coordinate vectors are constructed in a simple way from the symmetry
coordinates: q' = CTS (Eq. (63) in Ref. (87)) results in a normal-coordinate vector

of the form

c[iv] Ccos HEV T],V]

] 9[,]\” SE,V] + ]

C[N

MinglNMs

cos sin 0[,N] SE{M

1, 1] _i_c[’]—\/fl, 1] Sinegj—\ffl, I}S[]yfl, 1] . (527)

[ _
r! Y
N g gV uSL, bl NS G gL 1}S,[YJ,V_L 1

q = c[ivfl’ U cos 95\[71’ Ug

N-2, 2]QIN-2, 2]
cl ]Sy,

In the above equation, the “mixing angles” 6%, c/¥=%2 and the normalization c¢ are
defined in terms of the harmonic-order Hamiltonian elements: Eqs. (76), (78), and
(79) in Ref. (87).

Having seen the transformation of the internal-coordinate column vector to sym-
metry coordinates, then to normal coordinates, we now perform the same transfor-

mations on the DPT Hamiltonian tensors.

5.2 Transformation to symmetry coordinates

We now transform the first-anharmonic Hamiltonian to the basis of symmetry coor-

dinates, obtaining

_ 1 1
HO - _5 |:(02)GW]V1 o aSul 851/2 + 5 |:(O2)FWi|V1 Vs SVI SVQ + (%)FW . (528)
and
_ 1 (1) 1 (1)
M= =5 [ 96w, | Snds,0s, -5 [Vaw] 0
1
Al s [tRls om

where summation over repeated v; indices from 1 to P = N(N + 1)/2 is implied.

In Ref. (87) using the results of Ref. (99) it has been shown that the harmonic
Hamiltonian matrices in the basis of symmetry coordinates, denoted (g)GW and
(3) Fy, , have a particular block structure where each block is itself a direct product of

matrices:
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Q

Q0w = Q
2 Qw 0 On—1, yv-1, 11 @ IN-1, 1 0
Q
0 0 ON-2, 2][N-2, 2] ¥ Iin-2, 2
(5.30)
The matrices JSVMN] and 0&7171][]\,7171] are of dimension 2 x 2 and 0&7272”]\,7272] is a

scalar.

The matrices I, contain all of the N dependence, and are simply identity matrices.
Despite their simple form, these I, matrices are actually the “Clebsch-Gordon” coef-
ficients of Sy which couple together two different irreps (o and «) to form a [N] irrep
(95; 87; 100). These irreps can be coupled together to form irreps other than [N],
but the DPT Hamiltonian (similarity-transformed or not) must be invariant under
Sn, so only the [N] irrep in the series contributes. These Clebsch-Gordon coefficients
are to be distinguished from their SO(3) cousins from the land of electronic angular

momentum theory.

5.2.1 Clebsch-Gordon coefficients of the transformation

Writing the Clebsch-Gordon coefficient which couples together o and ay to yield [V]
as Cgle?, the harmonic-order Qy may be written more generally by denoting the

structural Clebsch-Gordon coefficient as ?1 1?22:

X1 X2
0) ~Naga 0
|:(2)QVI} : ] - |:é )O-(C)?lag

Cfree 5.31
£1,62 ( )

}XI,XQ §1,62 7

where no summation over repeated «; indices is implied. For each tensor element
specified on the right hand side, this equation is simply a multiplication equation.
Notice that the Clebsch-Gordon coefficient depends on the irrep labels «; only, not
on the block labels X;; see the tables in Appendix B. The elements of the coefficient
[;O)Ugl(m] . form a 5 x 5 matrix (with the block structure shown above).

At first anharmonic order, the blocks of the symmetry-transformed Hamiltonian
tensors are also proportional to Clebsch-Gordon coefficients. In the case of the rank-
one Hamiltonian tensor, there is really no coupling of irreps, so the rank-one Clebsch-

Gordon! has a simple form:

'Really this is a generalization of the concept of Clebsch-Gordon coefficient to only one irrep for

notational convenience.
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ce={ " it a=[N (5.32)

0 otherwise

Therefore, we can expect the rank-one Hamiltonian tensors to be proportional to this

Clebsch-Gordon coefficient by a proportionality vector we denote [gl)ag{} :
m

e - [l -

The Clebsch-Gordon coefficients which couple three irreps to form an [N] irrep
are significantly more complex than the above. Fortunately, there are only eight such
coefficients at first anharmonic order. Also, there are two Clebsch-Gordon coefficients
which couple together [N — 2,2][N — 2,2][N — 2,2] to form [N], so this block of the
DPT Hamiltonian is proportional to a sum of the two Clebsch-Gordon coefficients.

Let us denote the number of [N] irreps in a Clebsch-Gordon series by ¢(ay, o, ais).
In this thesis, there is only one Clebsch-Gordon series for which ¢ > 1; and that is
t([N —2,2],[N —2,2],[N —2,2]) = 2.

Therefore, the block tensors of the rank-three, first-anharmonic-order tensor in
the symmetry coordinate basis may be written in terms of the Clebsch-Gordon coef-
ficients:

t(ar,a2,a3)

(1) muzus} = [(1)062 } (0102,03,k 534
[3QW §1,62,83 ; 3 Tonazask X1, X2, X3 §1,62,83 ( )

where no summation over the repeated «; indices is implied. This is a simple equation.

1) _Q

The tensor [3 Ty crausk has dimensions 5 X 5 x 5.

]

The proportionality ()j%gﬂg'i,():(i?ént tensor o contains all of the information about the
system’s Hamiltonian. This o is a small tensor with a size that does not grow with V.
All of the complicated N-dependence and indical structure of each transformed block
tensor is now entirely contained within the Clebsch-Gordon coefficient. Since there
are only eight such Clebsch-Gordon coefficients, otherwise-prohibitive computational

expense may be eliminated provided one can, for arbitrary NV,
1. calculate the Clebsch-Gordon coefficient tensors symbolically, and
2. calculate the proportionality coefficient tensors o symbolically.

It is one thing to calculate the Clebsch-Gordon coefficients for S3, Sy, and so on (one
can find some examples of this in some textbooks(95)). It is quite another to calculate

the coefficients in general for Sy.
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These Clebsch-Gordon coefficient tensors were calculated in closed-form by an-
alytically transforming binary invariants to the symmetry coordinate basis. This
involves arduous algebra, for which we developed rule-based (rather than procedural)
symbolic programs in Mathematica(101). we created a package which performs sum-
mations over the discrete Kronecker delta function and the unit step function (102).
For details of the derivation of these coefficients, see Appendix E. The analytic deriva-
tion of these eight Clebsch-Gordon coefficients represents the subjugation of the DPT

N-body problem, at least to first anharmonic order.

5.2.2 Symmetry-transformed binary invariants

To make use of the Clebsch-Gordon coefficients, one must calculate the proportion-
ality coefficients in Eqgs. (5.31), (5.33), and (5.34). The difficulty in doing so lies in
resolving how, upon transformation to symmetry coordinates, the intricate structure
of the @) tensors is folded into the proportionality tensor o. This folded structure is
entirely embodied in the transformed binary invariants. Therefore we may resolve
the physical and structural information in the Hamiltonian, noting that the /" and G
tensors are symmetric so block labels can be dropped.?

From Eq. (4.15), we decompose each tensor block (%der)Qxl"' of blocks (labeled
by X;) as a linear combination of the binary invariants for the graphs of the block,

(fgder)QXl...XR _ Z (%der)Qxl...XR (g)[Bxl...XR(g)]&ng ’
GeGx,..xp

where no summation is ever implied over superscript block labels X.

Now, for any graph G in a block, the transformation of the tensor B%°*(G) must
be proportional to the Clebsch-Gordon coefficient of that transformation. Let us

denote that quantity which multiplies the Clebsch-Gordon coefficient as 3(G):

WEWEB@),,,, = [8m= @) oo (5.35)
weB@), = [em©) ce (5.36)
t(al,ag,ag)
WRWEWRB @ qe = 2 [P0t @)], | Caget. Gan
k ) y

Comparing the above equations, we can directly write the proportionality coeffi-
cients, 09 in Eqgs. (5.31), (5.33), and (5.34) as a linear combination of these “3(G)

multipliers”:

2FG and GF are not symmetric, and these have been transformed in previous works (81; 87),

but need not be transformed here
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Poln] L= 2 e [P 9)] (5.38)

g X1,X2

g] = Y Ve [ ©)] (5.39)
g

X1

t(a1,02,a3)

M _Q } _ Mg [(1 aazagk ( ] 5.40
Z |:3 Oniasask X1, X2,X3 ; 3 ; B ) X1,X2,X3< . )

k

Recall that the dimensions of ¢ and therefore 3(G) do not depend on N: all of the
complicated N-dependent index structure is contained within the Clebsch-Gordon
coefficient. Again, there is nothing complicated happening in the above equations,
only element-by-element multiplication.

In Appendix F, we derive the elements of these 3(G) multipliers by analytically
transforming binary invariants and comparing to the relevant Clebsch-Gordon coef-
ficient in Eqgs. (5.35-5.37). These results are used in Eqs. (5.38-5.40) to construct
the coefficient tensor ¢ by which the particular physical system is transformed to
symmetry coordinates in Eqs (5.31), (5.33) and (5.34), which we reproduce below in

a more convenient form:

0 0) 1o
[(Q)Q}ij[}m }51 & - (2 gl%#m 0511,522 (5.41)
1 1 «
[QQ;‘VL — We9c (5.42)
t(a1,02,a3)
(1) _ (1) ajaz,as,k
[ 3 Q%HWS ]61 €2.65 - Z 3 Ul?humus 061175227533 : <5'43>

k

In the above equations, we adopt a notation (see Appendix B) combining o and
X to form a single index p which ranges from 1 to 5: p € {0r, 0, 1r, 1,2} (where
0, 1, and 2 are shorthand for the [N], [N — 1,1], and [N — 2, 2] irreps, respectively).
There is nothing complicated happening in these equations. There are no repeated
indices to contract so these equations represent simple multiplication for each tensor
element. we have indexed the ¢ tensors in the above equations in preparation for

transforming the above equations to normal coordinates by the transformation C,, ,,.

5.3 Transformation to normal coordinates

The transformation of the DPT Hamiltonian tensors from symmetry coordinates to

normal coordinates is relatively simple. One must merely transform the o coefficient
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tensors by C,, ., according to Egs. (5.13). The result is DPT Hamiltonian coefficient

tensors transformed to the normal-coordinate basis:

0 0 0 a1
|: (Q)QV :| v1,V2 B |:(2) Ql‘t/um ]61 &2 - (Q)TﬁMQ 0&1’522 <544>
1 1 1 o
[(1)Qv}y - [(1)62}\1/}5 = (1)7'1? Ce) (5.45)
t(oq,ozg,a;g)
(1) ] _ [(1) muzus} _ (1) _Q coaask (5 40
[ 3 QV s BQV €1.62.63 ; 3 Tpaspz,ps,k T E1,62,63 ( )

In the above equations, we have derived the coefficient tensors in the DPT Hamil-

tonian in normal coordinates, as expressed in Egs. (5.10) and (5.11) which we repro-

duce below:
_ 1 1
HO = =5 [(g)GV] a(Iul 8QV2 +35 [(g)FVi| qu qUz + (((]])FV .
2 v1,V2 2 vi,v2
and
_ 1 1
H = —c [(?GV] quvy aqlfg aqug, -5 [(i)GV} 0y,
21 v1,12,V3 2 v
1 1

where summation of repeated v; indices from 1 to P is implied. In the index contrac-
tions in the above equations, most of the “action” occurs between the Clebsch-Gordan
coefficients C'-~ and the normal-mode coordinates and derivatives q', and Oy, We
emphasize that all of the N-dependent structure resides in the Clebsch-Gordan coef-
ficients.

The analytic transformation of a microscopic N-body Hamiltonian to a basis of
collective coordinates opens many doors. For one, the full N-body DPT wavefunction

can now be easily derived to first anharmonic order.
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Chapter 6

Anharmonic Wave Function And Density Profile

In this chapter, we calculate the first anharmonic order, ground-state DPT wavefunc-
tion and density profile for a system of identical bosons in an isotropic confining poten-
tial. This calculation builds upon previous isotropic work. The isotropic, harmonic-
order DPT ground-state wavefunction was derived in Reference (87). The harmonic-
order DPT ground-state density profile was derived in Reference (90). The first-
anharmonic-order DPT ground-state wavefunction was derived in Reference (100)
and the first-anharmonic density profile was derived in Reference (103). Here we
reproduce the derivation of the first-anharmonic wavefunction and density profile.
For increased clarity, all summations in this chapter will be made explicit: there

will be no implied summation over repeated indices.

6.1 Derivation of the first-anharmonic-order

ground-state wavefunction

6.1.1 Harmonic-order wavefunction

The order-0 Hamiltonian (Eq. (3.38) is of the form of a multi-dimensional harmonic
oscillator (hence the name harmonic order). Since we have determined the normal
coordinates of the system, we can write the harmonic-order wavefunction in normal
coordinates as a product of P = N (N + 1)/2 harmonic-oscillator wave functions. We

obtain

ao(d) = [T on (Vud) . (6.1)
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where ¢, (1/©,q,) is a one-dimensional harmonic-oscillator wave function of fre-
quency @, and n, is the oscillator quantum number, 0 < n, < oo, which counts
the number of quanta in each normal mode.

In Reference (87) (summarized in Chapter 5) the normal-mode coordinates ¢, were
derived from the maximal point group symmetry of the large-dimensional structure.
The normal modes transform under the irreducible representations of Sy labeled by
[N], [N —1,1], and [N — 2,2]. We employ a short-hand notation for these irreps:
0= [N],1 =[N-1,1], and 2 = [N — 2,2]. There are two [IN] irreps (each of
dimension one), two [N — 1, 1] irreps (each of N — 1 dimensions), and one [N — 2, 2]
irrep (of N(N — 3)/2 dimensions). Thus the normal modes are partitioned by irreps:
there are 2 normal coordinates which transform under two [N] irreps, 2(/N — 1) which
transform under two [N — 1, 1], and N(N — 3)/2 which transform under an [N — 2, 2]
irrep. In Eq. (6.1), we have adopted a compact notation where the normal coordinates
are simply labeled by ¢/, but it is sometimes necessary to label the normal coordinates
[¢,]¢ by both the block label € {0+,1+,2} and the degeneracy index  which has
a range from 1 to the degeneracy of p.

Writing the harmonic-order wavefunction in the latter block form, we obtain

wid)= T [ neo (Va4 (6.2

u={0%, 1+, 2} £=1
where @y, (\/(D_M [qL]g) is a one-dimensional harmonic-oscillator wave function of
frequency w, and n(y,§) is the oscillator quantum number, 0 < n(y,§) < oo, which
counts the number of quanta in each normal mode. The index p labels the manifold

of normal modes with the same frequency w,,, while the degeneracy of the pth normal
mode is denoted d, =1, N — 1 or N(N —3)/2 for u = 0%, 1¥ or 2, respectively.

6.1.2 Harmonic-order ground-state wavefunction

The harmonic-order DPT wave function for the ground state, {o(q’), is given by

Eq. (6.2) with all of the n, set equal to zero, i.e.

H (Vo 4)), (6.3)

where ¢ is the wavefunction of a single harmonic-oscillator,

o0 (VErd) = (%) exp (_;wy q'f) . (6.4)



There are N(N + 1)/2 normal modes and up to N(N + 1)/2 distinct frequencies;
analytically determining these normal modes would be a formidable problem if it
weren’t for the Sy point group symmetry expressed in the invariance of the F' and
G tensors, and the small, N-independent number of binary invariants spanning the
invariant tensor spaces. In References (87), (81) and (82) we have used this Sy point
group symmetry to derive both the frequencies and normal modes of the lowest-order,
Jacobian-weighted wave function for arbitrary N . This analysis results in only five
distinct frequencies. These five frequencies are associated with five distinct collective
motions: a center-of-mass mode, a breathing mode, radial and angular singly-excited
state modes, and phonon modes. Each of these frequencies is associated with a set of

normal modes which transforms under an irreducible representation of the Sy point

group.

6.1.3 First anharmonic wave function

Previous applications of DPT went to very high order in the asymptotic 1/D ex-
pansion. For systems with a large number of degrees of freedom, the calculation of
these high-order terms can be computationally prohibitive and subject to numerical
difficulties. In Reference (83), Dunn ef. al. present an algorithm by which these
corrections may be derived exactly using tensor algebra. Using this formalism, the

wavefunction is derived in Ref. (100) to first anharmonic order

=

o(q) A)®(d') +0(9), (6.5)

where A is an operator (note the “hat”). This wavefunction is obtained by solving

(1+36

the following eigenvalue equation:

(A, Hy|®y = H,D,. (6.6)

To solve this equation, we note that since ®o(q’) is a Gaussian function, the deriva-
tives in H; and H, written in normal coordinates “bring down” normal coordinates
from the exponent, so H; effectively becomes a 3rd-order polynomial of only odd
powers in . Then from Eq. (6.6), A is a cubic polynomial and of only odd powers
in the normal modes. When A is re-expressed in terms of internal displacement coor-
dinates, ' and 4/, it is cubic and of only odd powers in these internal displacement

coordinates.
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6.1.3.1 Evaluation of the derivatives in the first-anharmonic-order

Hamiltonian

We evaluate the derivatives in Eq. (6.6) to reduce the operator equation to a polyno-
mial equation in ¢,

Oy, ®o(d) = —wuq', Po(d) (6.7)

02, ®0(d') = (@, + @2(q),)?) Po(q') - (6.8)

Therefore with the substitutions

Oy, — —w, (6.9)
Oy, 0p, — Ouwy,d,,q., — 0@y, (6.10)

the action of H; on ®y(q’) becomes equivalent to the action of a 3rd-order polynomial
([:[1)6H on ®y(q'):
qu)o(q/) = (Hl)eff (I)o(q/)

where
(1)g= 3 (=5[6v], ,  suin+g[0F it
et — 2 3V A Wy Wy 3| 3+V 1 s qulq ng V3
v1,V2,V3
1 1 _ Ir1a _ 1
+3 (52 [(3)GVL Gt WGV]W By + [(1)FV]V1> ¢y, (6.11)
[z Vo e

Note that the repeated index summation convention is not used in this chapter: all
summations are written explicitly.
H H
Let us define the (4 x 4 x 4) tensor 7,}!,, . and the length-4 column vector 7,7
so that the above equation may be written in terms of Clebsch-Gordon tensors:

1 1
n = 5 ~ M _F
THI’M’“S’R N 2 3 Tm’m’m’k M2wua * 3! 3 TM17M27M3J¢
H _ = (1) G’ 1 (1) 1 )
T = de 3 Ty iz oy i W T 5 5 1 mwm + M (6.12)

Therefore, the polynomial (H 1)eﬁ may be written in the following compact form:

= k
(Hl)eﬁ = Z ul,ﬂmus,k Z éﬁlgjgz ,Hl]& [qluz]& [q/ﬂ3]§3 +
w1, 2,13,k §1,62,€3
07
4 Z iy, (6.13)
n=0+
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6.1.3.2 Derivation of the cubic A

From Egs. (6.6) and (6.13) above, we obtain the polynomial equation (note the ab-

sence of a “hat” on A, which is a polynomial)

[A, Hol®o = (Hy) 4 Po. (6.14)
Solving this equation for the polynomial A, we obtain

1) A K
Z Z ( 3 Ty s, uakcglgjlgz >[q,u1]51[q uz]&[q 13 Jes + Z 7 qu’

pisp2,p3,k £1,62,€3 u=0+
(6.15)

where the indices p range over the irrep labels {04,0—,1+,1—, 2} (except for the

last term, where p is explicitly summed over 0+ and 0—) and

(1),_H

(1) _A o B 37—#1#27#3,16
T = — £ - (6.16)
S Hpz gk le + Wy + Wy
A (—(11)7511 (6.17)
Wo+
1
+Zd ( 7_O:I:uu + (3) uO:I:u + (3)TMAMO:I:>> : (618)

Therefore, the first anharmonic-order many-body wavefunction is obtained by

multiplying the harmonic-order wavefunction by A, a polynomial in q given by
Egs (6.15) and (6.16):

®(q) = (14 62A)Po(q) + O(5). (6.19)

6.2 Derivation of the first-anharmonic order

density profile

6.2.1 Harmonic order density profile

In Ref. (90), we derived the DPT density profile at harmonic order by integrating over
many of the degrees of freedom of the wavefunction, and transforming that integral
from normal to internal coordinates. The essential idea is to integrate over all of the
normal coordinates using a Dirac delta function to “project out” a radial dependence
for the radius of a single particle r;, obtaining the single-particle probability density

function po(r) for the harmonic order ground state, where
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wie) = gy [ -role@ I Tl 20

:0i71;t72 é=1

and 07(r — r;) is the Dirac delta function (differentiated from the inverse dimension,
d, by the subscript f). The factor S(D) is the D-dimensional solid angle(92),

S(D) = 5(D)’ (6.21)

where we note that S(1) =2, S(2) =271, S(3) = 47, S(4) = 2r2.
It is more convenient for us to use a density profile Ny(r) weighted by the D-

dimensional Jacobian factor

No(r) = P Vpy(r). (6.22)

The Dirac delta function d;(r — ;) is a function of r;, while the integral is over

/1+]

the normal coordinates q’ o q° .[q" ]n_1,and [¢"" |n_1. Thus we need a change

of variables to perform the integral. We first note two crucial facts:

e Since Dy(y’) is invariant under particle interchange, we can choose any radius

T

e The choice of ry only appears in four of these P = N(N + 1)/2 integrals
(@'o++ d'o-» [d'1+]a,. and [q'y-]q,_, Where dy= indicates the last 1* normal

coordinate).

Therefore, we write the ground-state, harmonic-order, Jacobian-weighted proba-

bility density profile Ny(r) as

S(D)No(r) = N [7 - [ 6(r = ) [@o(F) TL,ot ax [T dlgjle-  (6.23)

Upon substituting the form of the ground-state wavefunction using Eq. (6.3) and
Eq. (6.4), we note that most integrals are simple Gaussian integrals not involving
the coordinate ry and are simply unity. Only four integrals remain that cannot be
immediately evaluated due to the presence of 7y in the delta function: integrals over

the four coordinates q'o+ , @'y~ , [@'1+]a,, and [q'y-]a,_:
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S(D) No(r

-~ ] Zw—mg (oo(VE gl )l (621

N\/J)Jr@—(DJr(D— o oo poo oo
— 0 7:2 1 1/_ /_ /_ /_5f(r—rN) (6.25)

X eXp - Z wﬂl I:qllul]?lﬂl H d[q/pg]dpg °

p1=0% 1% p2=0%1+

In order to evaluate this derivative, we must perform a change of variables. The details
of this harmonic-order derivation are necessary to derive the first-anharmonic-order
density profile, and are reproduced in first section of Appendix G.

The result is the harmonic-order, ground-state probability density profile

2
S(D) No(r) =N %gexp —R (7’/;(/11)_)) — \/57700> , (6.26)
where R is defined in Eq. (G.22), and (D) depends on the choice of dimensional
scaling for the particular physical system.

Notice that the harmonic-order DPT density profile is a Gaussian (normalized to
N) centered around r = k(D) Fs,, the D — oo configuration radius (see Egs. (3.19)
and (3.24)). The form of this Gaussian function is fixed by only two parameters:
R and 7. The harmonic-order density profile is not very “flexible”—it must be
symmetric. The the first-anharmonic-order corrections will add flexibility by allowing

asymmetry.

6.2.2 First-anharmonic-order corrections

The derivation of the first-anharmonic density profile is similar to that of the har-
monic density profile in that the same transformations are used to perform a change
of coordinates. Integrals over the normal coordinates q'g+, q'o-, [@'1+]nv-1, and
[N] [N-1, 1]
[g'y-]n—1 are transformed to 7y, 7y, S5,°, and [S, l(v=1).
The first-anharmonic-order density profile is derived from the first-anharmonic-

order wavefunction in a similar way to the harmonic order density profile, by simply
substituting (1 + 6/2A)%[,®0()]* from Eq. (6.19) in Eq. (6.23):

N(r) = / / 11 Hd "¢

u=0% 1+ 2 £(=1

x5f<r —ry) (1+ 251/2A +OA?) [,@0(T)])” . (6.27)
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We are interested in deriving the density profile to first anharmonic order (§/2).
The order § contribution of the A% term comes in at second-anharmonic order is
much more difficult to calculate (due to the presence of a sixth-order polynomial).
Dropping the order § term is expedient, but it introduces a liability: it will be possible
for the density profile to become negative. In Appendix H, we set up the derivation

of the A% term. We drop the order ¢ term for now, obtaining

Ni(r) = No(r)+%25V2/m---/oo IT 1ldl.
x8p(r—ry)A [ @) . (6.28)

Substituting A from Eq. (6.15), we obtain

e 0] o] du
Ni(r) = No(r) + LZ(SUQ e H H d[q,Jeds(r —rn)
S(D) _ _

p=0%1%+2 ¢=1

1 k 1
X Z Z ((3)7_!?17;12,#37/6 Cgl,gjfg [q,m]& [q/m]f? [q,us]& + (1)TMA1 [q/“1]§1>
H1sk2,13,k §1,62,€3

x [(@o(@)])” . (6.29)

We perform this integration in Appendix G, obtaining the first-anharmonic-order

ground-state DPT density profile Ny (7):

N R
S(DY\| ox(D)2r

where the constants A; and Az are defined in Egs. (G.66) and (G.67) and

Ni(r) = (14 67 (A7 + Asi™®)) exp(—R7?) (6.30)

7 = ( L —\/Broo) . (6.31)

Aho

For the case of a BEC, k(D) = D?ay,, where

B 1
Aho = W&ho . (632)
Therefore
k(D) = VD ap, . (6.33)
Therefore, in oscillator units
r
osc — 5 6.34
r ”~ (6.34)

we obtain the Jacobian-weighted density per particle
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No (Tosc) X Sg\lf)) = \/§ exp (—R (r ~VD foo)g) (6.35)
Ny (o) x 22 =
<1 465 (A (r _ \/Bfoo> + As (r - \/57“00>3>> (6.36)

S(D)

N oSsc
X No (Tose) X I

(6.37)

In this Section, we have derived the N-body density profile through first-anharmonic-
order using DPT. In doing so, we have neglected the A? term in Eq. (6.27). Both the
wavefunction and density profile are written in the basis of normal coordinates. The
coefficient A in the wavefunction and the coefficients A;, Az, and R in the density
profile represent very complicated expressions. Because the expressions are so large,
in practice they are evaluated using a computer algebra system (CAS) (in our case
Mathematica).

In order to check the validity of these expressions and their implementation in
the CAS, in the next chapter we derive an exact solution for the fully-interacting

Hookes-law gas and form a perturbation series to compare to the DPT expansion.

6.3 The view from Plato’s cave

The N-body wavefunction cannot be observed directly. The probability density profile
is only a shadow of the full N-body wavefunction, containing much less information
than the wavefunction (as seen here by integrating over all but 4 of the N(N + 1)/2
collective coordinates). The density profile, however, can be observed in the labora-
tory quite directly. In the case of a BEC, the extent of the density profile is large
enough (on the order of the width of a human hair) that the column density can be
measured by simply taking a picture.

We have reached the end of the theoretical development in which we have gener-
alized N-body DPT to go to higher orders. For the next intrepid explorer who has
worked through the development in the body of this thesis and in the appendices, I
leave this (subterranean) vista. We have derived an (essentially) analytic expression
for the full N-body wavefunction. The density profile is only one observable property
that can be calculated. What will you do next?

1)



Part 111

Application
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Chapter 7

Application to the (fully-interacting) Hooke’s law

gas

Ut tensio, sic vis

Robert Hooke, 1676

The general theory developed in Chapters 3 through 6 (also in References (87; 90;
100; 104; 103)) is extensive. In this chapter, we apply the N-body DPT formalism
to an N-body system which actually has an exact analytic solution: a system of
N identical particles in a harmonic trap with harmonic (Hooke’s law or spring-force)
interactions. We write the Hamiltonian in units where the mass and Planck’s constant

have been scaled out!:

H = % (i {—8822 + wir Z} +Zm, ) . (7.1)

i<j

Due to the similarity of the confining and interaction potentials, the Schrodinger
equation for this system can be solved directly for any N. In Appendix I (and in Ref-
erences (104) and (103)) we directly determine the exact N-body wavefunction(104)
and density profile(103) and form a perturbation series in '/2 in order to compare

both quantities with the DPT perturbation series.

!The coordinates are in units of \/% and energy is in units of . This choice is to be consistent
with previous publications. One might also choose the conventional harmonic oscillator units, where
distance is measured in units of the harmonic oscillator length ,/miwt and energy is measured in

units of Awy.

77



7.1 Application of DPT formalism to the Hooke’s-

law gas

First we apply the N-body DPT developed here, which is applicable to any system of
identical bosons with a central potential, to the specific case of the trapped Hooke’s-

law gas.

7.1.1 Dimensional scaling of the Hamiltonian

In order to apply the general DPT results, we must merely specify the dimensional

scaling and a few derivatives. We define the dimensionally-scaled radius 7,
r =kr(D)r, (7.2)
where we have chosen the scaling
k(D) = DGy, . (7.3)

In the above equation, the length scale ay, is the distance to the classical turning

point in the ground-state of the non-interacting harmonic trap:

h

m@conf

and  @Weons = D>Weons - (7.4)

(po =

Therefore, we write the Hamiltonian in dimensionally-scaled coordinates (also

scaling out an overall fwy)

H:%(i{——+r} Z)\22> (7.5)

7 1<)

A=4/1+ Nuw2/w?. (7.6)

Substituting these scaled variables into the similarity-transformed Schrodinger

where we have defined

equation gives the following equation:

H® = (8T 4+ U + Viont + Ving) © = E @, (7.7a)

where

T = i 1 o _LZZi( PN A)i (7.7b)
= 1 28ﬂ2 972 0. Yik — YijVik Oy ) .

vl
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F2N(N —2) + (1 — 6(N +1))? (F;“)

=1 g
N1

[/ _ —2

Veont = ;5” (7.7d)
Nil N 1

Ve = Y Y AT, (7.7¢)

7.1.2 Large-D limit

We determine the minimum of the effective potential V.g by invoking the symmetric

condition, obtaining an analytic expression for the large-D radius 7., and the angle

cosine Yoo,
_ 1 N+(A-=1)
2 _ _
"o T S0+ (N— 1)) 20N (7.8)
A-1

T N o)

7.1.3 Perturbation series

The DPT perturbation series coefficient tensors GG and F' have been derived in general
in Appendix D. In order to calculate the G and F' tensors for this particular system,
we must merely specify a constant and a few derivatives. For the G tensors, we
must only note that, due to the choice of scaling we have made, ((0) = 1. For the F
tensors, we specify the (potentially non-zero) derivatives of the confining and effective

potential.

7.1.3.1 Harmonic order

(g)F are composed of second-

The elements of the harmonic-order coefficient matrix
order derivatives of the effective potential. Most of these derivatives depend only on
¢(0) and are calculated in Appendix D. The remaining derivatives particular to the

system in question are

-
<a Vc‘mf) =1 (7.10a)

or?
2\/
(8;2“) = 1+ (N—-1)\? (7.10b)
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Vi
= = M 7.10
( aiaj) . (7.10¢)
82ffint 2
= N7 1
( a7 6%-]») AN Too (7.10d)
82‘_/int
= Nl
(5%-2]» ) 0 (7.10e)

7.1.3.2 First anharmonic order

The rank-one first-anharmonic-order Hamiltonian coefficients result from a derivative
with respect to  and with respect to an internal coordinate. The confining and inter-
action potentials do not have any explicit dimensional dependence, so the derivative

with respect to 0 is zero:

a‘_/conf o a‘Znt
L)

Therefore the derivatives relevant to the linear first-anharmonic term

<a Wi‘“) = 0 (7.12a)

~0. (7.11)

(11) F are

or; 09
a axznt o
(8%9- 05) = 0. (7.12D)

(?F is composed of third-order derivatives

The rank-three first anharmonic tensor
of the effective potential. Of the derivatives specific to this physical system, only the

following may be non-zero:

(8;?) _ 9 (7.13a)
( g:g%:j) - 0 (7.13b)
(aijjég%) R (7.130)
<83;’;g;2> - 0 (7.13¢)
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— 0. (7.13f)

( 83 ‘Znt )
o;

7.1.4 DPT Wavefunction and density profile

o0

From this scaling and potential, we calculate the wavefunction polynomial coefficient
A (Eq. (6.15)) and obtain the DPT wavefunction from Eq. (6.19) in the basis of
normal coordinates.

(q) = (1+528)20(q') + O(9).
where A is a polynomial in the normal coordinates

0—
1 k 1
A= 30 30 (Vs CEEEY) ol ulald e+ DD Vb

H1,12,13,k €1,62,€3 w =0+

The Jacobian-weighted density profile is then

Ny (7) x % = \/gexp (—R7?)

Ny (7) % = (1 + 07 (A + A3F'3)) No () x (D)

where

f':(r —\/ﬁfoo).

Gho
We have applied the DPT formalism developed in this thesis to the Hooke’s-law gas

to derive a perturbation series to first anharmonic order for the N-body wavefunction
and density profile. In order to check this derivation and its implementation in the
Mathematica code, we now obtain a corresponding perturbation series for the exact

solution to this system.

7.2 Direct derivation of the exact solution

7.2.1 The exact wavefunction through first order

In Appendix I we solve the harmonically confined, harmonically interacting system
of N particles exactly for the ground-state wave function (see Eq. (1.6)), and from
this derive an analytic perturbation series for the N-body wavefunction (weighted by
a Jacobian) through first order:

o - ()

N(N+1)
2

(1 + %cﬁAy/ + 0(5)) exp(—[¥]"Qy¥), (7.14)
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where we have defined 2y, as  (the matrix whose diagonal elements are frequencies)

from the normal-coordinate basis, transformed to the internal-coordinate basis,

Qy = ViQV (7.15)
le,ug - 5y17y2@y1 (716)

and similarly, have transformed the polynomial A from a normal-coordinate basis to

a internal-coordinate basis

Ay = AQ) [BQ); 7+ A=) [Be)])) Vg + L) [BIF): 0 TiT5T

+A(O~O) [BG—O) 1)1 Vi) ThT1 + (A(@') [B(S)]53), k) mm) +
PO [BEA] e A(O) [BOi o T
FACL B o + AAD B D600y

+A(E) B 57,000 +A<3> [BC D5, 060, oy +

+AED) [BED .00 >) Tty Vity T (7.17)

(i
Qp = (L00) BOO),+A(Q Q) BQO,) 7+
O) [BIO—=)ip e Vgt + (D00 [BIO) 5y 00) +
o) BG Dl T 200 [B(:)](ij),(kl)> Vi) Tkt - (7.18)

The scalar coefficients, A(G) are derived in Appendix I.

(
+A(

This direct calculation of the N-body wave function should yield the same expan-
sion to each order of the wavefunction in the basis of binary invariants. To verify this
we compare the coefficients A(G) from the direct calculation to the coefficients in the
N-body DPT code. In Tables [.1-1.4 we compare the binary invariant coefficients,
A(G), from the general formalism with the above results derived from the full analyt-
ical solution above for N = 10, 000 particles and two different interparticle interaction
strengths, A. One value of A features strongly-attractive, harmonic interparticle in-
teractions, while the other is for a barely-bound system with repulsive interparticle
interactions (negative A) just below the dissociation threshold at A = —1/v/N .

In both cases, to within round-off-error determined by the machine precision,

exact agreement is found, confirming the correctness of the general formalism and
the Mathematica code(102).

7.2.2 The exact density profile through first anharmonic order

The exact analytic density profile for this system is derived in Reference (103) and
expanded through first order in §'/? (See Appendix I) to yield the exact density profile
through first order:
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N (Flg) = (1 +021/2 (2;% — fgﬁ) +O(5)) (g)% exp (—270) - (7.19)

™

This analysis shows that the density profile for any N or interaction strength
follows a universal curve when a simple scaling is applied to the radial variable. This
is not true of the wavefunction and it is not true in general for the density profile
of other systems. This scaled density profile is plotted in Fig. 7.1. One readily sees
the improvement obtained at first order in DPT, confirming the efficacy of DPT as
an approach to the general confined N-body problem, which may be systematically
improved by going to higher orders.

The general theory developed in this thesis for the density profile involves no such
harmonic-interaction specific scaling since it’s applicable to any interparticle poten-
tial, not just harmonic interparticle potentials. Consequently in Figs. 7.2 and 7.3,
we plot the density profile without this harmonic-interaction specific scaling for two
very different interparticle interaction strengths. Both are for N = 10,000 particles,
but Fig. 7.2 features strongly attractive interactions, while Fig. 7.3 is for a repulsive
interaction just below the dissociation limit. In the former case the system is tightly
bound and very compact. In the latter case the confining potential is barely able to
hold the system together against the combined effect of the repulsive interactions,
and the system is very extended.

The density profile derived from the general N-body DPT formalism developed
in this paper, and implemented in Mathematica code(102), is indistinguishable from
the density profiles derived from the exact solution of the harmonically-interacting
system. The agreement between the DPT and the direct density profiles confirms the
correctness of the general formalism developed in this thesis, and its implementation

in Mathematica code.
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[N(F)/N]+4r P2

F=+/ Aeft I/ano

Figure 7.1: Scaled density profile for NV harmonically interacting particles under har-
monic confinement in oscillator units of the confining potential. The short-dash curve
is the lowest-order DPT density profile, while the solid curve is the DPT density pro-
file through first order. The long-dash curve is the exact result. The scaling factor,
Vet is explained in Appendix 1.

N=10000, A,*=100

[N(F o50)/NT#47 T o5

| 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10
I'osc=I/@no

Figure 7.2: Unscaled density profile for N = 10,000 particles under harmonic con-
finement with strong attractive harmonic interactions ()\12) = 100) in oscillator units
of the confining potential. The short-dash curve is the lowest-order DPT density
profile, while the solid curve is the DPT density profile through first order. The long-
dash curve is the exact result. The parameter )\]2), as explained in Appendix I, is the

interaction frequency squared in oscillator units of the confining potential.
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N=10,000, A,°=—1/N+10""°

0.025 |
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Figure 7.3: Unscaled density profile for N = 10,000 particles under harmonic con-
finement with repulsive harmonic interactions ()\12) = —1/10,000 + 1071%) in oscillator
units of the confining potential. The system is just below the dissociation threshold
and very extended. The short-dash curve is the lowest-order DPT density profile,
while the solid curve is the DPT density profile through first order. The long-dash
curve is the exact result. The parameter )\12), as explained in Appendix I, is the

interaction frequency squared in oscillator units of the confining potential.
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Chapter 8

Application to BEC: a preliminary peek

In Part II of this thesis, we presented a general N-body DPT formalism for any
isotropic confined quantum system with pairwise interactions. In Chapter 7, we
applied the formalism to the case of the fully-interacting Hooke’s law gas, verifying
the N-body DPT calculation by comparing to the direct solution to the wavefunction
and density profile. We noted substantial qualitative improvement due to the first-
anharmonic correction to the density profile. In this chapter, we perform preliminary
calculations using the verified formalism for a Bose-Einstein condensate (BEC) of
87Rb atoms in an isotropic (spherically-symmetric) trap.

We calculate the ground-state energy through harmonic order, as well as the wave-
function and density profile through first anharmonic order. This is still preliminary
work, because the first-anharmonic results indicate that it will be necessary to calcu-
late the extra A? term in Eq. (6.27). This is a modest extension and all the necessary
theoretical work is contained within this thesis. This result indicates a clear next step

and the calculation of the A? term is currently underway (see Appendix H).

8.1 Bose-Einstein condensate Hamiltonian

The similarity-transformed, D-dimensional DPT Hamiltonian for a confined quantum

system is written in the form

(T"— U + ‘7conf + ‘Znt) (I) - E(I) . (81)

In order to apply this formalism to a particular physical system one must specify the

confining potential and the interaction potential.
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8.1.1 Atoms in a trap

Many BECs are “trapped” with a confining potential that is approximately propor-
tional to the square of the radius from the center of a trap. Such a potential has the
same form as a harmonic oscillator and is called a harmonic trap. This designation of
“harmonic” is to be distinguished from the labels of the orders of DPT. We assume a
condensate of N identical bosonic atoms with equal masses m confined by an isotropic

(spherically-symmetric) harmonic trap with frequency wy,.
Virap = —mw; r? (8.2)

In Reference (53), three different model potentials are used to calculate the ground-
state energy of a BEC. It is shown that for sufficiently dilute condensates, the ground-
state energy does not depend on the shape of the potential used, but depends only
on the scattering length. In order to compare to these exact calculations, we have

used two of the potentials in this reference.

8.1.2 A smooth, short-range potential

For some methods, a “hard-sphere” potential such as potential A in Ref. (53) may be
convenient. The presence of a discontinuity at » = a makes the derivatives undefined
at that point, and DPT requires a differentiable potential. We tried using potential

B in Ref. (53), which is a smooth function of a hyperbolic trigonometric function:

V(r) = dcosh™ (r/rg) , (8.3)

where the height is fixed by d and the width by ro. This potential decreases expo-
nentially for large-r and is short-range. Due to the DPT expansion about a sym-
metric arrangement, this short-range potential has no effect and the ideal-gas result
is obtained. This result reminds us that DPT requires a long-range potential in the
large-D limit. The potential in Eq. (8.3) could be dimensionally continued in a way

that produces a long-range potential.

8.1.3 “Soft-sphere” interaction potential

We model the pair-wise interactions (at D = 3) in an N-body system by a “hard-

sphere” potential similar to potential A in Reference (53), where the interaction is
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much like the interaction between two billiard balls on a collision course: the inter-
action is zero as the distance decreases and then (discontinuously) large when they
collide. Similarly, the hard-sphere interaction potential is zero unless the interparti-
cle distance r; ; is equal to some contact distance which we take to be a, the s-wave

scattering length:

0 if < T
V(ri7j) _ 1 a T,j

oo if r;<a
This hard-sphere potential has a discontinuity, and therefore the derivative is
not defined everywhere. Because DPT requires well-defined derivatives at large D
(but not necessarily D = 3), McKinney et. al. proposed a “soft-sphere” pairwise
interaction potential (82; 81) that becomes a discontinuous hard-sphere potential
when D = 3. This allows for a DPT analysis as well as a direct comparison at D = 3
with other methods which use a discontinuous contact potential. In these references,

the interaction potential Vi, was defined (in dimensionally-scaled oscillator units,
later defined in Eq. (8.8)) as

= N—-1 N
Vine = 1_35;jzi;1(1—tanh@i7j), (8.4)

where § = 1/D is the perturbation parameter. The argument ©, ; is defined as

- _ =2
=% (5 _35(a—-a _ a5
O Y <\/§ a—3d(a a)) (1 + (1 —30) 5 ) , (8.5)

where 7 ; is the interatomic separation,

and a is the s-wave scattering length in dimensionally-scaled oscillator units. In the

large-dimension limit, the argument ©; ; (with 4 parameters) becomes

O = 0y

s (Mm - a) (141 =) @) , (8.7)

o0

and the potential retains this soft-sphere shape. In the physical D = 3 limit, no
matter the values of the constants, this potential becomes that of a hard-sphere with

radius a.
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In Figure 8.1, the general form of the soft-sphere interaction potential is shown.
The other constants (Vo, @, ¢,) determine the shape of the potential, and are “cali-
brated” by comparing to exact calculations!. In the simplest case, the potential may
be specified by only the height V; and the slope ¢ (with @ = 0). The constant &
introduces an offset in the potential. The constant ¢; further refines the shape of the

potential.

8.2 Large-dimension limit of BEC Hamiltonian

8.2.1 Dimensional scaling

We regularize the large-D limit of the Schrodinger equation by using the following

dimensionally-scaled variables:

T — D2 — D2 a
v = —— F=—FF H=—H a=——
D 2CLho h(x)ho hwho \/§D 2a'ho
_ D? «
Vi, = —V,, a=—— ¢, = V2D%noco, 8.8
Hione V2D2ay, " (8:8)
where
h
dho = — and (Dho = Dgwho (89)
MWho

are the dimensionally-scaled harmonic-oscillator length scale and dimensionally-scaled
trap frequency, respectively. Substituting these scaled variables into the similarity-

transformed Schrodinger equation, Eq. (8.10a), gives the following equation:

HO = (T 4+ U+ Veont + Vi) © = E D (8.10a)

where

2

1
2 8m27“12 2m, 72 Z Z

0

( vogi ki ( )
N +(1—6(N +1))2 (2
] = B 1
U 2( S : (8.10c)
~ N1
Veont = ;5 : (8.10d)
_‘—/ N—-1 N
Vit 3 2 j;l (1 —tanh[©,]) . (8.10¢)

l“Exact” means accurate to within statistical uncertainty, as opposed to an approximate calcu-

lation.
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(1-Tanh[©;;])
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Figure 8.1: The form of the pair-wise interaction potential for D — oo with 3 param-

eters. The height is given by 2Vp, the slope by ¢/v/2, and the potential is offset by

V2a.

To be consistent with the References (for instance (82; 81; 90)), we have expressed
the above dimensionally scaled Hamiltonian with A and m;. In what follows, as in
the references, we will let all of the masses be equal and implicitly use oscillator units

where i = m = 1.

8.2.2 Large-dimension limit of the Hamiltonian

In the large-dimension limit (§ — 0) the factor of §? suppresses the derivative portion
of the kinetic energy 7., but the part of the centrifugal-like term,

1 T

w 82T | (8:.11)

o0

0(r:0)|

remains. This centrifugal-like term, together with the confining and interaction po-

tentials form an effective potential, Vies:

N
V:aff T 77 Z U Tza +‘/;onf T‘Z, + Z Z ‘/1nt TH’YZ‘M ) (812)

i=1 i=1 j=it+1
The centrifugal-like term provides a repulsive core, even in the ground state. As
D — oo, it is as if the mass of the particles in T is becoming infinite, and the
particles slow down and become localized at the bottom of the effective potential.

The large-D energy is simply the value of the effective potential at this minimum.
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8.2.3 Determination of the lowest-order symmetric

arrangement
The static arrangement of the atoms in the large-D limit corresponds to the mini-
mum of the effective potential. We postulate that this minimum is symmetric under

interchange and therefore can be characterized by two parameters: 7., and 7. The

values of these parameters are determined by invoking the following two minimum

(%‘i‘zﬁ) = 0 (8.13)

8Veff)
= 0. 8.14
( A (8.14)

conditions:

[e.9]

Substituting the above definitions of Vg into these conditions, we obtain two equa-
tions in 7o, and Yuo:
(N — 2)’700 +1
' a7 (’Voo—l)((N—l)’Voo+1)
_7_ — 1)v/1 — 75 VO, sech? (O,) (8.15)
Yoo (N = 2)7V00 + 2) oo VO sech? (O4,)

v 21—+ (N—1h)? Ve (8.16)

where, O/ is defined in Eq. (J.5). One can eliminate the interaction potential from

0 = reo+

both equations, solving for the radius 7.:

- 1
roo—\/,\/1+ N L (8.17)

Substituting 7, into Eq. 8.16 we solve the following equation for the angle cosine 7,

Voo (2 + (N - 2)700)
(1 = 920)32/1T+ (N — 1)700

Because of the presence of sech (O), this equation is a transcendental equation,

+ Vosech? (0,,) 0., = 0. (8.18)

which must be solved for ., numerically using a root-finding algorithm. This equation
has poles and potentially multiple roots, so a numerical solution requires careful
analysis.

In previous work (82; 90), an algorithm that starts with an initial guess was
used, and the proper root was selected by making an educated guess. This approach

works well unless one wishes to perform a large-scale search of the space formed by the
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interaction potential parameters. In such a case, a more robust root-finding algorithm
which guarantees a solution within some interval would be useful.

This equation has properties that guarantee that a root is always bracketed within
the interval (—1/(N — 1), 1). First, the transcendental term is finite. It is also
positive definite if ¢; and higher parameters are zero. Second, the term on the left
has two poles: one at 7., = —1/(N — 1) and one at ,, = 1. Because the function
changes sign between these two poles, we are guaranteed that a root exists in the
range —1/(N — 1) <y < 1 and the root is said to be “bracketed”. Therefore a root-
bracketing algorithm, such as Brent’s method, is guaranteed to succeed anywhere in
parameter space.

In practice, we actually solve a related, but more convenient, equation in which
the poles at either end of the bracket are removed. This related equation, which has
the same roots within the bracketed interval, is simply Eq. (8.18) multiplied by the

denominator in the left term:

Yoo (24 (N = 2)700) + Vosech? (0,0) O (1 — 7o) 2/ 1+ (N — 1)70 = 0. (8.19)

The lowest-order energy in the large-D limit is simply the effective potential eval-

uated at the symmetric minimum specified by 7, and 7.

8.3 Perturbation series

Having numerically determined the large-D arrangement parameters 7., and 7., we
now apply the developed formalism to obtain a perturbation series for the DPT
Hamiltonian of the BEC, as discussed for the general case in Section 3.5.

The perturbative expansion of the Hamiltonian in a binary invariant expansion is
performed in general for any isotropic confined quantum system in Appendix D. In
order to apply this result to a BEC, one must merely specify a scaling factor ((0) and
a few derivatives. This is done in Section J.1. The result is a perturbative series of the
DPT Hamiltonian to first anharmonic order in which the elements of the Hamiltonian
coefficient tensors are resolved in the basis of binary invariant tensors.

As noted in Section 3.6, there are five distinct normal modes 0+ (with multiplic-
ity 1), 0— (with multiplicity 1), 1+ (with multiplicity N —1), 1— (with multiplicity
N — 1), and 2 (with multiplicity N(N — 3)/2). The frequencies for these normal
modes for the case of a BEC are given in Eqgs. (121)-(123) of Ref. (81). Having ob-
tained the values of the DPT Hamiltonian elements for a BEC, and having calculated
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the normal-mode frequencies, no further BEC-specific work must be performed. In
order to calculate the ground-state energy, wavefunction, and density profile to first
anharmonic order, one must simply use the results derived in general in the chapters
of Part II.

8.4 Optimization

As is common with perturbative approaches, calculating each additional order be-
comes increasingly more complex. We make the most of the terms we have calculated
by optimizing a fit to exact calculations which are available for low N;

This optimization procedure is not an empirical fit to exact data. Even at the low-
est order, the DPT perturbation expansion contains contributions from each term in
the Hamiltonian, including pairwise interactions. Having “calibrated” the interaction
potential in this way, one may increase the number of particles by orders of magni-
tude beyond the region where exact results are available and still obtain meaningful

results.

8.4.1 Previous work

In Reference (53), Blume et. al. calculate the exact ground-state energy for an
87TRb BEC with three different scattering lengths: the natural scattering length ag =
0.00433ay,, an intermediate scattering length ay = 0.0433ay,, and a strong scattering
length ag = 0.433ap,. Due to computational cost, results have been obtained for only
a low number of atoms (in this case 100 atoms or less). A physical BEC can have
millions of atoms. In References (82), McKinney et. al. calculated the ground-state
energy for a BEC by optimizing the analytic DPT harmonic energy to the DMC
calculation for low N, and then extrapolating N to many thousands. The results
compared favorably with the Gross-Pitaevskii and modified Gross-Pitaevskii results.

Reference (53) also calculates the ground-state BEC density profile for N = 3,10
for both the intermediate ag = 0.0433a;, case and for the strong ay = 0.433ay, case.
The DMC benchmark data and the fitness function are discussed in Section J.2.
The Thomas-Fermi estimate of the gas parameter for the three scattering lengths
considered is given in Table 8.4.1. The gas parameter indicates that a BEC with
ap = 0.0433ay, is in the n(0)|al®> < 1072 regime for up to around 1000 atoms, but
ag = 0.433ap, has a gas parameter n(0)|a|*> > 1072 Therefore we expect the mean-

field results to be wholly inadequate for ag = 0.433ap,.
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In reference (90), Laing et. al. derive the harmonic-order DPT density profile
and apply it to a BEC by optimizing to DMC energy and density profile for the

intermediate ag = 0.0433ay,, case.

8.5 Preliminary results

We apply the DPT formalism to calculate the ground-state energy and density profile
for 8" Rb atoms in a BEC held in an isotropic (spherical) trap with trap frequency
Who = 27 x 77.87 Hz. The natural scattering length of 87 Rb, in harmonic oscillator
units, is ap = 0.00433 ay, (where an, = v/h/(mwy,)). Such a 8" Rb BEC is described
well by a mean-field approximation to the interparticle interactions. We are inter-
ested in the regime of intermediate (ap = 0.0433 ay,) and strong (ay = 0.433 ay,)
interactions where the gas parameter n(0)|a| is in the region of 1073 or larger, where
the mean-field approximation breaks down.

Since we are extending the harmonic-order work of McKinney et. al, we revisit
the results of Reference (82) here, examining the behavior of the recently calculated
DPT harmonic and first-anharmonic-order density profiles using parameters previ-

ously obtained by optimizing only the DPT harmonic order energy to DMC data.

8.5.1 Intermediate interaction

An optimization of the harmonic-order DPT energy to the DMC data for energies up
to N = 100 yields {Vp, a, ¢, ¢} = {0.6484, —0.8392, 1.387,0.0888}, with a reduced
x? = 0.00242. This set of parameters was obtained by performing an optimization
in Mathematica over the intervals [.02,2], [-2,1], [0.3,3], [~.1,.1] for Vi, &, co, ¢,
respectively. Both the simulated annealing and differential evolution algorithms were
used, obtaining the same result?.

This is close to the result related in Reference (82). The additional energy per
atom due to interaction (that is, the energy minus the ideal gas energy 3/2N) is

plotted in Figure 8.2. The GP and MGP energies in this and all other figures in

2One expects a reduced x? value near one: a very small reduced x? indicates overfitting. This
result suggests that either the uncertainty information in the DMC results has been overestimated

or the interparticle potential should be written in terms of fewer parameters.
3Random search takes much longer and since the other two methods converged to the same point

it was not attempted.

94



N a = 0.00433an, a = 0.0433an, a = 0.433ay,
3 4. x 107 1. x 104 2. x 1072
10 6. x 107 2. x 10 4. x 1072
25 9. x 107 2. x 10 6. x 1072
20 1. x 10°© 3. x 10 8. x 1072
100 2. x 107 4. x 10 1. x 10
1000 | 4. x 10 1. x 103 2. x 10!
10000 | 1. x 10® 2. x 1073 6. x 101

Table 8.1: The Thomas-Fermi estimate of the gas parameter n(0)|a|® for three scat-
tering lengths. The scattering length a = 0.433ay,, has a gas parameter that is beyond
the dilute limit.

this section are from Ref. (82). The GP ground-state energy is known to under-
estimate the ground-state energy, and the MGP ground-state energy is known to
over-estimate. As first observed in Ref. (82), the DPT ground-state energy for the
case of intermediate-strength interactions remains between the GP and MGP energies
up to around N = 500-5 times higher in /N than the benchmark data used to optimize
the energy.

Although these parameters were obtained without the benefit of also optimizing
the DPT density profile to the DMC data, it is interesting to observe whether the
density profiles corresponding to these parameters are reasonable. In Figure 8.3 the
harmonic-order density profiles for N = 3 and N = 10 are close to the DMC profile—

and the first-anharmonic-order profiles are even closer. Is this a coincidence?
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a9=0.0433, {Vo, @, Tp, C1}={ 0.65, —0.84, 1.4, 0.089}

i ‘ ‘ 9}
5 +

Eo/N-3/2

Figure 8.2: The ground-state energy/atom for a BEC of 8"Rb atoms with ay =
0.0433 ap,. The plus signs represent GP energies and the circles represent MGP ener-

gies. The parameters {Vj, ., ¢y, ¢} were obtained by optimizing the harmonic-order
DPT energy to DMC data for N < 100.
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ap=0.0433, N=3, {Vo, @, T, T1}={ 0.65, —0.84, 1.4, 0.089}

o o
o ™
ST

[N(F 050 )/NT*47 T o5

0.0 05 1.0 15 2.0 25 3.0

l'osc=I/8ho
ap=0.0433, N=10, {Vy, @, Tp, C1}={ 0.65, —0.84, 1.4, 0.089}

08r

06

[N(F osc)/NT#47 T oge?
o o
ST

0'0 ;\——\ T O T Y R S E \.\..\ T T \;
00 05 10 15 20 25 30

lNosc=I/ano

Figure 8.3: Jacobian-weighted probability density profile for a BEC of three (above)
and ten (below) 8" Rb atoms (ag = 0.0433 ay,) in the ground state. The harmonic-
order profile is dashed, the first-anharmonic-order profile is solid, and the DMC data
are solid circles. Vertical bars denote the difference between the first-anharmonic
DPT profile and the DMC data. The parameters were obtained by optimizing to the
harmonic energy only. Note the qualitative improvement in the anharmonic density

profile compared to the harmonic.
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10=0.0433, N=100, {Vy, @, Cp, C1}={ 0.65, —-0.84, 1.4, 0.089

=
=)
———

05F

[N(rosc)/N]x4m rosn:2

o
o

I’osc:r/aho

Figure 8.4: Jacobian-weighted probability density profile for a BEC of 100 87 Rb atoms
(ap = 0.0433 ay,) in the ground state. The harmonic-order profile is a dashed line,
the first-anharmonic-order density profile is a solid line. The black dash-dot line cor-

responds to the MGP density profiles. The parameters were obtained by optimizing
the harmonic-order DPT energy only.
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8.5.2 Strong interaction strength

An optimization of the harmonic-order DPT energy to the DMC data yields
{Vo, &, o, ¢} = {4.617 % 107, —4.212,1.555,0.005}, with a reduced x? = 0.12. This
result is obtained in Mathematica by scanning V;, &, ¢y, ¢; over an interval tightly
centered around the result reported in (82). An expanded search over [.02, 2], [-2, 1],
(0.3,3], and [—.1,.1] for the parameters V;, @, ¢y, ¢1, respectively, yields a minimum
at {Vo, @, ¢o, 1} = {92.08, —0.2209, 1.63,0.01679} with a reduced x? value of 1.3. It
is the latter results that we discuss here. This point in parameter space has a value
of Vj that is far outside the original search space. That V{ tends to be so large and
& tends to be negative causes the center of the tanh function to be shifted out of
the physical, positive 7;; region and suggests that a different way to parametrize the
interaction potential might be warranted.

The ground-state energy for these parameters extrapolates well to very large N
(40 times larger than the largest N benchmark data), as seen in Figure 8.5.

In contrast to the case of intermediate interactions, where parameters determined
from an energy optimization only also yield a qualitatively correct density profile,
the density profile for these parameters in Figure 8.6 is not as close to the DMC
data. Notice, however, that the first-anharmonic correction is moving in the right
direction. It remains to be seen if including the neglected A? term in the density

profile (Eq. (6.27)) will yield a significant improvement.
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Eo/N-3/2

Vo,

| &

Cos

C1}={ 92, -0.22, 1.6, 0.017}
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O,

N

1000

1500

L L
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Figure 8.5: The ground-state energy/atom for a BEC of 8"Rb atoms with ay =

0.433 apo. The plus signs represent GP energies and the circles represent MGP ener-

gies. The parameters were obtained by optimizing the harmonic-order DPT energy

only.
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ap=0.433, N=3, {Vy, @, T, C1}={ 92., -0.22, 1.6, 0.017}

Yoo 10f
k: i
F ,
=~ 05F
< I
3 i
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lNosc=I"/@no
ap=0.433, N=10, {Vy, @, Tp, C1}={ 92., -0.22, 1.6, 0.017}
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lNosc=I/@ho

Figure 8.6: Jacobian-weighted probability density profile for a BEC of three (above)
and ten (below) 8 Rb atoms (ag = 0.433 ay,,) in the ground state. The harmonic-order
profile is a dashed line, the first-anharmonic-order density profile is a solid line, and
the DMC data are solid circles. Vertical bars denote the difference between the first-
anharmonic DPT density profile and the DMC data. The parameters were obtained

by optimizing the harmonic-order DPT energy only.
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8.6 Conclusions we can draw at this stage

These results indicate that the next step for this project is to calculate the A% term
contribution to the density profile in Eq. (6.27). The necessary machinery is contained
within this thesis and this work is already in progress (see Appendix H).

These results indicate that it is not possible to optimize the first-anharmonic-order
density profile as long as the A? term is neglected in Eq. (6.27). This alone is a result
which indicates what our group should do next. Including this extra term will guar-
antee that the DPT density profile will be positive definite, and should improve the
comparison with exact DMC calculations. The N-body density profile contains infor-
mation about the quantum system and adding this term to the first-anharmonic-order
density profile and optimizing to both the exact ground-state energy and density pro-
file will change the optimized potential parameters and therefore the extrapolations
in N for the ground-state energy and density profile.

In References (62; 20), it was shown that for a sufficiently large value of the
gas parameter n(0)|a|?, the trapped BEC density profile develops “wiggles”, which
represent correlations. A physical picture is that the atoms are modeled as hard-
spheres, and as the hard-sphere radius approaches the scale of the width of the trap,
the spheres become packed in a structure. The density profile with the A term is
of the form of a sixth-order polynomial multiplied by a Gaussian function. Such a
function has the flexibility to reproduce such “wiggles”.

The tanh potential used here exhibits correlations in the parameters, indicating
that the parameters are not entirely “orthogonal”. Also, an examination of the opti-
mal parameters obtained reveals that in most cases the physical part of the potential
(positive interparticle spacing) contains only the tail of the tanh function. These
results suggest that an alternative way to parameterize the hard-sphere potential or

a different kind of interparticle potential is warranted.
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Part IV

Epilogue
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Chapter 9

Looking back. .. and looking forward

9.1 Summary of contributions

In this thesis, we have calculated the harmonic-order density profile (105; 90), and
the first-anharmonic-order N-body wavefunction (100; 104) and density profile (103).
We have generalized the harmonic-order N-body DPT method for an isotropically
confined quantum system of identical interacting bosons to first anharmonic order
and, in principle, higher orders. We have introduced a graphical decomposition of
the perturbative expansion of the N-body Hamiltonian. We have derived the Clebsch-
Gordon coefficient tensors that couple together three irreducible representations of Sy
analytically, and analytically transformed the graphical basis to collective coordinates.
We have calculated the N-body wavefunction and density profile in general and have
demonstrated agreement with an analytic model, the fully-interacting Hooke’s-law
gas. We have begun the application of this formalism to the example of a cold gas BEC
(with zero angular momentum), calculating the ground-state energy, wavefunction,
and density profile. The next step is to derive the higher-order contribution to the
first-anharmonic-order density profile.

This thesis addressed two questions:

1. Can the harmonic-order DPT method be extended to first anharmonic order
and, in principle, higher to address large-N, strongly interacting, and highly

correlated systems?

2. What improvement in the DPT-calculated BEC density profile is obtained by

adding the first anharmonic order correction?

The first question has been answered definitively, as evidenced by the formalism

developed in this paper in which the N-body wavefunction and density profile are
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derived analytically and the ground-state energy calculated. The method developed
here has a straightforward application to higher orders, and the difficulty of calculat-
ing the Clebsch-Gordon coefficients will be the most significant challenge.

As seen in the comparison to the exactly soluble “Hookes law” model, the first-
anharmonic-order density profile shows qualitative improvement over the harmonic

order density profile.

9.2 Future research

This dissertation project has opened the door to several lines of inquiry, most of which
would be an excellent introductory project for a new graduate student.

The immediate next step is to derive the A? term in the density profile to obtain
a density profile that is positive definite. The major challenges in this derivation will
involve combinatorics of the indices of up to rank-six tensors, as well as contractions
of the Sy Clebsch-Gordon coefficients (some of which have a unwieldy closed-form
expression). This task is feasible within the existing framework and by using a com-
puter algebra system such as Mathematica with the discrete summation package by
Laing et al. (106). It is expected that with the inclusion of the A? term, the density
profile can be better optimized to the benchmark data and will yield improved ex-
trapolations that will provide new physical insight into a BEC in an isotropic trap in
the large-gas parameter regime. This derivation is both narrowly defined and requires
the development of necessary tensor algebra and symbolic calculation skills.

Upon successful application to the BEC in an isotropic trap, it would be a modest
extension to generalize this work to a system in a cylindrical trap. Most BEC exper-
iments are performed in a cylindrical trap. This has already been done at harmonic
order by Laing et al. (88; 91). This generalization would only involve introducing
distinguishable graph edges to distinguish between loop graphs ) for a radial and
for an axial coordinate, as well as the calculation of the derivatives of the effective
potential in the F' tensors. It turns out that only one binary invariant 8(8 Q) will
require refinement using distinguishable edges.

Another possibility is to change the interparticle potential we have used for the
case of a BEC. One could simply formulate an alternative to the tanh “soft-sphere”
potential or use an interparticle potential that has an energy-dependent scattering
length (70; 71) or has a shape (76) (perhaps even bound-states) when D = 3.
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We have focused on the ground-state of the BEC with zero angular momentum,
but excited states could also be considered, as well as higher angular momentum
states. Dunn et al. (85) have applied DPT to systems with very high angular mo-
mentum. A BEC with non-zero angular momentum manifests quantized vortex states.

We can also calculate the frequencies of the collective motions that result from
our method. It is not yet clear what the correspondence is between these collective
motions and the experimentally-observed frequencies.

This dissertation has generalized a harmonic-order N-body DPT approach in Ref-
erences (82; 81; 87; 90) to first anharmonic order and, in principle, higher orders. The
focus has been on formalism development and verification. In the next phase of re-
search, there are many applications possible at first anharmonic order. These should

be explored before going to higher anharmonic orders.
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Appendix A

Three-body dimensional perturbation theory

The amount, structure, and detail of the tensor formalism developed in this thesis
can be challenging. In this appendix, we provide an explicit development for the
N-dependent portion of DPT for the N = 3 case through the transformation to
symmetry coordinates. Once this transformation is made using binary invariants and
Clebsch-Gordon coefficients, the N-dependence of the problem has been tamed.

This appendix is intended to be a “pull-out” guide to aid the reader through
the chapters in the thesis, providing both specific examples which could have been
littered throughout the thesis but, being in one place, also provide a panoramic view.
To this end, the section/subsection numbers in this appendix will be altered (without
apology) to match the chapter/section numbers of the corresponding general case in
the thesis. Rather than repeat explanatory remarks the reader is referred to the main
body for a more detailed discussion.

A.3 3-body dimensional perturbation theory

A.3.3 Three bodies in higher dimensions

In this section, we perform the first two steps of any dimensional scaling procedure
for 3 particles. We consider a system of 3 identical particles confined by a spherically-
symmetric potential and interacting via a two-body potential g;;. The D-dimensional
Schrodinger equation in Cartesian coordinates is

HY = [hy + ha + hs + g12 + g13 + g23] ¥ = EV, (A.1)

where
h? 0? D,
hi = 2m; £~ Oz} - Veont < Zy:l xi”) (4.2)

and

9ij = Vint <\/Zf:1 (@i — :L’j,,)2> (A.3)

are the single-particle Hamiltonian and the two-body interaction potential, respec-
tively. The operator H is the D-dimensional Hamiltonian, and z;,, is the v*" Cartesian
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component of the i’ particle. Vo is an external confining potential and Vip is the
two-body interaction potential.
For N = 3, there are only six internal coordinates: {ry,rs, 73,912,713, 723}. The
three particles define a (two-dimensional) plane in some higher-dimensional space.
We transform the Hamiltonian to internal coordinates, following the derivation in
Ref. (81) and restricting our attention to L = 0:

HO=E @ (A.4)
where
3
(o D= Vik = Vi Yk 0
n-3f- ( CEDMILEE
i1 2m, 87’1' T 873 i ki r; 8%38%k
—1
Z%]a >+‘/conf Tz}+ZZMnt Tz]
Z j#i i=1 j=i+1
(A5)

We perform a similarity transformation on the above Schrodinger equation (A.4)
so that integrals will have a weight function of unity. The result is a kinetic operator
of the form of a second-order derivative kinetic term plus an centrifugal-like repulsive
term.

We use the transformation that Avery et al. (92) called case (i), in which a first
derivative of an internal coordinate is the conjugate momentum to that coordinate,

y=J"2, (A.6)

where (for N = 3)
J = (T‘1T2T3)(D_1)P(D_4)/2 . (A?)

and by which the similarity-transformed Schrédinger equation Eq. (A.8)
(T+V)d=FEd (A.8)

18

: 1o
T = ﬁ2Z [_ le an? _ o <Z Z Vik — ’Y@]f)/zk 6%]87 Zf}/@]a )

J#i k#i
34 (D — 4)? (W)

8m,r?

+

3 3

_ 23: L Zzﬂ 0
n | 2m, 8r  2myr? 0 ~(%k_%ﬂlk)8%k

i ke O

3+ (D —4) (rm)l o)

8myr?

+

In the above equation, I' is the Grammian determinant (see Appendix D in Ref-
erence (81)),
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I 72 s

= |y 1 e
M3 Y23 1
= 1=}, — 713 — 733 + 2712713723 , (A.10)

and I'® is the determinant with row and column i removed,

rm _ L yes) _ 1= 2,
Yoz 1

ro _ |1 sy _ A2
Mz 1

ORI [ B (A.11)
Y2 1

A.3.4 The large-dimension limit
Following Ref. (81), we regularize the large-D limit of the Schrédinger equation by
defining the dimensionally scaled variables

ri=ri/k(D), E=r(D)E, and H = xk(D)H, (A.12)

where k(D) is the dimension-dependent scale factor which regularizes the large-D
limit. The actual choice of k(D) depends on the physical system.

The kinetic energy 7' in Equation (A.9) scales in the same way as 1/r%, so the
dimensionally-scaled Schrodinger equation is

_ 1 - _ _ _

where

— A 2mi8ﬂ2 2m,; 72 O Yik — VijVik g |

i w0V '
()
L (34 (D -4y (FT)

T = B2 Al

v —~ r(D) 8m,T? ’ (A-13¢)

B 3 B 2 3 -

Vo= ) Vet () + D> Vi (). (A.13d)
i=1 i=1 j=i+1

The centrifugal-like term U of Eq. (A.13c) is quadratic in D. The precise form of
k(D) depends on the particular system and is chosen so that the result of the scaling
is as simple as possible.
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We consider the large-dimension limit of the Schrodinger equation by first rewrit-
ing (A.13a) in terms of the inverse dimensionality J, where

§=1/D. (A.14)

In the large-dimension limit (6 — 0) the factor of k(D) (which is quadratic in D) in
the denominator of Eq. (A.13a) suppresses the derivative terms of (T), leaving behind
only centrifugal-like term,

. h? 1 ) , 0

(A.15)

[e.9]

as well as the large-D limit of the confining and interacting potential terms.
This centrifugal-like term, together with the confining and interaction potentials
form an effective potential, Vis:

3 2 3
‘/eff T /77 Z Tz; _'_ ‘/conf T27 Z Z _int<Fi7fVij;5) . <A16>
=1 j=i+1

=1

The centrifugal-like term provides a repulsive core, even in the ground state.

Due to the disappearance of the derivative portion of the kinetic energy, the
particles in the system become localized in some arrangement which minimizes the
(multivariate) large-D effective potential, and the excited states collapse onto the
ground state at the minimum of V¢ . We assume that this minimal arrangement is
totally symmetric under particle interchange.

For three particles, this arrangement is easily visualized in three dimensions in
Figure A.1. In the large-D limit, the 3 particles in Figure A.1 are arranged on a
sphere, each particle with a radius, 7, from the center of the confining potential.
Furthermore, the angle cosines between each pair of particles takes on the same value,
Yoo

In scaled units the D — oo approximation for the energy is simply the effective
potential minimum, i.e.

EOO = _eff(/foo,’yoo; 5 = 0) . (Al?)

A.3.4.1 Perturbation about large-D structure

We now consider small displacements about the static, symmetric arrangement of
three particles shown in Figure A.1:

Ti = Too + 0'/%7, (A.18)
Yij = Voo T 51/2%] (A.19)

We will perform a Maclaurin expansion of Ve about § > = 0 to obtain Ve as a power

series in 0%, but first we find it expedient to express the internal coordinates using
the vectors gy and ¢y’. We define a vector g consisting of all the 6 internal coordinates,
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Figure A.1: Three particles in internal coordinates with an origin at the center of
a confining potential. In a symmetric arrangement of particles, the particles form
the points of an equilateral triangle. Due to the higher-number of dimensions, the
particles may be displaced from the trap center in some orthogonal dimension.

=
Il

_ Ty Y12

y = < " ) , where 7 and v =| 45 |- (A.20)

~
T3 V23

We make a similar definition for the internal displacement coordinate vector y’. We
then make the substitution

Too 7
Too Th
= =/

g= | L= | 452 _7"/3 (A.21)
Voo Y12
Voo Vi3
Voo Va3

in the dimensionally-scaled Schrodinger equation (A.13a). As we shall see, writing T
and V¢ as functions of the column vector 4’ will enable us to write the corresponding
series expansions in a compact form.

In Appendix D we calculate the series expansion of the effective potential Ve [9'; 9]
about § = 0, obtaining
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6 6
_ 1 o
‘/eff [gl; 5] = EOO + 0 ((()))F + 5 Z Z (é)FV17V2 yl,/1y/V2

vi=1rvo=1
6 6 6

6
1 P
Y VE G 5 D0 D0 D Y P BB, | + O(8). (A.22)
v=1 :

vi=1rvo=1r3=1

For N = 3, these F' tensors are

©n _ 4o
F = = et [ 0] (A.23a)
o
2
OF A
= ——F—Vest|Y ]
2w aym 8?/1/2 ° [ ’
o0
92 0?2 92 0?2 0?2 0?2
or1071 Or1 079 oOr1073 Or10v12 or10v13 Or10723
92 9?2 92 9?2 9?2 9?2
Oro 071 Oro 079 Oro 073 OT20v12 OT20v13 20723
92 9?2 92 9?2 9?2 9?2
_ or30r1 Or3072 0r30rs Or30vy12 O0r30v13 Or307y923
92 9?2 92 9?2 9?2 9?2
0v12071  Ov12072 0712073 0120712 07120713 07120723
92 9?2 92 9?2 9?2 9?2
0v13071  Ov130T2 0713073 0130712 07130713 07130723
9?2 92 9?2 92 92 92
O0v23071  Ovye3Te  O07y23073 Ov230v12 07230713 07230723
X Vest [950]) |- (A.23b)
o0
& 0 dg o
= ——Vess|Y;0
1*v ayy d5 e [ ) ]
D
0 d; —.
Dy do eff[y75]
o0
0 d, —
Dy 46 ot£[Y; 0]
o
0 d) —.
Dra do eff[yvd]
= o0 (A.23c)
0 dY/ —.
dvi2 d§ eff['y,(S]
o0
0 dy/ .
i3 do eff[yvé]
o
0 d/ —
D23 dS eff['y,(S]
[ee]
W ¢ -
3 FVI vovs — — — ‘/eff [g, 5] (A23d)
Y 0, 01, 0 -
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The tensor (? F, ..., 182 6x6x06 tensor, which is too large to express in the present
print format.

Combining the series expansions for the (derivative portion of the) kinetic term (3.33)
(calculated in Section D.3) and the potentlal term (3.36), we obtain the Hamiltonian
operator as a perturbation series in 53

H = Ey + 0 Hy + 6°*H, + O(6?), (A.24)
where ] .
_ 0 o 0
HO - _5 (Q)Guhug ayula T3 2 (Q)FV17V2 ylvlyllfg + (O)F (A25)
and
_ 1. T a _ 1 1 _
Hl = _5 (3)G1/1,1/2,l/3 ym 8@1»2 83/»3 3' 3)Fl/1 \V2,U3 ylllyll/zylllg (1)Gl/ 8@?L+ (1)Fl/ yll/ (A26)

In the above tensor contractions, summation over repeated v; indices from 1 to 6
is implied. The tensors F' and G in the above Egs. have an intricate symmetric
structure that is expressed using graph theory in Section 4.3. We will return to the
calculation of the actual elements of F' and G in Appendix D.

A.3.6 Solution of the harmonic-order equation

We apply the Wilson GF matrix method(96) to simultaneously diagonalize both the
harmonic order (g)F and (g)G. There are P = 6 eigenvalues of the matrix (2)G (g)F
corresponding to the squared frequencies of the six collective motions of the three-
particle system. Due to the the S; symmetry of (02)G and (g)F there are only four
distinct (though degenerate) eigenvalues {wo,wo_, w1+, w1—}. Each eigenvalue v also
has a corresponding eigenvector (called a “normal mode” ¢,).

In order to determine the harmonic-order wavefunction, one must also determine
the collective normal-mode coordinates. Dunn et al explicitly construct the normal
mode coordinates in Ref. (87), as well as the harmonic-order DPT wavefunction

= H (Vo) (A.27)

where ¢, (1/@0,q),) is a one-dimensional harmonic-oscillator wave function of fre-
quency w,, and n, is the oscillator quantum number, 0 < n, < oo, which counts the
number of quanta in each normal mode.

A.3.7 Solution of the first-anharmonic equation

Having solved the harmonic-order Schrédinger equation, Eq. (3.41), for Ey and ®y,
we now proceed to solve the first anharmonic order Schrodinger equation. We first
assume that the first-anharmonic wavefunction can be obtained from the harmonic
wavefunction by some operator of the form

i(q) = (1+02A)@(q) (A.28)
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We substitute ®; in the above Eq. (A.28) into the first-anharmonic Schrédinger
equation, noting that F; is zero due to symmetry considerations, and we obtain an
expression involving the unknown operator A with known quantities:

(A, Hy|®y = H, . (A.29)

In the next section A.4, we show that the Hamiltonian terms in the DPT pertur-
bation series can be resolved in a structural basis, which I call “binary invariants”. In
the section following A.5, we show that the transformation of each first-anharmonic-

order binary invariant must be proportional to one of a few group theoretic tensors
called “Clebsch-Gordon coefficients”.

A.4 Decomposition in a structural basis, invariant
under S3

A.4.2 Example: harmonic Hamiltonian tensor for N = 3

As an example of how S3 symmetry affects a partitioning of the DPT Hamiltonian
tensors, let us decompose the N = 3 harmonic-order (g)Q tensor blocks for N = 3 into
equivalence classes. The tensor gO)Q has the following indical structure for N = 3:

rry Tire T3 Y12 1713 T1723
Toly  Talg  ToT3 ToY12  T2V13  T2723
0) . T3’y T3l T3T3 3Y12  T3Y13  T3723
2 Q: : (A.30)

Y1271 Yi2T2 Y1273 Yi2Y12  Y12713 V12723
Y1371 Y132 Y1373 Y1312 V13713 V13723

Y2371 Y2372 Y2373 Y237Y12  Y23713 V23723

Consider the elements of the S5 group,

S3 = {(1)(2)(3), (1)(23), (3)(12), (123), (132), (2)(13)} (A.31)

acting on the elements of the above matrix, each of which results in a permutation
of the particle labels. Note that elements related by a permutation of S3 must be
equal. Matrix elements that are related by a permutation are said to be equivalent
and the set of objects equivalent under some relation is called an equivalence class.
Each element of the above matrix belongs to an equivalence class composed of some
other elements at other positions in the matrix. We represent each equivalence class
as a binary matrix with ones in the places which are related by a permutation of S5
and zeros elsewhere. Such matrices are binary and are also unchanged by the action
of S3. Each block may be decomposed as a sum over equivalence classes using a set
of binary matrices as follows:

100 01 1
P = Qoun o110 |+%9n 1 01 (A.32)
00 1 110
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1 10 0 01
Oqm = (g)Q§?12) 1 o1 |+ (g)Q’l”ég) 01 0 (A.33)
011 100
1 10 0 01
P = Dl | 101 | +9Q% | 010 (A.34)
011 100
1 00 01 1
Ogr = © Tan | 001 0 |+ © ey | 10 1 |- (A35)
0 01 110

Notice that the matrix structure of each equivalence class is represented by a

binary matrix. (For N > 4 there is a third structural entity in the decomposition of

@7 corresponding to elements of the form (12)(34) *)

A.4.3 Decomposition in the basis of binary invariants

We term the matrices and tensors by which we perform such an above decomposition
binary invariants.

A.4.3.1 Introducing binary invariants

For example, let us construct the binary invariant for the equivalence class of the
element (OQ)Q’I"I“ for N = 3. First, we write a matrix with only one non-zero element

at the position of @ 1.

1 00
00 0 ) (A.36)

000
Next we consider the action of the permutation group Ss,

Sy = {(1)(2)(3), (1)(23), (3)(12), (123), (132), (2)(13)} (A.37)

on the matrix in Eq. (4.11). There are two permutations which leave the matrix
unchanged, and the group S5 is divided into cosets of two elements which map to the
same matrix. We apply one element of S5 from each coset to the matrix and add the
result. (Equivalently, we may apply all elements of S3 and divide by the size of the

cosets.) The result is the binary invariant for the equivalence class of (3’ 1

100 100 000 000
o1o0fl=looo|l+lo1o0o]|+]o0o0o0]- (A.38)
00 1 000 000 00 1

A similar procedure may be followed to construct the binary invariants in closed
form. This construction is established in Appendix (C).
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A.4.4 Graphical representation of tensor structure
A.4.4.2 Mapping tensor structure onto graphs

The set of graphs representing the equivalence classes of the N = 3 harmonic-order
DPT Hamiltonian tensors are given in Table A.4.4.2. The set of graphs represent-
ing the equivalence classes of the rank-one and rank-three tensors are given in Ta-
bles A.4.4.2 and A.4.4.2.

A.4.4.3 Graphical decomposition of harmonic-order matrices

The harmonic-order matrices (g)Qi’fﬁi’; may be decomposed using Eq. (4.15),
(Oz)Ql;lﬁch; _ Z leock(g) [BblOCk(g)] v (A39)
G€Gpiock

where the equivalence classes Gy for N = 3 are now labeled by graphs

G" = {00, 00}
G"=G" = {0 O =} (A.40)
G = {1

For example, the rr block can be decomposed as
[(g)er]

When @ is symmetric (which will be the case for F and G) then the expansions for

= Q(0O) [BIOO)];; + QIQ Q) [B(Q Q)] - (A.41)

.3
(3) Q" (3) Q" are the same, so we may drop the block labels on the binary invariant.

A.4.4.4 Graphical decomposition of first-anharmonic-order tensors

The rank-one first-anharmonic tensors (ll)Qf,loc’“ have a trivial decomposition, since
there is only one graph in each block:

G = Q
G" = e (A.42)
Therefore, Eq. (4.15) becomes
WQ = Ve B,
Vo = Y e [BQ, - (A.43)
The rank-three tensors (?Qf’fﬁ‘;’;w may also be decomposed using Eq. (4.15),
(? Ililf,lc/];llg _ Z leeck(g) [BblOCk(g)]th,yg : (A.44)
G€Gpiock

where the equivalence classes Gy are now labeled by graphs
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Graph Tensor Elements

GO (g) i

00 Qe

O (O) (U - O)Q(m
(Q)Qi@j) = Qi

o 9 @)(w)

(0) (0)
| (w)(zk) 2 Q(l])(ﬂk) Q(w)(kl)

2 Q(w)(kj)

Table A.1: Graph labels for the equivalence classes of the rank-two, harmonic-order

DPT Hamiltonian coefficient tensors. For N = 3, there is one graph from the general
case that has more than three vertices and is not shown here.

Graph Tensor Elements
1 T
Q Ya;
M v
Q)

Table A.2: Graphs labeling equivalence classes for the rank-one, first-anharmonic
DPT Hamiltonian coefficient tensors.

Graphs FElements | Graphs Elements Graphs FElements
* e O YFws | ©  YABwmw
30 Uam | 00 DaGs| A Yl
00O Wam | WOov Qg | o= Y ?%?,m),uk)
3 (l) s | O (.8
oo A,
0= B
SO (0]
Table A.3:

Graphs labeling equivalence classes for the rank-three, first-anharmonic

DPT Hamiltonian coefficient tensors. Graphs from the general case in Table 4.3.2
with more than three vertices are not shown here.
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Grrr — { ’807000}
GV =G =G = { 70_070_'070.9}
G =G =G = {00, 000010 (A45)

G = {6,42N, 0}

For example, the rrr block tensors may be decomposed as follows:

Qs = Q) [BIGD ZM+@§O (8N

+Q(Q QO Q) [B(OLOQ (A.46)

A.5 Transformation of Hamiltonian to normal-
coordinate basis

Now we transform the binary invariant basis tensors to symmetry coordinates.

A.5.1 Two-step transformation of the Hamiltonian
A.5.1.3 Intermediate step: transformation to symmetry coordinates

The transformation to symmetry coordinates in Eq. (5.14) represents a crucial sim-
plification in the transformation to normal-mode coordinates: the transformation of
the Hamiltonian to symmetry coordinates as an intermediate step.

The transformation W has a block form defined in Eq. (45) of Ref. (87) for N =3
is:

weol o
0

W = 0 |[Wy | (A.47)
wil o
0 | Wl

The block matrices W) and W9 have dimensions 1x3, and the block matrices W} and
Wﬁfl/ have dimensions 2 x 3. One difference between Eq. A.47 and the transformation
for general N in Eq. 5.22 is the absence of the 2 sector.

Each block in the W transformation (A.47) effects the reduction of a reducible
representation of S3 to an irreducible representation of Sj:

1 1 1
s v w000 7
1 1 1

0 0 0 5 B 7

1 1 _

1oL _ /2019 0 0 /

V6 V6 3 T2

0 0 0 0 &K -3 Y13
2 1 1 !

0 0 0 2 -1 - Va3
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Ty +7h+Th
V3
Y12 H713H793
V3
fi\;fé
_ 2
= | v : (A.48)
T +Ty =27y
V6
Y13 —V23
V2
291513 ~V23
V6

Thus the symmetry coordinates in Reference (87) for N = 3 are obtained in terms
of the internal displacement coordinates. There are two symmetry coordinates which
transform under a scalar irrep [N] of Sy:

1
Sy = — (F)+7h+T%) , A.49
\/g ( 1 2 3) ( )
and .
S% = — + 73 + : A.50
> /3 (712 + 713 + 7Y23) ( )

There are four symmetry coordinates which transform under a [NV — 1, 1] irrep of
Sy (two constructed from radii and two from angle cosines):

(r = 75)

(7 + 75 — 277)

S}/ pu—

IE

: (A.51)

S Sl-

and

! !
Y13~ 23

SL = V2 . A.52
v 2712*’713*’753 ( )
V6

A.5.1.4 Final step: transformation to normal coordinates

For N = 3, the normal-coordinate vector q' has following block form:
0
q;
q?
q = — |- (A.53)
q;

q’

In Reference (87) Eq. (80), the transformation from symmetry coordinates to

normal coordinates C,, ,, is defined as (a 4 x 4 matrix for N = 3):
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? cos 69 ? sin 69 0 0
Cot e = @ cos#® Y sin #° 0 0 . (A.54)
0 0 cl cos 0} cl sin 0}
0 0 ct cos ¢t sin 9

The normal coordinate vectors are constructed by transforming the symmetry
coordinates: q' = CT'S (Eq. (63) in Ref. (87)). The result is a normal-coordinate
vector of the form

§ cos 09S) + cf sin 6 S9,

, ® cos 028D, 4 ¢ sin 289,
q —

(A.55)
ch cos 1S + ¢l sin 01 S,
¢t cos 01 SY + ¢t sin gt Sil
In the above equation, the “mixing angles” 6¢, and the normalization ¢ are defined
in terms of the harmonic-order Hamiltonian elements: Eqgs. (76), (78), and (79) in
Reference (87).

Having seen the transformation of the internal coordinate column vector to sym-
metry coordinates, then to normal coordinates, we now perform the same transfor-
mations on the DPT Hamiltonian tensors.

A.5.2 Transformation to symmetry coordinates

We now transform the first-anharmonic Hamiltonian to the basis of symmetry coor-
dinates, obtaining

_ 1 1
Hy = 5 [(g)Gw] 0s,, Os,, + B [(g)FW} Sy Sy + ((()J)FW -, (A.506)
V1,U2 vi,v2
and
= I G LT
Hl - _5 |: 3GWi| Slll aSUQ aSl,3 _5 |: 1GW] asy
V1,V2,V3 v
1
! V1,V2,V3 v

In the above equations, summation is implied over v; = 1 to 6.

In Ref. (87) using the results of Ref. (99) it has been shown that the harmonic
Hamiltonian matrices (3’ Gy and (3’ Fy, have a particular block structure where each
block is itself a direct product of matrices:

Q
Oy — [ 700 @ 1o , 0 , (A.58)
O 0'11 ® Il

The matrices 0§ and ¢ are of dimension 2 x 2. The matrix Iy is actually only a

scalar 1 (or, if you prefer, a 1 x 1 matrix). The matrix Iy is the 2 x 2 identity matrix.
These are actually the two Clebsch-Gordon coefficients: C°° couples together two 0
representations to yield another O representation, and C'' couples together two 1
representations to yield another 0 representation.
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A.5.2.1 Clebsch-Gordon coefficients of the transformation

Writing the Clebsch-Gordon coefficient which couples together «; and as to yield O
as Cg{?j, the harmonic-order QJy may be written more generally as

X1,X2
0) Haiaz T 0) _Q [e3eD)
[ 2 Qw Lh& = [2 Ja1a2j|X1,X2 061,52 : (A.59)
For N = 3, there are only two harmonic-order Clebsch-Gordon coefficients:
c” =1 (A.60)
10
Cile, = : (A.61)
0 1

Notice that the Clebsch-Gordon coefficient depends on the irrep labels «; only,
not on the block labels X;. The factor [;O)O'Q ] is a 4 X 4 matrix (with the
X1,X2

o

block structure shown above)

At first-anharmonic order, the blocks of the symmetry-transformed Hamiltonian
tensors are also proportional to Clebsch-Gordon coefficients. In the case of the rank-
one Hamiltonian tensor, there is really no coupling of irreps so the rank-one Clebsch-
Gordon has a simple form:

o=y biba=0 (A.62)
0 otherwise

Therefore, we can expect the rank-one Hamiltonian tensors to be proportional to this

Clebsch-Gordon coefficient by a proportionality vector we denote [gl)agl} :
m

1X

A

- :X

Yol , =0

(W2 15

L Q% . - 0. (A.63)

The Clebsch-Gordon coefficient tensors which couple three irreps to form an 0
irrep for N = 3 are much simpler than the general N case. There are only three
non-zero Clebsch-Gordon coefficients for N = 3 (From Egs. E.11-E.13),

%% =1 (A.64)

oo _ ( Oy ) ( Chat ) - ( ! ) ( 0 ) (A.65)
(cwe) (ew)) (o) (1)
( Ci ) ( cii ) 0 %
ot _ Clis Cly — % 0 . (A.66)
( & ) ( cht ) ANE
oy )\ o 0 %
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In Eq. A.65 the order of the indices and sector labels may be permuted. We know
from group representation theory that the transformation of each Hamiltonian ten-
sor must be proportional to one of the above Clebsch-Gordon coefficients for that
transformation:

[(?Qmam]XlX?XS _ [(1) Q

Croask A67
W £1,62,83 ( )

0- ]
3 ajasask X1,X0,X3 £1,62,83

To calculate the actual proportionality coefficients o, we employ a resolution in a
basis of binary invariants.

A.5.2.2 Symmetry-transformed binary invariants

To make use of the Clebsch-Gordon coefficients, one must calculate the proportional-
ity coefficients in Eqgs. (A.59), (A.63), and (A.67) by performing the relevant trans-
formations on the each binary invariant. This is easy to do numerically for N = 3.

One may actually calculate the Clebsch-Gordon coefficients (to within a constant)
by performing each of the transformations below on only one binary invariant. The
same transformation on all the others must be proportional to that result.

Now, for any graph G in a block, the transformation of the tensor B%**(G) must be
proportional to the Clebsch-Gordon coefficient of that transformation. At harmonic
order the binary invariants are matrices and we can perform a matrix transforma-
tion of the binary invariant matrices to obtain something that is proportional to the
Clebsch-Gordon coefficient matrix for that transformation.

W3 B(G) [Wz]" = [g%m (g)]xl e (A.68)
As an example, we perform the (non-zero) transformations on the rr sector of the
harmonic-order binary invariants B(Cx)) and B(Q Q) ):

10 0 e
WrBO W = (% & %) %
=1 (A.69)
and
011 7
WIBOO) WY = (2 2 )| 101 || %
110 1
= 2. (A.70)

Comparing the above transformations to the 00 Clebsch-Gordon coefficient matrix
(which is simply 1), we can deduce the value of the proportionality coefficients
8% (00)]_and |76 (0 Q)]

77 i
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Pseco)| =1 (A1)
Do) =2 (A.72)

These results are listed in the first column of the top (rr block) table in Table A.4,
which is the N = 3 case of the more general Table A .4.

Next, we perform the transformation of the rr block binary invariants to the 11
sector

1 1
L1 100 VAR
V2o V2 10 11
11 2 0 V2 V6
Vo Ve ’ 001)\o /2
(10
0 1
= 1xcH (A.73)
T
WiB(Q Q)W =
1 1
4o_1 g 011 2 6
V2 V2 1 1
11 _\ﬁ 101 V26
Voo ’ 110/)\o —/2
[ =10
0 -1
= —1xC" (A.74)

Therefore we deduce that the value of the proportionality coefficients [50)611 (QQ)}
and [éo)ﬁll (Q Q)] are:

T

77

[50)6” (Oo)]m =1 (A.75)
PQ0), = -1 (A.76)

These results are listed in the second column of the top (rr block) table in Table A.4.
We proceed in a similar fashion, performing transformations of rv, yr, and vy
blocks. The results of these transformations are collected in Table A.4.
For the first-anharmonic-order transformations, only the linear term can be ex-
pressed as a matrix equation. Only the 0 sector Clebsch-Gordon is nonzero (it is
equal to one). Therefore, there are only two transformations to consider:

T

WeB(Q) = |5 Q)]
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[%w (g)} 00 11

[“;)ﬁfm (g)] 00 11

Table A.4: Multipliers of the Clebsch-Gordon coefficients of the harmonic-order trans-
formed binary invariants for N = 3

1
(%6 &)| 1] = (a1
1
and
WOBGy = |15 )
11 1
e ) 1| = V3. (A.78)
Ve Ve V3 1
Therefore we deduce that
o) = va (A.79)
[ﬁl)ﬁo(o)} = V3. (A.80)

v

For the cubic terms, we lose the ability to express the tensor transformations as
a matrix equation.

(W W B(9))] g (g) corenes (A1)

£1=§2=§3 )(1’)(2’)(3

129



We perform a tensor transformation of the three graphs of the rrr block to the
000, 110, and 111 sectors as an example of how the cubic anharmonic order beta
multipliers are determined.

First we transform the three binary invariants to the 000 sector. The result must
be proportional to the €99 Clebsch-Gordon coefficient (which is simply unity):

077/70711/0 _ L
WERWEW?B(GE) = 7 (A.82)
WQWQW,?B(% Q) = 2v3 (A.83)
WOWONPR(Q QO Q) = — (A.84)

V3
We have calculated the beta multipliers for the graphs %5, 8 Q, and Q Q @, which

are in the first column of Table A.5. The other columns are determined in a similar
manner. This table of multipliers is the N = 3 case of the table of multipliers for the
general case in Table F.3.

[é”ﬁ“l”‘mﬁ (Q)] 000 110,101,011 111

T

% T
80 23 0 -3
QQQ % —J% 2

Table A.5: Multipliers of the N = 3 Clebsch-Gordon coefficients of the first-

. . . . 1
anharmonic-order transformed binary invariants: é ) geozes (G)
oy

Below we perform the transformations of these binary invariants to the 110 sector
and note the proportionality to the Clebsch-Gordan coefficient. The result is in the
second column of Table A.5.

WAWAWOB(GY)], . = ( 7 ) ( 0 )

“ ) ()
V3 £1,62

1
— ﬁcgjg (A.85)

= {(0) (o)
£1,62

= 0x G (A.86)
WIWIWEB(QQ Q)] . = E ;fﬁ ) E ! )1 )
G §1,82
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1 110
= _ﬁ X 061762 (A.87>
Below we perform the transformations of these binary invariants to the 111 sector,
note the proportionality to the Clebsch-Gordon coefficient, obtaining the values in
the third column of Table A.5.

1
0 NG
1
—= 0
(WAWAWEB(ED)], . = ve
7 0
1
0 G £1,62,83
= Ix 05111,512753 (A88>
0 -\
_ /3 0
2
WWIWEB(K O], . = -
—/3 0
0 % £1,82,83
= —3x Cglfg%gg (A.89)
2
0 3
2 0
WAIWIB(QQ Q) = _
2 0
_ /2
?11 3 £1,62,83
= 2 X 051752763 (Ago)

We could also perform the above transformations on the binary invariants from
the yrr, yyr, and vy sectors, obtaining the N = 3 case of Tables F.4-F.6.

By transforming the binary-invariant basis to symmetry coordinates, we have
effectively performed the transformation of the Hamiltonian coefficient matrices in
general (for N = 3) to symmetry coordinates (Eq. 5.14) Because all of the complicated
N-dependence is entirely contained in the binary invariants and the Clebsch-Gordon
coefficients, the transformation to symmetry coordinates brings the N body problem
under control.

Comparing the above equations, we can directly write the proportionality coeffi-
cients, 0 in Egs. (A.59), (A.63), and (A.67) as a linear combination of these “3(G)
multipliers”:

Yol = X Ye@ P9 (A.91)
3N 2 g : 1,42
Veg] = Y Rew V@] (A.92)
g -
o]y, = QO @) 0
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Again we note that, despite the many block labels, these are simple equations with no
tensor contraction, only element-by-element multiplication. Recall that the dimen-
sions of o and therefore 3(G) do not depend on N: all of the complicated N-dependent
index structure is contained within the Clebsch-Gordon coefficient.

In order to code these equations, it is helpful to define an index u; € {0Or, 07y, 1g,1v}
and, with the understanding that the Clebsch Gordon tensor does not depend on the
+ label, write

0 0
[Sa],, = Yol (A9
1 1
[(1)62%}5 = (1)0;? (A.95)
1) _ 13,k
|: 3 Q%LQH& ] fl 62 53 - 3 0’817/‘/27“3 Cgl,?;,g?) : (A96)

In the above equations, p; runs from 1 to 4 for N = 3, and from 1 to 5 in the general
case. Therefore, all the physical information is contained within the o tensors, the
largest of which is (?crf?lm’ﬂg , a4 x4 x4 tensor.

It still remains to complete the transformation to normal coordinates (Eq. 5.13),
but this does not depend on N. The transformation C (Eq. A.54) from symmetry
coordinates to normal coordinates for N = 3 (Eq. A.54) is only different from the
general case in that it is a 4 X 4 matrix, rather than a 5 X 5 matrix in the general
case. Performing the transformation to normal coordinates, we finally obtain the

DPT perturbation expansion of the N-body Hamiltonian to first harmonic order:

_ 1 1
Hy = _5[(2)GV]V1W28¢1’V1 g, + (%)FV + 5[(3)Fv]y17y2qulql',2 (A.97)
and
Hl = _5[(3)GV]V1,V27V3(11//16%2 8‘1{/3 - 5[(3)F]V17V27V3q1,/1ql//2ql//3 (A98)
] !
—5[VGv1 0y + [V Fld (A.99)

Having analytically transformed the Hamiltonian to normal coordinates, the cal-
culation of the wavefunction is relatively simple and does not implicitly depend on
N. The wavefunction is derived in Appendix G.
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Appendix B

A Note on Index Notation

In this work, I attempt to keep indical “clutter” to a minimum by use of an index
symbol convention. We reserve the index symbols v, n for use where the range is that
of the internal coordinate ¥/, vector, that is 1 < v < N(N + 1)/2. All of the column
vectors (y', S, and q’) and tensors (F', GG, and F'G in each coordinate basis), may be
expressed using these indices. Because these column vectors and tensors have a block
form, it is often convenient to adopt a notation whereby v or 7 is replaced by more
than one index.

Note that the column vectors and tensors in the symmetry coordinate basis can be
represented by block labels that are a combination of the irreducible representation
labels o = [N], [N —1, 1], [N —2, 2] and coordinate block labels X = r,~. For instance,
the symmetry coordinate S has this block structure:

Each block is a column vector with an index for which we reserve the symbol £. With
this convention, we write
Sy = [S%le

where it is understood that there is a (bijective) mapping between v and {«, X, ¢}
which we express in Table B.1.

This notation is convenient for addressing individual blocks, but for contracting
over all elements of S, it is convenient to introduce yet another convention: combining
the block labels o and X to form a single block index g which ranges from 1 to 5:

i€ {0r,0v,1r, 17,2}

(where 0, 1, and 2 are shorthand for the [N], [N — 1,1], and [N — 2,2] irreps,
respectively). Thus the following ways to express the block structure of a coordinate
(such as S,) will be understood to be equivalent:

S, = [5%]c = IS, (B.1)

¢
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v,n a X 13 I
1 0 r 1 Or
2 0 v 1 Oy
3 1 1 1r
4 1 r 2 1r

N +1 1 r N —1 1r

N +2 1 v 1 1y
N +3 1 7 2 1y
2N 1 v N —1 1y

IN+1 |2 ~ 1 2

N(N+1)/2|2 v NN-3)/2| 2

Table B.1: Mapping between v, i, (o, X, and &), and p labels for quantities in the
symmetry coordinate basis.

In the normal-coordinate basis, the vectors and tensors have a slightly different
block form which we label by o and Y = + | the mappings for which we present in
Table B.2.

Again, it is sometimes convenient to adopt a compact notation and represent the
both block labels {a, Y} by a singe block index, for which we also reserve the index

5

pe {007,117 17,2}

Whether the index yu represents elements of {Or, 0y, 1r, 1,2} or {0, 07,17, 17,2}
will be clear by whether the quantity is in the basis of symmetry coordinates or normal
coordinates.

These symbols have been used to label the normal-mode frequencies in Refer-
ences (81; 82; 87; 90), and to label the normal-mode vectors in References (87; 90).
The indices v, n, a, X, Y, &, and p will be reserved for these conventions alone and
will be employed with this understanding.
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v, o Y £ p
1 0 + 1 0+
2 0 — 1 0—
3 1 + 1 1+
4 1 + 2 1+
N+1 1 + N-1 1+
N +2 1 — 1 1—
N+3 1 — 2 1—
2N 1 — N-—1 1—
OIN+1 |2 1 2
N(N+1)/2 |2 N(N-=3)/2| 2

Table B.2: Mapping between v, 1, (a, Y, and ), and p labels for quantities in the

normal-coordinate basis.
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Appendix C

Binary invariants

In section C.1, I introduce a method by which a closed-form expression for the binary
invariants is constructed. In section C.2, I report the closed-form expressions for
the binary invariants. In section C.3, I provide a correspondence between binary
invariants and previous work.

C.1 Construction of binary invariants

To calculate an actual expression for the binary invariants of a particular graph re-
quires careful thought about the various combinations of indices which correspond to
that graph. I introduce a symbolic construction procedure, analogous to the numer-
ical tensor construction previously introduced, which can generate symbolic closed
form binary invariants. I generate binary invariants in terms of the Kronecker delta
function, but first I must define two types of graphs.

Definition 5 A vertex-labeled graph is a graph for which each vertex is associated
with a label (as opposed to an edge-labeled graph).

For example, OF Ij is a vertex-labeled graph.

Definition 6 The complement to a graph G is a graph G’ with the same set of
vertices as G' but whose edge set is the complement to the edge set of G

v (2
For example, <J' is the complement to Ok Ij .

C.1.1 The recipe

Here I provide a recipe for the construction of the binary invariants for a particular
set of graphs with the same number of edges. These sets were labeled by elements of
the list Gyoer in Egs. (4.18), (4.20), and (4.23). Recall that each block of a rank-R
DPT Hamiltonian coefficient matrix is decomposed into a basis of binary invariants,
labeled by graphs which have R edges.

I construct the set of binary invariants for the set of graphs Gy, as follows:
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1. Draw the completely disconnected graph in Gy,er, and label the vertices ¢, j, ...
Equivalently, draw vertex-labeled graphs for each coordinate in the block (a one
vertex loop for r; and an edge for v; ;).

2. Construct all possible vertex-labeled graphs by combining one or more vertices
in the above graph

3. Construct vertex-labeled graph complements for each of the above

4. Form “primitive binary invariants” by associating a product of the following
with each graph/graph complement pair:

e 0, for each pair of “combined” vertices;
e (1—0;;) for each edge {j,1} in the graph or in the graph complement.

5. The binary invariant for the equivalence class (represented by an unlabeled
graph) is given by the sum over label permutations of primitive binary invariants
of the isomorphic vertex-labeled graphs.

C.1.2 Examples: harmonic-order graphs

As an example of the above recipe, I compute the binary invariants for each block of
the harmonic-order graphs for each block (rr, rvy, yr, and ), showing each step.

C.1.2.1 The rr block

In the first step, I write the vertex-labeled graph elements (3» i and (» ;. In steps 2-4,
I construct the graphs, graph complements, and primitive binary invariants in the
table below.

Graph Complement Primitive binary invariant
8 i=j o Oij
OCiCGi .Z—.j 1— 5z‘,j

Finally, in the fifth step, I form the binary invariant by summing over the primitive
binary invariants for each set of isomorphic graphs. In this case, each set has only
one element, so we obtain the binary invariants for the rr block:

C.1)

[B(CO)]; (
. 5. (C.2)

g 0i,j

C.1.2.2 The yr and rvy blocks

[ start with the vertex-labeled graph elements ¢ J and (3 k. Next I perform steps 2-4
in the table below.
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Graph Complement Primitive binary invariant

k=1
oM b=ty (1 —055)05 .k
ji=k
O &og=k (1 —045)05k
o1, < (1 6.,)(1 = 6,001 — 8,0

Summing over permutations of the primitive binary invariants, I obtain

[B(O—=)]ujx = (L=10i5) (0in + ) (C.3)
[B(O ~)lupe = 1 =208i:)(1 =)L —djn)- (

C.1.2.3 The v block

I start with the elements &J and F!. Next I perform steps 2-4 in the table below.

Graph Complement Primitive binary invariant
i=k i=Fk
S/ * Y=t (1= 0i5)(1 = 0k,1)0i k05,
i=1 =1
O, _y, * %=k (1= 04,5) (1 — 0k0)04,105x

ky =4 (1= 0i5)(1 — 610)0;(1 — d4y)
i=1 z_/k'] =1 (1= 0i5)(1 — 0k 1)05,(1 — dig)
ki =k (1= 0ij) (L — Ora)dip(1 —651)
izt (1= 6.)(1 — 6)8a(1— ;)

et X1 (16,01 — 8) (1 — 6.) (1 — 8u) (1 — 6,1 (1 — 6,)

Summing over permutations of the primitive binary invariants, I obtain

[B(O)ijyo = (1= 30i;)(1 = 6ka) (0100 + 01005k) (C.5)
B( Dy = @ =0i;)(1 = 0r2) (66(1 = 050) + 65u(1 — i xe)

+0i,5(1 — 050) + 0i(1 — djx)) (C.6)
B( oy = @=08;) 1 =01 —6)(1 = i) (1 — 6;0) (1 — ) . (C.7)
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C.2 Results: binary invariants in closed form

C.2.1 Harmonic order

Here I summarize the harmonic-order binary invariants calculated previously.

[B(CO),; = by (C.8)

[B(Q Q)]i,j = 1- 5z‘7j- (0-9)

[B(O—=)]ujx = (L=10i5) (0is + djr) (C.10)

[B(O «=)]upe = (1 =0i;)(1 = 0ix)(1 —d4) (C.11)

[ (O>](ij) (k) — (1 =0 J)(l - 5kl) (0 k050 + 5215] k) (C.12)
[B( Dy = 1 —0diy) (1 = Ot) (050 (1= 0j) + (1= i) Ok

F0ik (1 —050) + (1 =6 k) ) (C.13)

By = 11— )(1 — k) (1 =6 l)( — 0ie)(1 = 650)(1 = d;) (C.14)

C.2.2 First anharmonic order

I follow the same procedure to obtain the binary invariants for graphs occurring at
first anharmonic order.

C.2.2.1 Rank-one blocks r and v

The rank-one binary invariants B(Q) and B(e—s) are simply row vectors of ones with
length N and N(N — 1)/2, respectively:

[BQ); = 1
BQ) = (1,1,...,1) (C.15)
B9y = (1—24:,) (where 7 < j)
B = (1,1,...,1). (C.16)

C.2.2.2 Rank-three Sector rrr

For operations on three graph vertices, I have three representative graphs and their
associated invariants.

[B%%)]z]k = dijk (C.17)
[B( Nijw = 0ig (L=0u0) + (1= 0i5) bk + (1= 05:) 65 (C.18)
(1 —=6i5) (1= dix) (1 —5) (C.19)
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C.2.2.3 Rank-three Sector ~vrr

For operations on one graph edge and two graph vertices, I have five representative
graphs and associated invariants.

B iyea = (1= i) Gy + (1 - J> 84054 (C.20)
[B(O-O)ijrs = (1—10:5) zl5ak+(1 0i.j) Oi k01 (C.21)
[B(ow)](m,k,l (1= G (1= 6) (st 630) (1~ 530)

+(1 =6 (1 m>< 0 050) (C.22)

B(OD ) sy = (1=8i5) (1—6,) (1 - mm (C.23)
B iy = (1= 005) (1= 8:x) (1= 650) (1= 0) (1= 0j0) %

(1 —6p,) (C.24)

C.2.2.4 Rank-three Sector ~yyr

For operations on two graph edges and one graph vertex, I have seven representative
graphs and their associated invariants.

— 51-7]»)(1 — 01,0) (05,0051 + 03 10;.0) (8i.m + 0jm) (C.25)

S ARG 4 e M W9 (C.26)

(5zl5jk +6; k@l) (C.27)
[ ( )]( i), (kl),m — (1_5 )(1_5kl)(zl(1_ ]k)5m1+5zk(1_5]1)5mz

(1= 010)030mg + (1 = 6,185 10m.) (C.28)
[BLO gy, hym = (1= 0ij)(1 = 5kl)((1 0i1)05.1(0im + Om)

_'_5“(1 - 5] k><5j m + 5k‘ m) ( )5_] k(élm _'_ 5l,m>

+52J€(1 - 5] l)(5] m T 5l m)) (029)
[B(I—-Q)] ij),(kl),m (1 - 5 )(1 - 5771,])(1 - 5m,k)(1 - 5m,l)(1 - 5]67[)

X ((1 5m 35 (1 — 5] k) + 5j,k(1 - 5,‘71) + 51',]@(1 — 5]‘71) -+ (1 — 51719)5],1)(030)
[B(:.O) i = (1= 0i5)(1 =63 ) (1 = 03 1)(1 = Gjx) (1 = 65,) (1 — Oxt)

(Om,i + 5n;,j + Ok + Om.it) (C.31)
(B O ym = (1= 0i5) (1 = 00 ) (1 = 00) (1 = 05) (1 — 651)

(1= 6k)(L = 6mi) (1 — 0 ) (L — Gie) (1 — ) (C.32)

C.2.2.5 Rank-three Sector vy

[B(e)](ij)7(kl),(mn) = (1 —=6i)(1 —dry) ¥ (C.33)
(1 —= 0 ) (05,00, 1 + 6 £65.0) (050 0j.m + 0im0jn)

B = (1= 01 = Or)x .34
[ ( )} (i), (K1), (mn) ( (1= 0k1) (C.34)
(1 — 5m,n)(5j,l5k,n5m,i + 5j7k5l,n5m,i —+ 5i715k,n5m,j

+5i,k5l,n5m,j + 5j,l5k,m5n,i + 5j,k5l,m5n,i + 5i,l5k,m5n,j + 5i,k5l,m5n,j)

[B(O—) (i, 01y, mmy) = (1 = 0i,5) (1 = 05 ) (1 = Gy ) X (C.35)
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X((0i.m0jm + 0in0jm)(0ik(1 —
+(0i 040+ 6:.10,.1) (6im (1 —
+(0kmOun + Okn01m) (0ki(1

0j0) + 0ia(1 = 058) + 0j(1 — 0iy) + 65,(1 — 6
5_],77/) +57/,n( K
— O1,5) + O i (1 = 016) + 61,4(1 — O 5) + 61,5(1 — Ori)))

Oik))

5]7771) + 5]7771( - 5@,71) + 5]@( — 0 7m))

(BT, (kty,(mmy = (1 = 03 i) (1 = 0 ) (1 = O ) X (C.36)
Byl o, §<1 ) (1 b
+5] kéjn( — )( 51 m)(l 5 ,) + 51‘7151',”(1 — 5j,k (1 - 5k,m)(1 - 5m,j)
+0i k00 (1 — 050) (1 — 0pm ) (L — ) 4 0.00.m(1 — 0 ) (L — ) (1 — 65)
+0;481m(1 = 012)(1 = 8.0 (1 5 i) F 0ia0im (L = 00 ) (1 = ) (1 — 0n5)
+0ik0i,m (1 = 0j) (L = 0.0 ) (1 = b0 5))
[B(I_I)]( 3),(kl),(mn) — (C.37)
(1= 00) (1= 01) (1 = Br) GinBrni (1 = 8 )(1 = 830 (1 — 311)
<|>5Z m5n l(l 5j,n)(]- 5 )(1 5@ k) + 5@ ném k( 5 m)(l 5]'71)(1 — 51',1)
+0; m5 k(l 5]'7”)(1 5] )(1 511) + 0; 15k n(l — 5j k)(l 5j,m)(1 — 5i,m)
46,40 (1 = 8500 (1 = 810) (1 — Gim) + Gr0m(1 — 8;) (1 — 8;,) (1 — i)
46,40 (L — 030 (1 = 8,)(1 = Gin) + 00t (1 — 65) (1 — 8 (1 — 0, 5)
8ymBni(1 = i) (L= 030) (L = 83) + O30 = Bim) (L = 8,0) (1 = 330)
+5j7m5n,k(1 - 51',”)(1 - 517 )(1 5] 1) + 5j 10k n( — 5i,k)(1 - 5,‘7m)(1 - 5j,m)
8301 (L = 8i)(L = Gom) (1= 1) + 8380m(L = 83)(L = Gi) (1 = 0)
+5] kél m(l - Zl)( 5@ n)(l 5j,n) + 5k,j5i,n<1 - 5l,l)<1 - 5l,m (1 - 5k,m)
+5k,15],n< 5l])< 5[ m)(l 5k,m) + 5k,j5i,m(1 - 5[,@')( - 5l,n)<1 - 5]4: n)
+5k,i5j,m< 5l,])<1 - 5[ n)(l 5k n) + 5l]51 n( - 5k,z)<1 - 5k,m)<1 - 5l,m)
+5l,i5j7n(1 - 5k,])(1 - 5k m)( 5l m) + 5lj5Z m( - 5k,z)(1 - 5k,n)(1 - 5l,n)
+01,i03,m (1 = 0j) (1 = Ok (1 — i)
[B(E)] .00 o) = (1= 0i3)(L = 00) (1 = Omn) X
k.n lm( - k (1 )( 5] k)(l 5]71>
+0% m5zn(1 i )(1 0i0)(1 = 65)(1 — 5gz)
+0:.19;, k(l )(1 O ) (1 = 03 (1 = 6,)
+0i.10;4(1 = 0mi) (1 = 5m])(1 Oni) (1 = 0n5)) (C.38)
[B('_I)](m (0 om = ( — 0i;)(1 5kl)<1 Om,n) X (C.39)
Brm )(1 )(1 O,j) (1 = Oni) (1 = Ong) (1 = 0i) (1 = 0m)
+5km(1 - 51 n) (1= 51 W) (1= 015) (1 = 0n5) (1 = 03) (1 = 6i) (1 — Ojim)
+01n(1 = Opm) (1 — Ori) (1 — 0p,) (1 — S i) (1= 0m) (L= 0i4)(1 = bjn)
+0kn(l — 5lm)(1 01) (L = 01,3) (1 = i) (1 = O ) (1 = 0 ) (1 — 6n)
+0n,i(1 = O g ) (1 = O ) (1 = Ot ) (1 = 05 ) (1 = 050) (1 = G ) (1 — O04)
+0pm,i(1 — 0y ) (1 — 0y )(1 Oni) (1 —=655) (1 = 6;0)(1 — Op ) (1 — 614
+0n,5 (1 = 0mi ) (1 = O ) (1 = 0t ) (1 = 05 ) (1 = 650)(1 = Ok (1 — 015)
+0m,j(1 = m)(l ) (1 = 800) (1 = 814)(1 = 610) (1 — Gm) (1 — 1)
#0761 = 80 (1 = 05m)(1 = G )(1 = Gn)(1 = G1) (1 = G ) (1 — Gi)
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[B(E)] 6,k mmy = (L= 0i5) (1 = 01) (1 = G ) (1 — 0:0) (1 — 0y 1e) X
(1= 0im) (L = 6in) (L = 65) (L = 650)(1 = 0jm) (1 = Gjn ) (1 — ) (1 = Opm)
(1 - 5l,m)(1 - 5l,n) (040)

—~ =

There is only one case in the present formalism where it is necessary to distinguish
between edges. In Sec D.3, I show that there is one graph ¢»— for which I must
distinguish between edges. The binary invariant for the unlabeled graph B(¢{»—) is
really the sum of two binary invariants for edge-labeled graphs with two edges to be
distinguished (by vertical tic marks) from the third:

B(O—) = B(+) + B({—) (C.41)

where

[ ( )] (i5),(kl),(mn) — (51 kéjl +5z 15]k + 5@ méjn + 5@ n5] m)

X (Or.m, (1 — 5,n) + 0k n(1 = 01n) + Orm (1 — Okp) + 0rn(l — Spm)  (C.42)
(B i) k1), (mm) = OkmOun + O nbim) (i (1 = 850) + 6ia(1 — b58)

5 k( zl) +5]l( 5@,]9)) . (043)

C.3 Extension of previous work

In previous work (87; 81; 82; 90), the unique values of the Hamiltonian (Eq. 3.38)
(each with its own equivalence class of matrix elements) were not labeled by a graph.
The present formulation of DPT is a generalization of previous work (81; 87; 90) to
higher orders. I have defined “binary invariants”, which are a generalization of the
use of structural matrices in (81), and I now employ an extensible notation using
graphs. For seasoned fans of DPT, I provide a correspondence between the current
notation for the elemental value of each equivalence class, which employs graphs, and
previous notation (which was limited to harmonic-order).

QD) = Qi=Q.
DQOQ) = Q=@
(O)QWK ) Qij,i - Qc
O™ v=) = Qjri=Qu
QM (o) = Qiij = Qe (C.44)
QM ) = Qijr = Qf
DQ(O) = Qi =Q,
(O)Q(FI) = Qz‘j,jk = Qh
DR = Quu=0Q.

The elements of the GF matrix are here identified by two-edge graphs, but were
referred to as a,b, ..., ¢ in References (81; 82; 90).
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GF(
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GF"(O
GF™(
GF(G
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(C.45)

—~
[
S Q0 0 o

QAN
Ll
111,01

The elements of the F'G matrix were referred to as a,b,...,7 in Eq. (29) in
Ref. (87):

= FG(CO) -GF(QQ)

GF(QQ)
GF(

O—) = GF" (G «)

GF" (O o) (C.46)
GF"(O—) - GF" (O «)

F”(O —)

GF(O) —2GF( 1)+ GF(;)
(é; —2GF(

= GF(::

3

)

~ SQ Sy QO SR

The binary invariants for two-edge graphs correspond to combinations of the so-
called “simple submatrices” of previous work (81; 87)

B(CO) = Iy
B(QQ) = Jyv—1Iy
B7(O—) = R
B ) = Jyu—R
B () R (C.47)
B"(O o) Jyny — R”
B(O) = Iy
B(,]) = R'R-2I
B(:) = Ju—-R'R-1.

Here, Iy is the N x N identity matrix and Jyjps is a N x M matrix consisting of
ones. The matrix R is the vertez-edge incidence matrix from graph theory.
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Appendix D

Perturbative expansion of the Hamiltonian
coefficient tensors in the basis of binary invariants

The DPT formulation presented in this thesis depends on an intricate structure in
the Hamiltonian expansion, due to the requirement of invariance under permutation.
Because this structure does not depend on the parameters of the physical system
(other than the number of particles V), this formalism can be applied to a broad
range of physical systems. The non-derivative “centrifugal” portion of the kinetic
term varies from system to system only by a constant, which I denote {(0). With the
exception of a few derivatives, most of the effective potential term varies only by ¢(0)
as well.

In this appendix, I calculate the perturbative expansion of the DPT Hamiltonian
as well as the expansion of each perturbative term in the basis of binary invariants.
In Section D.1, I calculate the perturbative expansion of the kinetic term, and in
Section D.2; I derive the expansion of the system potential terms. In Section D.3, I
derive the expansion of the kinetic term in the basis of binary invariants, and in Sec-
tion D.4, I derive the expansion of the potential term in the basis of binary invariants.
I do so in a general form, so that any system can be obtained by specifying ¢(0) and
16 derivatives of the system’s confining and interacting potentials. In Section J.1,
I specify the remaining information needed for a Bose-Einstein condensate with a
particular hard-sphere interaction model.

The Jacobian-weighted Schrodinger equation from Egs. (3.20a-3.20d) (with zero
angular momentum) reads

_ 1 - _ _ _
HO = T O=F
(s T+0+) ,

where

i} N 1 %)
T = h22< 2m28'r’ sz ZZ ’ng 7ij’7ik)%>

J#i k#i
N FN(N —2) + (1 —5(N+1)) (“”)

<
I
WE
%I
5
+
™
]
<
=
8]
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Veff = U4V,

Most of the Hamiltonian coefficient tensor elements may be calculated in general
by defining the constant ¢(0):

. D?
¢(0) = Dlg};om (D.2)

The quantity ¢(0) is unitless, because k(D) depends only on dimension D.

D.1 Perturbative expansion of the kinetic term

To obtain the perturbation series of the Hamiltonian kinetic term I first transform
the internal coordinate derivatives to internal displacement coordinate derivatives:

9 — 5—1/2i
or; or}
0 - 5*1/2i

i M

and I obtain (letting the masses be equal and in units where h =m = 1)

al 1_72] 2
(S B

2:1 i=1 j#i t
- Vik = VigYVik\ 0
J iy i
+ZZZ (1= 9w ( 72 )87(.87{
i= 1 ];éz ki 2 1] ik
SHWETEA] D3
=1 j#i T’ fy”

[ perform a series expansion about the symmetric (large-D) arrangement, express-
ing the kinetic term in internal displacement coordinates.

Fi—Foo = O0V2F
’ng—’Voo - 51/272] <D4)

I perform the expansion of three of the summands

-5 1-92 2(=1+7%) ., 27
- I — > +51/2< = T Vi | +O(9) (D.5)
Yik — YiiYik (=14 Yso) Yoo
72 o 2
Yoo 1 2(=1+470) Voc
+61/2 ( (g + ik) + i + = ) +0(5)  (D.6)



Yij (Too’% Q’YOOF;)
f_gj _ 7«2 Ve Jr?’ +0(5) (D.7)

Inserting these expansions into (D.3) and collecting by orders of §'/2, 1 obtain
(3.31), which I reproduce below:

1 [ 92
P p(Ea
Zzl—%o ZZZ — Vo) Voo O
+ 1-—
1=1 j#i TOO 12 =1 j#i k#i jk fgo 87{387&“)
1 al —2) ., 2y o>
__53/2 ( <_ - Voo T‘; o _OO'YZ,)
2 21; s R
- 700) —/ Voo ’ / fy;k) 82
+ g g E i — = Ve T V) =5
=LA kA ( S 0+ "5/ 0% Vi
+§ > N%O 9 ) o
o '
=1 j#i v

D.2 Perturbative expansion of the effective
potential

I perform a series expansion of the effective potential about §'/2 = 0. To do so, it will
be convenient to express derivatives with respect to 6*/2 in terms of derivatives with
respect to 9.

P

0
9(51/2) - 51/2 Z
52 e P P P 5
9(51/2)2 - 51/2 Z 51/2 + Z Z YuY a (D-8)
pn=1 rv=1
0 e 0 G y 0 d
D(51/2)3 - d(51/2 +3 Z ua 1 d( 51/2 +3ZZ; ”6 8 d51/2 +

p=1v
P P P,,,,,,a o
+Zzzyuyu%a—%a—%a—yg

p=1v=1 =1

The derivatives with respect to /2 in (D.8) may be written as derivatives with
respect to 0 with the following equations:

d__ gped

d(5172) o
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d? d d>

a3 d? d?
= 19 1/2 ¥ 3/2_.
FERBE O T8

Using the above derivatives, I calculate the derivatives of the effective potential
with respect to 6/2 to third order.

8Veff['g/§5] — 0
d(5172) -
82\7eff[,1j’;5] d_- . r L ., ., 0 0 ,
| = 275 Vers [0 0] +Y > 7, Vo 5 Vere[': 0] (D.10)
[e%S) 00 p=1 rv=1 v 00
P Vess[9'; 9] _ "L 0d e, ,, 0 0D ,
9(01/2)3 - 62%@%+ZZZyuyuygag,@8—@%ff[y,6]
00 p=1 ® p=1v=1 ¢=1 A oo

Substituting equations (D.10) into the Taylor series expansion of V.g about /2 = 0
(and collecting powers of §), I obtain Eq. (D.11)

d - —/ 1 s — — 62‘7;&[@/;5]
+0 (d—é‘/feff[y ;0] + 5 Z?/M%W

P P P P = >
0 d - 1 Vet [y 6]
o (Z Viger a5 Veel830)| + 523D Wy S g
p=1 " 9y, do 00 3! pu=1 v=1 é=1 " ayﬂ ayV ay§ 00
+0(5%). (D.11)

Equation (D.11) is explicitly written in the form of the Hamiltonian expansions in
(3.38) and (3.39), where the F tensors are now revealed to be

d-
WF = 5Veuld'id] (D.12)
27/ —/
0) 0* Ve [Y'5 6] D
= Vet 13
2 vi,V2, agl//l aﬂ;/Q ( )
and
OWp _ 9 dg
1 FI/ - agl,/ d_(s‘/;‘ff [y,a 5] (D14)
31/ —1.
OF, 0 = —reeli0l Vese 93] (D.15)
v 9y, 9y,, 0y,
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D.3 Binary invariant expansion the kinetic series

I rewrite the summations in (3.31) in a more general tensor form like (3.39). For each
graph in Eq. (3.31), I start by “decoupling” the repeated indices and considering all
the possible ways to reconnect them to form the same graph. Take, for example, the
term associated with the graph X0,

er;aa@ . (D.16)

In this term, the indices on the internal coordinates are explicitly repeated. This
summation can be written in a more general way by explicitly “decoupling” the
repeated indices on the internal coordinates and implicitly coupling them with a
Kronecker delta function. The repeated index 7 in 7} can be decoupled from i in the
partial derivative with respect to ;; by changing 7, to 7, and adding an additional
summation over §; ,, 0T OvVer §; .

0 — O+0Q
(D.17)
N 82 N 62
DD T ZZZ (Biam + Gim) 55T (D.18)
i=1 gz OV i=1 j#i m:1 i

Next, I explicitly decouple the repeated indices in the partial derivatives. Now there

are two ways to implicitly couple together (J and X! to yield <». Therefore, I do
it both ways and divide by two.

, 0
ZZ% 2

i=1 j#i fyU
- i i1<5'l5ik+5'k5il)(5im+5'm)872f/ (D.19)
; — g BEEL ’ A a%(ja,y/ m

Finally, I rewrite the summations over the indices of +;;, using the relation

D fii=2) fiy (D.20)

J=1 k#j i<k

where f; ; is symmetric in the indices (f; ; = f;,;). Written in this summation conven-
tion, I obtain

ZZ Z@fy ZZZ ]l52k+5]k5@l>(52m+5jm)a aa . (D.21)

=1 j#i 1<j k<l m=1

Comparing (D.21) with the binary invariant B({xD ) in (C.25), I see that I explicitly
constructed the binary invariant [B(<0O )] ;) k1) 10t the summand! Please note that
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(1 —6;,)(1 —6g,) is not necessary due to the summation restrictions i < j and k < [,
since it is always unity in the summation one could insert this factor in the summand
if desired. Therefore, I write the sum in (D.21) in terms of a binary invariant:

N 82 3

i=1 j#i i<j k<l m=1

Following a similar procedure for the other terms in (3.31), I obtain

N 82 N N 82
Z 877{2 = Z Z [B(CD)]Z,] 877’-877’.
i=1 ! i=1 j=1 (]
N
0? o2
2.2 55 = 2.2 BONww 5o
i=1 j#i 073 i<j k<l ’ i
Yy L o
I=0p) 5 = [B( Dl 552 (D.23)
i=1 j#i ki 9710k i< el J 7107
)IDIDRIETIET 5 3 s
(L= 0i0)Tim g = [B(Ll)) i), ktym Tm 5 57
i=1 j#i k#z‘ 8%0%’6 i<j k<l m=1 (LD 8%,j87k,z
N 82

Z Z Z 05k Yi i 7 A P Ua%k = Z Z Z 2 [B(e)](ij),(kl),(mn) %{JW

1=1 j#i k#i 1<j k<l m<n
N N N 82

82
ZZZ Jk‘ %kﬁ ”a%k - ZZZ [ } (i5),(kL),(m ]87,”87,%

i=1 j#i k#i 1<j k<l m<n

One term in (3.31) warrants closer examination:

N N N 82

Z Z Z i,kéj,l + 5i715j7]§ + 5i,m5j,n + 5i,n5j,m)

1<j k<l m<n

0

e D.24
i 2

In Eq. (D.24), I recognize only part of the binary invariant B(¢»—s). This is the only
graph in this (isotropic confinement, first anharmonic order) DPT implementation
for which I must introduce distinguishable edges in our graphs. For this case, I must
generalize the mapping from coordinate to graph to distinguish between coordinates
and derivatives. I do so by labeling the edges associated with derivatives by a vertical
“tic” mark. It will also be necessary to consider distinguishable edges if this formalism
is extended to an anisotropic system. The binary invariant for the unlabeled graph
B({>—) is really the sum of two binary invariants for labeled graphs with two edges
to be distinguished from the third:
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B(O—) = B(O-) + B(O—), (D.25)

where

[B(O) (55,00, mn) = (006050 + 00651 + im0 + 65,0 0jm)
X((Sk,m(l - 5l,n) + 5k,n(]- - 5l,n) + 5l,m(1 - 5k,n) + 5l,n(1 - 5k,m) ) (D26)

and

[B(Q_')](z kl) (mmn) (5k mdl n + 5k n(sl m)
x(élk ]l)+5ll(1_5jk)+5jk<1_5Zl)+5]l<1_5lk)) <D27)

Therefore, I obtain

N N N

SN S U S )

=1 jAi keti 0750,

62
- Z Z Z (zg (kl),(mn) ’Y”m (D.28)

1<j k<l m<n

Inserting Eqs. (D.22-D.24) and (D.28) into the kinetic-energy expansion (3.31), I
obtain a kinetic-energy expansion in terms of binary invariants:

1 N N 1—700 o’
T =3 | 3 S 1BO0 gy + S5 = B non gt

=1 j=1 i<j k<l
(1 - 700 700 62
+> > B Dl 5o |+
i<j k<l ’ a%{ja%/cl
Yoo 0
-3 (zz( V) el
i=1 j#i v

(1—
15953 3l (ELER TS

i=1 j<k l<m
82

2Y00 (1 = Yoo)
. [B(-Q—-)](U) (ki)m mer

=
4%0 1
+zzz( BE oy + - [BEN)]
1<j k<l m<n 00

(7),(kl),(mn)

2
Yoo 2
— 2 B(Or)] _— O ) D.2
fgo [ ( )](z]),(kl),(mn ) 7@]8 klafymn> + (5 ) ( 9)

I write the above equation in the form of a tensor contraction, by defining tensors
(g)G, (g)G, and (g)G as a linear combination of binary invariants.
For the order-0 harmonic term, I write

Gilf‘i'; _ Z GHock () [Bblock(g)]ywz ’ (D.30)

GEGhiock
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with the following coefficients

Yar(©o) = () (D-31)
Yar (o) = %) ﬂm (D.32)
Yor (. - co=am=) (0.3

These (g)G coefficients were calculated for a BEC in Eq. (120) of Ref. (81) (as well
as for other potentials in the same reference). Here, I provide a general calculation of
these elements for any potential and for first anharmonic order as well. In this work
I label elements by graph, and specify the perturbation order and matrix rank.

The order §%/? (first-anharmonic order) term has both a rank-one and a rank-three
G tensor. The rank-one tensor has the following trivial decomposition:

(ll)Ggllock _ Z Gblock(g) [Bblock<g)]y ’ <D34>

G€Gpiock 1
where the only non-zero elements of (ll)G are
Ve @) = 0 (D.35)
Ve ey = —2(0)N=2. (D.36)

(e o]

The rank-three tensor has the decomposition

1) GIZZIOCJZ L= Z Ghlock () [Bblock(g)]VWQ’V3 : (D.37)

G€Gpiock

where the only non-zero elements of (?G are

WG (o) =~ (D.38)
Vo (2 = o)) (D.39)
Yerie) =~k : (D.40)
Yo (D) = ¢ (D.41)
GG () = —C(O;O%- (D.42)

With the above definitions for the G tensors, I have derived a tensor form of the
DPT Hamiltonian to first anharmonic order for any (L = 0 isotropic identical boson)
system:

1 3
T Y 1 (£

3yy2 "

+ZZZ(1 ulugugyula aa, >+O(52). (D.43)

1137

/
v
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D.4 Binary invariant expansion of the effective
potential series

The calculation of the binary invariant expansion of the effective potential pertur-
bative expressions in Eqgs. (D.11) is much more straightforward than for the kinetic
term, although one must calculate many derivatives.

D.4.1 Calculation of derivatives

Due to number of derivatives and the extensive arithmetic involved, I use a symbolic
Mathematica program to derive the derivatives for each graph (107). Some of these
derivatives cannot be simply calculated by this program. Derivatives of the Gram-
mian determinant ' in the “centrifugal” portion of the effective potential are too
complicated. The definition and relevance of the Grammian determinant, as well as
derivatives (up to second order) are given in Appendix D of Ref. (81). The program
uses graph theory to look these derivatives up in a table. I have derived the necessary
third-order derivatives, and the nonzero derivatives are listed here:

T
A A~ Am = —2%0(l =Y N D.44
ij 0Vjk OVt | p—oe ool = %) ( )
T
v D O = 201+ (N = 4)70)(1 = 70)" " D.45
i a%‘kga%k D—oo (1 J7ee)(1 = 7e0) ( )
o°r
= 4 oo - o0 N D.46
o7 o, ) (D.46)

Since most of the derivatives in the F' tensors are derivatives of the centrifugal
term (which varies from system to system only by the constant ((0)), I express the
F tensors for any (L = 0) 2-body system below.

In the special case of a power-law potential,

by
Veont (71) =~}

these results may be further simplified by making the following substitution for 7.:

()"

Foo = v - (D.47)
(1+ (N = 1)) 2

In the interest of preserving generality, I do not do so here.

D.4.2 Elements of the harmonic-order Hamiltonian

I list the harmonic-order F' elements. These have been calculated for three different
specific systems (the N-electron atom, the N-electron quantum dot, and a Bose-
Einstein condensate) in Ref. (81). In order to apply these general results to a specific
system, one must only specify six additional potential derivatives.
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(O)F @ df/conf d‘Znt
0T ds dé doé
CO) N(N +1)(1 + (N = 2)7s0) | dVeont dVint

T4 (1= )1+ (N = 1)7e0) LT Oo* do (D.48)

[e.e]

In the present notation, (%)F replaces vy in Eq. (125) of Ref. (81).

V(o) = 2l
3¢(0) (N = 2)70 +1) 0*Veont
T = 7o) P (N = D+ 1) ( or? ) ~
+(N=1) (aa‘ént)‘ (D.49)
OFQQ) = (gi‘g;ﬁi) (D.50)
(0) o O*Vegr _ €(0)7o0 (N = 2)70 + 1)
2 F(O=) = <6‘m5‘n) . O 2(1 = 700)? 7 (N = 1)yee + 1) (D-51)
(0) AR B ¢(0)75%
2r0 ) = (70m) TP (N D O
(0) _ ¢(0) 3 2 . 3
2 F(O) = 3 T (N D i1 ((N® — 5N + 101\i 8) 73
+ (3BN? = 11N +13) 7% + 3(N — 2)7c + 1) + <a;‘;;?t) (D.53)
©) C(0)7s (2N? = 9N + 11) 92 + (5N — 14)75 + 3)
D= L0 =7 (N = Dy + 17 D5y
T (=) PR (N = D+ 1) |

D.4.3 Elements of the first anharmonic-order Hamiltonian

I report the calculation of the elements of the first-anharmonic-order F' tensors in
general. In order to apply these results to a specific system, one must only calculate
10 additional potential derivatives.
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D.4.3.1 Rank-one Hamiltonian elements

(1) _ CON+ D (N =2)y + 1) 0 dVeont(y')
'O = S St ) -
(ai' AVine (¥ ))‘ (D.56)
Doy SO+ Dy (N =27 +2) | (0 dViu(y)
e = = (1= 700)? 72 (N = 1)y + 1) <6’7£j do ) . D57
D.4.3.2 Rank-three Hamiltonian elements
1 3¢(0 ) (N =2)y0 + 1) O Veont
V) = 2 et (o)
(8 ) (D.58)
WR(RO) = (gfzgfj) (D.59)
WAQQQ) = 0 ) (D.60)
1) _ 3¢(0) Yoo (N = 2)700 + 1) OP*Vin
YR8 = i vt ()| @
e - (325)
VP(o-Q) = 0 h (D.63)
(1)F<OO) _ 3¢(0)75% (D.64)
o 2(1 = 700) 7 (N = 1)7oe + 1) |
Vr(QO) = 0 (D.65)
0 _CO0) (N =2)70 + 1) (N? — AN + 7) 73, + 2(N — 2)760 + 1)
o) = 21— 7 P (N — e + 1)
a?"Znt
+ (aﬁj%) L (D.66)
(1) GO (N =3)1ee + 1)
e (R N (TN Ty e
WpQ.) = C0)Yo0 (N = 5)Y00 + 1) (N = 2)700 + 1) (D.68)

2(1- 700>3 73 (N = 1)700 + 1>3
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(1) ~ C(0)ye0 ((N? = BN +8) 72 4 (2N — 5) 7 + 1)
sFo) 2 (1= 1) 7% (N — Dy +1)° D-69)
C(0)72, (N =5)70 + 1)

M _
O S T R (V=1 1) .
(1)F<._O> _ €(0)73 (N = 3)700 + 1) (D.71)

o (1- %o>32f§z, (= 1+ D’ |
(1) 1 /e—s _ Yoo
O TSR D -
(1) - 3¢(0)7s0 3 2 . 3
sF (&) = 0T 2 (N D 1 ((BN? —16N? + 31N — 22) 43,
2 2 33Vint
+2 (5BN? = 19N + 20) 72 + 11(N — 2)ys + 4) < 2% ) (D.74)
WAy = - 3¢(0) N

4(1- ’700> % (N — 1)700 + 1)
x ((N* = TN? + 22N* — 39N + 31) 74, + (
+ (6N? — 23N 4 28) 42, +4(N —2) %o+1

G(0)7o0 (N = 3)700 +

+ (4N? — 22N? + 50N —52) 43,
) (D.75)
(

(1) _ 2 2
S F () = 0o ) 7 (N = 1)%0 X (3N? — 13N + 16) 7%,

(TN — 20)750 + 4) (D.76)
(1) _ 3¢(0)73 ) 2
) = T T (v e (O T

+2(4N — 9)Yo0 +5) (D.77)
1) o C(0)7e0 3 2 . 3
sF(1]) = 0T 2 (N D 1 ((3N? —22N? + 67N — 72) 3,

+2 (5N? = 27N +50) 72, 4 (11N — 32)75 + 4) (D.78)
W) Oy C(O)%%o 2 2
SF(L) = T 2 (N = et 1 ((3BN? — 14N +17) 72,

+(8N = 22)7 + 5) (D.79)
(1) o C(O) 2 2
SF(CD) = A RN s 1) - ((3N? — 20N +29) 72,

+(8N — 34)v00 + 5) (D.80)
(?F<z) _ GC(O)'YOO ((N B 2)700 + 2) <D81)

- (1— 700)4 72 (N = 1)700 + 1>4
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Appendix E

The Sy Clebsch-Gordon coefficients

E.1 Harmonic order

In Reference (87) it was shown that the transformation of the harmonic-order G and
F matrix to symmetry coordinates is proportional to one of three matrices. These
matrices are actually the Clebsch-Gordon coefficients which couple together the two
irreps of the matrix transformation to yield something that is scalar under Sy, and
hence transforms under the [N] irrep. These Clebsch-Gordon coefficients were shown
to have a simple form:

CININT — ¢ (E.1)
CW-LUN-LL g (E.2)
oW-22v-22 _ ., (E.3)

where Ijy_1 ) and Ijy_; ) are identity matrices of dimension N —1 and N (N —3)/2,
respectively. All other transformations yielded zero (or a zero matrix).

This result can be obtained by simply performing all the transformations and
noting the results. This result can also be anticipated from group representation
theory. There are only three ways one can couple two irreducible representations
drawn from [N], [N — 1,1], and [N — 2,2] irreps to form a scalar [N] irrep,

[N]® [N]=[N] +---
IN-1,1]®[N —1,1]=[N] +--- (E.4)
[N —2,2]® [N —2,2]=[N] +---

Therefore one expects only three corresponding Clebsch-Gordon coefficients at har-
monic order.

E.2 First anharmonic order

E.2.1 Rank-one Clebsch-Gordon coefficients

Of the [N], [N — 1,1], and [N — 2,2] irreps in the linear first-anharmonic term, only
[N] is scalar under Sy. Clearly
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E.2.2 Rank-three Clebsch-Gordon coefficients for Sy

We can know how many rank-three, first-anharmonic-order Clebsch-Gordon coeffi-
cients to expect from the theory of group representations, because there are only so
many ways that three of the [N], [N —1,1], and [N — 2, 2] irreps can be coupled to-
gether to form a scalar [N] irrep . From the Clebsch-Gordon series for Sy (in Ref. (95)
and others), there are eight ways:

[V] & [N] @ [N] = [V] + -

IN|® [N - 1,1]®@ [N —1,1] = [N] + - -
[N]® [N —2,2|® [N —2,2] = [N] + - - -

[N-1,1]®[N-1,1]® [N —1,1]=[N] +--

IN-1,1]® [N —-1,1]® [N —2,2] = [N] +--

[N-1,1]® [N —2,2]® [N —2,2] = [N] + --

and two linearly independent couplings

[N =2,2]® [N —2,2]@[N —2,2] =2[N] +---. (F.9)

In what follows we denote these two different couplings of three [N — 2,2] irreps
together to form an [N] irrep by the roman numerals for the numbers 1 and 2, i.e. T
and I respectively.

These Clebsch-Gordon coefficients are actually calculated (to within a normaliza-
tion constant) by performing the relevant W transformations to symmetry coordi-
nates of some binary invariant B(G). This transformation is performed symbolically
in Mathematica(101), using closed-form expressions for the W transformation matri-
ces and the binary invariant. The W matrices are composed of step and Kronecker
delta functions, and the binary invariants are composed of products of Kronecker
delta functions. In order to perform this transformation analytically, we developed
a Mathematica package which expands the native symbolic summation capability to
include summands with step and Kronecker delta functions (106).

The Clebsch-Gordon coefficients may be normalized, using

C’?lamg’’kCJO‘IO‘QO‘S’/LC =1. (E.10)
1,62 &3 £1,62&3
We do not, however, need the above normalization relationship: we only need the
coefficients to be linearly independent and to span the required space. Therefore, we
drop the unitarity requirement and use unnormalized Clebsch-Gordon coefficients.
The Clebsch-Gordon coefficient which couples together [N][N][N] to yield an [N]
irrep is simply one:

N][N][N
Cl'[,j,]k[ I ]:17

(E.11)
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where i = j = k = 1. The Clebsch-Gordon coefficient which couples together [N —
1,1)[N — 1, 1][N] to yield an [N] irrep is an (N — 1) x (N — 1) matrix:

N-11][N=1,1][N
oy RN — g, (E.12)
where 1 <1 < N—-1,1< 75 < N —1, and k£ = 1. The Clebsch-Gordon coefficient
which couples together [N — 1, 1][NV — 1, 1][N — 1, 1] to yield an [N] irrep is an (N —
1) x (N —1) x (N —1) tensor:

NN 1
CIN=LUIN-LIIN-11] _ il — 1)5..6:
bk Vili +1)j( + Dk(k+1) (=il )i

Fi(i+ 106y + k(k + 1)0;_10ik + j(j + 1)Os_;811) (E.13)

where 1 < i < N—-1,1<j< N-1,and 1 <k < N —1. We have five more
Clebsch-Gordon coefficients.

CIN-22IN-LUIN-11] _ 1
Gg).kk i+ )G =3 = 2k(k+ DI+ 1)
X (2i(i + 1)(O—jri+1 — Or—k) i + 2i(i 4+ 1) (O jh41 — Op—t)0iy
+i(i+1)(J —2)(J — 1)(8i10j—1.6 + 0ik0j—1;) — 21(1 + 1)O; 04
+2i(* = 1)8; k1) (E.14)

where 1 <i<j—24<j< N, 1<k<N-1,and 1 <[ < N —1 (therefore
i< N-2).

N—2,2[N—2,2][N
Clpiirm = 6140 (E.15)

where 1 <1< j—24<j< N, 1<k<[1-24<1<N (therefore i < N — 2
k<N —2),and m = 1.

We have also derived the remaining Clebsch-Gordon coefficients in closed form,
but the result is too large to print here. The worst offender is CN=22N=22][N=2.2]1T
which contains 6,082 terms. All of the Clebsch-Gordon coefficients are available in a
MATHEMATICA package (102), including the remaining coefficients:

[N—2,2][N—2,2][N—1,1]
Clig),(kd)m
(where 1 < i< j—24<j< N, 1<k<[-24<]I<NI1<m<N-1and
therefore i < N —2 k < N — 2),

[N—2,2][N—2,2][N—2,2],T
Clid) (o) (mam)

and
C[N 2,2][N—2,2][N—2,2],I1

(4,9),(k,0),(m,n)
(where 1 < i< j—-2,4<j <N 1<k<[-24<I<N1<m<n-2,
4<n<N).
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Appendix F

Binary invariants transformed to symmetry
coordinates

Although the N-dependence of the Hamiltonian is contained within the Clebsch-
Gordon coefficients, there remains the computation of the matrix transformations
implicit in the proportionality tensors (11)0Q and (?aQ. Although these are small
tensors, this is not a task I wish to repeat each time some detail of the physical
system changes, such as an increase in the number of particles. This is where the
decomposition of the DPT Hamiltonian tensors in the basis of binary invariants be-
comes indispensable. In order to derive the transformed Hamiltonian tensors F' and
G, 1 derive the transformed binary invariant basis tensors. These transformed bi-
nary invariant tensors must also be proportional to the appropriate Clebsch-Gordon
coefficients.

F.1 Harmonic order

At harmonic order, there are three distinct blocks which may be resolved as a linear
combination of the binary invariants of the graphs of those blocks,

YR = QIOO)BICO)+Q(Q Q)B(QQ) (F.1)
Q" = QO—=)B(G=)+Q(0G ~—)B(O —) (F.2)
Q7 = QO)BO)+Q( DB D+QCIBCL). (F.3)
The harmonic §(G) is calculated by combining Eq.’s (5.31), (5.35), and (5.38):
[go) g (Q)]XhX2 = (WRweB(@9)], (F.4)

for any choice of £ (so one makes a convenient choice).
For example, (2) Q' is resolved as a linear combination of two binary invariants:

Q0 =QC0)B(00) +Q(Q Q)B(Q Q).

There are two harmonic o@ tensors with 77 elements:

Dol = QCOI+ (N -1QQQ) (F.5)
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[50)0-[?\[_1,1][]\/_171] = Q(O@) - Q( QQ ) (FG)

77

Using Eq. (F.4), I generate the coefficients of the transformed binary invariants,
[éo)ﬁal‘” (g)} , in Table F.1. These results are consistent with Ref. (81; 82).

X1,X2

F.2 First anharmonic order

The transformation of the ' and G tensors results from the transformation properties
of the binary invariants,

[(i)@l{/{/@ck]y _ Z leock(g) [BIIiIl/OCk(g)}V (F?)
GEGpiock

[(é)@l{/{/ock]y _ Z leock(g) [B%Ck(g)}yhm,w ' (F8)
s G€Gpiock

The rank-one binary invariants transform as (summation over repeated indices 7
from 1 to P implied)

[BW(Q)]V = va [B(g)]n ) (F9)

and the rank-three binary invariants transform as

[Bw(g)]l’hl’Q,Vs = WVIJ?I WV27772 WVSJ?S [B(g)]WhWQJ?S . (FlO)

Each transformed binary invariant, in turn, may be written in terms of the appropriate
Clebsch-Gordon coefficient with some multiplier 3(G).

F.2.1 Rank one first anharmonic

The Clebsch-Gordon coefficients for the symmetry transformations of B(Q) and B(s—s)
are simply unity or zero. Therefore, the rank-one binary invariants transformed to
symmetry coordinates have a block structure

(F.11)

where the 5(G) multipliers are obtained from solving (for any &)

[gl) g (g)] = [WB(9)],, (F.12)

X1

for any &;. The two non-zero 3(G) multipliers are given in Table F.2.
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o0 1 1
Q0 N -1 —1
00 11
S 9)] (2<N) (B<N)
O 2(N — 1) N -2
O o S(N—=2)y/2(N—-1) —/N -2
00 11 22
Q@] | s B<N) (1<)
O 1 1 1
B 2(N —2) N—4 —2
S i -sw-y —(v-y)

Table F.1: Multipliers of the Clebsch-Gordon coefficients of the harmonic-order trans-

formed binary invariants.
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F.2.2 Rank-three first anharmonic order

The third-rank binary invariants transformed to symmetry coordinates By, (G) have
a block form

BY°(G) BYYG) = 0 BY2() = 0
BY°(9) = 0 BY(G) BY2(9) = 0
B°() = 0 BY(G) = 0 B2(9)
BY°() = 0 B?Y(9) B2() =

Bwl6) = Bi(9) Bi(9) Bi(9) ’

BI?°() = 0 BI?'(9) BI?*(9)
B°() = 0 BRYQ) = B*(9)
B°(9) = 0 BH(9) B2(9)

B#°(9) B#(9) B#2(9)

(F.13)

where each block B}}}****(G) is related to the appropriate Clebsch-Gordan coefficient
by a scalar multiplier f*1229:%(G),

Ba}azag (g) _ Z (é)ﬁamza&k (g) (Oore2as.k (F.14)
k

Therefore, I calculate each (3(G) coefficient using the following formula:

t(al,ag,ag) t(al,CVQ,CVS)
1) parasask _ «a «a o ajag,as,k
Z [3 g (g)]xl X2, X35 Z [WX1WX§WX§B(Q)}£17£27£3 [Celeris
k e k

(F.15)

for any triple (&1, &2, &3) where Cgl’g%g?”k # 0.
With implicit assumptions on the lower bound of N, given by the highest number
of vertices in the corresponding sets of graphs, I list all coefficients of the transformed

rank-three binary invariants in Tables F.3 through F.7.
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[Tr@] | o |1z

VN
=

Table F.2: Multipliers of the Clebsch-Gordon coefficients of the linear, first-
anharmonic-order transformed binary invariants.

[S’ﬁalam”ﬂ (g)} 000 110,101,011 111

1<N) (2<N) (3<N)

oy ww

1 1
v N
3(N-1) N—3 B
o N Wil 3
(N—=2)(N—-1) 2N
VOO N N 2

Table F.3: Multipliers of the Clebsch-Gordon coefficients of the first-anharmonic-
order transformed binary invariants: [:(,)1) parezas.it (G)

r,r,Tr

[gl)ﬁ‘“awﬁ”“ (g)]%m 000 011 110,101 111 211
(2< N) (2< N) B<N)  B<N) (@A<N)
Q- 2, /=L \/5\/%—1 N2 N_2
o0 2 % B \/N—:/?\/ﬁ % - 1\?—2 1
e WA R PWETEE  R
8 (N —2),/ =L 7“}?&—? —y/R=2 —VN =2 0
Qe (N —2)(N —3),/ 3L %’gf@@f}% —(N-3)y/ ¥z 23 1

Table F.4: Multipliers of the Clebsch-Gordon coefficients of the first-anharmonic-
order transformed binary invariants: [gl) porozas, i (g)}

PY,T,T‘
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[(Vpeaezast ()] s 000 110 011,101 111
(2< N) (38<N) (38<N) (3<N)
Q. —— M V(N -2,/ A
Lo AR A VRN - 4) [ 5 D
Lo S AN
';O 2(1\77\3/)%1\772) _ 4(%3) (N — 4)(N — 3)m _ 2(1\77]\471)7(;\773)
-0 (AW _ ANy gV -3) ARy AN
[§1)5Q1Q2a3”€ (G)]%W 211,121 220 221
(4<N) (4<N) (G<N)
0 o SN
00 B R S
L - 1\}72 7% ﬁ
I—O NN_:lz _ﬁ \;_%
L.O SX,TQ _2(1\\/[%3) %
-0 s &
o iR A

Table F.5: Multipliers of the Clebsch-Gordon coefficients of the first-anharmonic-

order transformed binary invariants: [:(,)1) parezast (G)
PY”Y?T‘
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[f;”ﬁ‘”“?aﬁ”“ (Q)LAM 000 110,101,011 111 211,121,112
2<N) (B<N) (B<N) 4<N)
s Nk (wdn)’ ﬁ SO i
3
o ~Bs (s % e =3
5
1. WP ()’ SgRAlen (Rl e
3
H wh(vobm)t RRERES R e
° wh(xdn)) SR e
3
! vk (wem)® A ORI SR
5
= %NPG (N(]g_l) ) 2 (NT/%)\(/IE’;L_)I()IYJS) 2(N—(5])V<iv27);1)§1v73) (N7§)£§74)
[;5,1)6“1“2‘*3”“ (g)] e 220,202,022 221,212,122 222 222(i)  222(ii)
(4<N) (5<N) (4<N<5 (6<N) (6<N)
o Y - : o
A -2 /vy - 1 1 0
o S = S S R
. —2(N =3)\/xv—p e 1 0 1
1 AN = o= T N I
o LN 0 St : 0o
1 ~(N =DV = 4) /5 SN 28 0 3 3
5 R RN I = 0 1

Table F.6: Multipliers of the Clebsch-Gordon coefficients

order transformed binary invariants: [g) porezask (G

)] Yy

of the first-anharmonic-
The quantity y P, is the

number of ways to choose v vertices from N, without replacement (yP, = N!/(N —

v)).
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[g”gawz%k (g)] 000 110,101 011 111 211 121,112

VY Y
(2< N) (3<N) B<N) (3<N) (A<N) (<N)
3
2 2 V2(3N—=8) 2V2(N-—-4) 2(N—4)2 2(—4+N) N—6
O Ivbs (N(N—l)) JVIN-DN _JIN-DN __(N—2)3/? N-2 N—2
[él)ﬁ‘”“zaa’k (Q)] 022 202,220 122 221,212 222 222(i)  222(ii)

YT
4<N)  (4<N) (5<N) (B<N) (4<N<5 (6<N) (6<N)

42 2V2(N-3) __ 4 N—6 _ _
O JN-DN _J(N-DN VN3 VR-3 ! 0 !

Table F.7: Multipliers of the Clebsch-Gordon coefficients of the first-anharmonic-
order transformed binary invariants with distinguishable edges: relevant graphs. The

quantity y Ps is the number of ways to choose three vertices from N, without replace-
ment (yvP; = N(N — 1)(N —2)).
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Appendix G

Derivation of the probability density profile

In this appendix, we provide the details of the derivation of the harmonic-order density
profile and of the first-anharmonic-order density profile derived in References (90) and
(103), respectively.

G.1 Harmonic-order density profile

Defining S(D) to be the total D-dimensional solid angle(92),

Sy =27 (G.1)
(%)
where we note that S(1) = 2, S(2) = 27, S(3) = 47, S(4) = 27? | the harmonic-order
Jacobian-weighted ground-state density profile, Ny(r), is

S(D) No(r) = S(D) "~V po(r)

—Z/ /5fr—r2 L) T1 Hd% (G.2)

u=0% 1% 2 (=1

where po(r) is the unweighted harmonic-order ground-state density profile and the
Dirac delta function d;(r — ;) is differentiated from the inverse dimension, §, by the
subscript f. We must perform a change of coordinates to evaluate this integral, due
to the presence of r; in the delta function. Since Py(y’) is invariant under particle
interchange we choose r; = ry, since there are only four of the P = N(N+1)/2 normal
coordinates which involve 7n: q'g+, @'o- , [@'1+]a, . and [@';-]a,_(87). Therefore, we
write the ground-state harmonic-order Jacobian-weighted probability density profile
No(r) as

_N/ /5fr—rN d2)* T Hd% (G.3)

u=0% 1% 2 ¢=1

Upon substituting the form of the ground-state wavefunction using Eq. (6.3) and the
fact that 7y only appears in q'g+ , @'o- , [q'1+]4,, and [q';-]4,_ (87) we obtain
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S(D) No(r)
RIS

< [T [o0(v/@ulaula)) dldla,

p=0%,1%

Ny/Wo+ wWo- w1+ w1- [ [ [ [
e e e

X eXp - Z wﬂl I:qllu‘l]?lﬂl H d[q/ug]dpg °

:ul:oivli H?ZOiyli

The delta function §¢(r —ry) is a function of ry, while the integral is over the normal

coordinates q’OJr .q"° [q’1+]N,1 ,and [¢"" |x_1. Thus we need a change of variables
to perform the integral. We change the variables of the integral to 7y , 7, S[WJY] , and

[S%J,V_l’ 1]](N,1) , where

N-1
=37 G5
TS_ZT27 ( )
i=1

and SE_Y]Y] and [S[gfl’ 1]](N_1) are defined in Reference (87). Thus from Eq. (G.5) we

obtain
/0t

q

q ~Ta, (G.6)

where

557" vy
(G.7)
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T — T Ty Tos 0 ’
—(N=1)Ty5; Ty 0 Ty
—(N=1)Ty Ty 0 Ty
and
T c[iv} cos QEV} e N iy oM
11 = — = 13 = CL sInv -,
VN
M cos o (V] [N]
T21 = W s T23 = ¢ sinf" s
T — c[Jr Lo cos@ﬁfv L Ty — (VL g pIN-L 1 (G.8)
31 — ) 34 — ; .
N(N —1) " i
N o gV IN—1, 1] . pIN—1, 1]
Ty = , Tyy=c 7 Usinfl .
N(N —-1)

The Jacobian, Jr, of the T" transformation is thus

N N IN=1, 1] ([N-1,

e
Jp=detT = ——+—— =
e VN -1
X sin (HEV] - 9[_N]) sin (HEV_L 1 gt 1]) : (G.9)

Defining a matrix of the normal-mode frequencies Q,

wo+ 0 0 0

g-| 0 w 0 0 (G.10)

0 0 wi+ 0
0 0 0 w1~

we can write the polynomial in the argument of the exponential in a more compact
form (which is called bilinear form),

S(D) No(r)

N Jpy/Bor Go-r = [ [* [ [
_ JT\/WO-F?:;O Wi+ W / / / /5f(T_TN) (Gll)

X exp (—a’TTTﬁ Ta’) drly d*b’

where d*b’ = dry dS5 d[SU V) (v_y .

,yl

169



The matrix T7Q T has a block form, which we must elucidate in order to separate
the parts that do not act on 7 in the column vector a’. Thus we write TTQT in
the following block form:

o T
rar— | M K , (G.12)
K K

where the blocks Ky (a scalar), K (a column vector of length 3), and IC (a 3 x 3
matrix) are defined as

Ko = 0o+ T + wo-Tyy + (N — 1)*(w01+ Ty + 01-T5) (G.13)

o+ TH + wo-T3 — (N — 1)(w01+T3 + 01-TH)
K = wo+rT11T13 + wo-To11o3 ) (G.14)
—(N = 1)(w1+T51 T4 + w1-Tu1 Tha)

and the matrix IC has components

Ki = wotTh 4+ wo-Th + 01+ T3 +r-Th

Ko = Ko = wo+TiiTis + wo-To1Tss,
Kis=Ks = w1+T Ty +01-TiTas, Koy =00+ Tiy + 0o-Toy, (G.15)
Koy =Kz = 0, Kz3=0w1+Ty +w1-Th.

Using Egs. (G.7) and (G.12) in Eq. (G.11), we obtain

S(D) No(r)

N Jry/Oo+ Wo- w1+ w1- [ [ [ [
e [ [y

x exp (—Kory — 2ry K" — bTKV) dr)y &V,

where
7%
b = sg,vl : (G.17)
1S5 Mov-

The delta function is written in terms of the radius 7y, not the internal displacement
coordinate 7y in the integral. We rewrite the delta function in terms of the coordinate
7'y using the identity
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5;(r — i) = (ﬁ f@(D))_1 5 (5% (K&)) - foo) - fgv) . (G.18)

(Note that Eq. (G.18) corrects a mistake between Eqgs (63) and (64) in Reference (90)).
We obtain

5 #2(D)

////Xp< 0 (57 - T“)Q

o —= T/ /T / 31/
20 2 </{(D) )Kb bICb)db.

> — — — 2
S(D)N()() ﬁ\/wmwo—wﬁwl J

(G.19)
Using the integral identity
/ . / exp (—bTAY — 2B"b) d"b'
_ exp (B"A7'B) . (G.20)
Vdet A
We finally evaluate the integral in Eq. (G.19), obtaining
(I)O+ (DO* (Dl+ @1, J%
S(D) No(r) =N
(D) No(r) \/ d K2(D)m det IC
2
r _
X exp (—51 (H(D) — foo> (Ko — K'K 1K)> :
(G.21)

The number of constants floating around in the above equation may be significantly
reduced. For one thing, if the above density profile is to be normalized to N, then
there should be a relation between the factors in the exponential and those in front.
That relationship is expressed in the following definition for the constant R:

CDO+ (I}Of (I}l+ (le Jr]zw

= det IC

=(Ko—- K'K'K). (G.22)

Writing Ny(r) in terms of the constant R, we obtain a relatively simple expression
for Ny(r),

= Lﬁex — T\/E— T 2
S(D) No(r) = N D) x R(K(D) @oo>

(G.23)

Notice that the harmonic-order DPT density profile is a Gaussian (normalized to
N) centered around r = k(D) 7 , the D — oo configuration radius.
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G.2 First anharmonic density profile

The derivation of the first-anharmonic density profile is similar to that of the har-
monic density profile in that the same transformations are used to perform a change
of coordinates. Integrals over the normal coordinates q'g+, q'o-, [@'1+]nv_1, and
[@'1-]n—1 are transformed to 7y, 7, S%J,V] , and [S[g_l’ ! l(vo1y.-

The first-anharmonic-order density profile is derived from the first-anharmonic-
order wavefunction in a similar way to harmonic order, starting by simply substituting

@1 (@)]" = (1+6")* [,@0(q@)] for [;@o(@)]” in Eq. (G.3):

s i o) L T

u=0%1% 2 ¢(=1

xaf(r —rn) (1+ 251/2A +0A%) [,®0(T))? (G.24)

We are interested in deriving the density profile to order §'/2, and the §A? term is
much more difficult to derive (due to the presence of a sixth-order polynomial). Drop-
ping the order ¢ term is expedient, but it introduces a liability: it will be possible for
the density profile to become negative. We drop the order § term for now, obtaining
Eq. (6.28)

Ni(r) = No(r)+ 251/2/ / 11 ﬁdqu

u=0% 1+ 2 ¢=1

X0f(r — rN)A [gcbo(q)] . (G.25)
Substituting A from Eq. (6.15), we obtain

Ni(r) = No<)+—25”2/ / 11 ﬁdqué(sfr_"’N)

=0t,1t 2 ¢=1
&
X ( >N Y ugkCéﬁ“gj’éi 7 e [0 e ld e + > qm]5>
Ml,m,uséﬂ §1,62,€3 11,61
x [4@o(d)]” - (G.26)

G.2.1 Normal-coordinate integrals

Let us separate the problem of evaluating the integrals over the third- order polynomial
in ¢/, from the problem of summing over (?TA Crkzksk anq 2 Dby defining

H1sp2,13,k 61,682,863
the (P X P x P) tensor 3M, and the length P column vector 1M :

1,V2,V3

[o.¢] oo P
sMyyvoy = / / 1T dd.6:0 = rn)d'd ud vy k@@ (G-27)

00/1

My = [ [T bt =, (@) (G.28)

00/1
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Indexing 3M and ;M by (u;,&;) rather than v;, we can write the density profile as a
tensor contraction:

Ni(r) = No(r)+ (G.29)

2612 N 1
SO | 2, 2 s CRERMEEE 30 V)
p1,p2,13,k €1,62,€3
where we have used the fact that since Ny(r) is a scalar under Sy, pf only ranges
over 07 and 0~ . Each element of the M tensor is an integral.

Because the integrals in both 3M and {M are odd, each element of 3M and ;M
would be zero were it not for the presence of the Kronecker delta function which
depends on radius of the N-th particle ry. Still, many of the normal coordinates do
not depend on ry. The normal coordinates of the 2 sector are entirely angular and
do not depend on ry.

For the column vector 1M, there are only two types of elements, those which are
independent of 7y and are indexed by (i, &), and those four which depend on 7y
and are indexed by (i/,d,s). The integrals for the (ji,£) elements are zero because
the delta function has no effect and the integral is odd. The remaining four integrals
must be transformed to internal coordinates to be evaluated.

For the rank-three tensor sM, there are more cases to consider. Integrals in
which all three normal coordinates are independent of ry are zero (because at least
one integrand will always be odd) and hence 5M" 1;‘ ;g ‘s, = 0. Integrals in which
two coordinates are independent of ry are odd unless the coordinates are the same.

Therefore there will be some non-zero elements of the form 3 M J’sz“ ;fz a4, that are yet to

be determined. The ﬁnal case is when all three coordinates are one of the four that

. M1N2N3
depend on ry: 3Md iy

All of the remamlng elements of 3sM and M that do not involve ry may be
evaluated using the following integrals:

/ ,/&e%(q’qu; =1 (G.30)
/ \/wy (g) e @)’ q¢ = L (G.31)
v v 2@]/

Thus from Eqgs. (G.29) and (G.30) we find

1/2 _
Ny (r) = No(r) + 20/° N } : @ CH1FaHs 3Mu’1u’2u’3
S(D) 37 u17H27H37 d“ﬂ 7d#/27d#g d“/1 7d#/27d#g

AN

)A (1) 1) CFa
+Z{ZQ— 3 Thaui T3 uuu1+ 3T i) £€d,/+z 1T }

X 1M£fﬂ,> : (G.32)

where p’ ranges over 0F and 1%, O, 0+ equals one when i = 0 but is zero otherwise,
ji tanges over 17 and 2, and 1 < < dyj+ —1 =N —2when i = 1%, or 1 < ¢ <
da = N(N —3)/2 when = 2.

173



G.2.2 Clebsch-Gordon tensor contractions

The relevant Clebsch-Gordon elements and sums in the above equation are

coeer — 1
Cyati’ = Gyt = Oyt =0
Choinoit’ = Chaaixvat = CPaoiyat = 1 (G.33)
Ol 1 1 i _(N_Q)
N-1N-1N-1 —N(N -y
N-2
Ciei" = N-2 (G.34)
é=1
N(N-3)/2
i N(N = 3)
>, Gt = (G.35)
é=1
N—-2
- N -2
Yottt = —— (G.36)
€ €N-1
Fa N(N —-1)
N(N-3)/2
C22n = 0 (G.37)
&=1

Equation (G.37) simply follows from the fact that since the 2 indices are saturated,
there is nothing to couple the 1 index with to form a scalar O irrep.

The indices v; of the tensor 3M,, ,, ., run from 1 to P, but since so many of the
elements are zero we find it convent to define two smaller tensors indexed by pu': a
4 x 4 x 4 tensor 3Eu/1,u’24/3 to be the non-zero coefficients of the elements of 3 M which
are cubic in ry. In what follows we find it useful to define a 4 x 4 x 4 tensor 3EH/1 s

_ M _a T
Wbt = 3 Tl i d,d,.d,
1°H2°73 5o 53, N/17 Hl27 “é

(G.38)

We emphasize that the above equation is a simple elemental multiplication, no sum-
mation is implied. Using the above Clebsch-Gordon sums, we obtain

3E0i,0i,0i T(ﬁt,Oi,Oi <G39)
*Fitot0tr = “Fori+o+="Foroti+ =10 (G.40)
3E1i,1i,0i = 7'1Atli70i (G.41)
3Elﬂ;Oj:,lj: = T;[ALOLHE (G.42)
3E10:|:,1:|:,1:|: T()Ailj;li (G43)
‘Freitis = %Tﬁ,u,u : (G.44)

In Egs. G.39, each + associated with a sector v; is taken to be independent of the +
associated with the other two sectors.
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We also define a length-four column vector 'E,, to be those nonzero terms which
are linear in ry.

0—
1
1 _ 1), A 1) A 1) _A Z W,“ Z 1) _A
EMI_22WM<3TH7“7/J/71+ 37_[1'7“/7/11 3 }L}Lﬂl) ffd/+ 17—/,1/ )
I

p'=0+
(G.45)
l.e.
(N—2) 1
'Fox = 5 or (7_1A+1+0:|: + 7'1A+0j:1+ + T()Aj:l-i—l-i-)
1+
(N—2) 1
+ 5 o (TlA—l—O:I: + T4 o + TOA:I:I—I—)
wW1—
N(N -3) 1 )
+fw_2 (T2A20i + Thouz + T()Ai22) + (1)7—0Ai (G.46)
N -2 1 1 1 1
By = <(3) Titi41+ T (3)7'1A+1j:1+ + (3)7'1Aj:1+1+)

2/ N(N — D) w1t
N—2 1
O M WA
n ( 4 WA + @A _) G.AT
2 N(N—l) w1 3 1 1-1+ 1—-14+1— 3 "1+1-1 ( )

Using Egs. (G.38) and (G.45), Eq. (G.32) may be written in a simpler form as

2012 N '
Ni(r) = No(r) + 5 | D2 Bt sMY g, + D0 B M, | (G48)
:U'/

AT

G.2.3 Transformation of the integrals to symmetry
coordinates

The elements of the M tensors are integrals over the normal coordinates. We use the
T transformation in Eq. (G.6) to write these M tensors in terms of integrals over the
coordinates of a’:

ul /»‘2 ’
Md /d = ”/ E Nl i “2 g Tﬂlmin th igin s <G49)

11,82,

where

nMiyiy iy = JT\/wm wo 1 u)1/ / / /5f r—7TN) (G.50)

X @, Qg -+ - @, €XP (—KO a? —2a, KT — b'TICb/) da; d°b’

and we have defined a new column vector b’

s
N
b = i . (G.51)
Sl
[ v (N-1)
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Performing a similar transformation on the coefficients of the density profile 'E,, and

SE,y uy ut» we obtain the (length 3) column vector 1Z; and the (3 x 3 X 3) tensor 32, j x:
1Zi o= > By T (G.52)
- 3
35y igiy T Z Eu’l ity Lot in Tty io Ty i - (G.53)
1Y 55

Thus we have transform the density profile in Eq. (G.48) to internal coordinates and
can now write

51/2
NI(T) - NO( ) < Z 3‘—‘11 1213 BM“ 213 + Z 154 1M ) (G54)

11,02,13

G.2.4 Evaluation of the integrals

What remains now is to perform the integrals of Eq. (G.50) for 3M;, ;,:, and 1. M; in
Eq. (G.54). Defining the four component vector

V = < 2 Ko ) : (G.55)
K

Eq. (G.50) can be written as a series of derivatives of a term proportional to Ny(r)

JT\/CDO+ (I}Of (I}l+ (:)17
ﬂ-Z

X<;_7‘“1’3€%1) C_rlag) ' (27~/av )/ / / /5fr_TN

x exp (—Koai — 20, K" — bTKb') da; d*Y

nMi1 IR

(G.56)
From Eq. (6.26) we obtain
D ©g+ Wo- W+ Wr- JZ
nMiyig iy, = G.57
M " \/7? k2(D) det IC ( )

-1 0 -1 0 -1 0 T g —1 g\ =12
X (2—’7"3%1) (27*'8‘/@2)(27'8%”) exp (—(Ko— K'K'K)7?),

which yields

A —In—2
nMiyiyoi, = C (1Xi1 1Xig X+ 00 X 1in "+ 2Xiyia 1X23 1Xig X0 XX, T
Fn
+2Xi1 i2 2Xisi4 1Xi5 1 Xig X X1 X, T <G58)
+ee gt 2 X112 2Xizia X " X 2Xin_1in ) when n is even ,
_, .
2Xiy iz 2Xizig X " X 2Xin_oin_1 1XinT ) when n is Odd,
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where

1 1
X = 73 Vv (=R) = (G.59)
K 'K
1 10 0
2X = 3 Vy®i1x = D) ; (G.60)
0 K
and
R=(K,- K'K'K). (G.61)

The C operator acts on each term in Eq. (G.59) to produce a sum of terms over all
the distinct combinations of indices.
From Eq. (G.59) we can now evaluate each element of the M tensors:

1./\/12‘ = 1Xi f/ (G62)
sMirigis = 1Xi WX 1Xs T 0+ (2Xiris 1Xis + 2Xi1i5 1Xis + 2Xin 5 1X3, ) T (G.63)

G.2.5 Result: first-anharmonic-order density profile
Using Egs. (G.62) and (G.62) in Eq. (G.54) we finally arrive at the density profile

N R
S(D)\ 6k(D)*m

Ny(r) = (1462 (A, 7 + A3 72))) exp(—Ri?) , (G.64)

where

#(r; D) = VD (ﬁ - foo) . (G.65)

The coefficients A; and Aj of the polynomial are

A = 2 Z 1Xi12 + 2 Z (2Xi1 iz 1Xis + 2Xi1is 1Xi2 T 2Xinis) 3541 4245 (G.66)

i 11,12,13
Ay = 21X 102 1Xs 8501 i (G.67)
11,12,13
where
o= Y T.'E, (G.68)
n={0+,1+}

3Zigk = Z Z Z TM17iTM27jTM37k3EM17M27M3 , (G.69)

Mlz{oj:vl:t} M?Z{Oivli} M3:{0i71i}

1Xi = { ! =1 ; (G.70)
and

177



2Xij1Xk = ICz:ll,jfl 1Xk0i-10;-1 + ’Cj:lkal 1Xi©0;-10k—1
+/C;;_117,~_1 1XjOk-10;-1. (G.71)

The first-anharmonic-order density profile is a cubic polynomial multiplied by the
harmonic order density profile. Note that the density profile is a function of the
coordinate r, which is not the dimensionally-scaled internal displacement coordinate
7'(r; D). Thus one must make the following substitution to obtain the density profile
as an explicit function of r:

7(r; D) = 62 (R&)) —~ roo) . (G.72)

In this Appendix, we have derived the N-body density profile through first-
anharmonic order using DPT. In doing so, we have neglected the A? term in Eq. (6.27).
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Appendix H

Calculation of the A? term

In this Appendix, we set up the calculation of A? term in the density profile Eq. 6.27
which was initially neglected because it is of order § (second anharmonic order),
whereas we have calculated the wavefunction and density profile only to order §'/2
(first anharmonic order). This “extra term” ensures that the density profile is positive
definite, a feature that was seen to be critical in the preliminary application to the
BEC.

We start with Eq. (6.27), in which the order ¢ term A? is not yet neglected:

M) = %/Z/Z M Tl

:0i71:|:72 £=1

)85 (r —ru) (142620 + 642 [,@0(F)]” .

The third order, multivariate polynomial A is defined in Eq. (6.15)

0—
1 k 1
A= Z Z <(3)T;ﬁ,u2,u3,k Cgl,g;g ) [qlul]ﬁl [qluz]éz [q/us]ﬁs + Z (1)T§’ qlu” )

1,002,143,k €1,€2,83 W =0+

where " only ranges over 07 and 0~.
Adopting a more compact notation, where summation over repeated indices p and
¢ implied, the sixth-order, multivariate polynomial A? is therefore

A? =
1),_A ppzps,k (1) _A papspe,kp s ! ! ! / /
3 7_(;,41)7“2,;,437]{;1 511,522752 3 TM47M57M(67;€1 5447655752 [q m]ﬁl [q p2]§2 [q H3]£3 [q /,1,4]54 [q p5]§5 [q ,u,e:lg()‘
1) _A K 1) _A
+273 Ty 2 s, k1 éﬁgj,}g 5N170i 1 T [q,m]fl [qluz]@ [q/#3]53qlu4
WA M)A 7
+ TM/{ 1 Tug q M’l’q uh (Hl)

where p” only ranges over 07 and 0~.
As before, we separate the problem of evaluating the integrals over the sixth-order
polynomial in ¢/, from the problem of summing over (?TA r Ct, ”gj‘ggk and (ll)THAl

1,402,513,
by defining the rank-n tensors sM,, ., ., :

d

nMV17V27---Vn - / B / H H d[q;lt]ﬁéf(r - TN)q/mq,uz e qlvn [g(bo(q,)]Q

p=0%,1%2 £=1

(H.2)
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Indexing , M by (u;, &;) rather than v;, we can write the density profile as a tensor
contraction

Ni(r)S(D)/N = oM+

1/2 (1) w123,k 1243 1) A i
+2 Z 3 Hl,ﬂ%us, 051,52763 M51,£2,£3 + Z wY 1M '

p1,p2,13,k €1,62,83

STEP SN vl R Dl LI R (T

m,uz,us,kl §1,62,€3 M4,M57M6,k‘2 £4,85,86
Cuwzu:’), C«musue, Mﬂ17#27H37H47H57H6_'_

652)763 &4, 5(5166 §1,62, 53}54755756
; ’ / /
+2° p1sp2,p3,k1 1 T " Cg{gjfgz [q m]ﬁl [q uz]& [q us]&sq wy +
¢! ) A 1), _A
T T ¢ mq ug) (H.4)

Due to the presence of the Dirac delta function in the integrals in each element of
the M tensors, we must treat integrals over normal coordinates involving ry differ-
ently from those that don’t.

We have noted that ry only appears in four normal coordinates, i.e. in ¢'g+ , @'o-
[@'1+]a,. and [¢'y-]a,_. We adopt an index convention that distinguishes between
normal coordinates which do and do not depend on ry: normal coordinates which do
not depend on 7y are indexed by (fi,¢) and normal coordinates which do depend on
rn by (i',d,). Therefore i € {04,0—,1+,1—,2} and £ has a range determined by
i

Most of the integrals do not depend on ry and are easily evaluated. Integrals
which are odd in one coordinate are zero. Integrals which are even can be evaluated
using the integral identity

o — 1
/ \V S () e gl — — ( e ) : (H.5)

Thus many terms are zeroed out, only those terms involving even powers of the normal
coordinates which are independent of ry contribute to the density profile.

What remains is to show all the possible ways some of the indices p and £ may
depend on 7y (and therefore be denoted y' and d,,), leaving the other indices as
summations over the barred indices (corresponding to coordinates which do not de-
pend on ry). There are many such combinations possible. Then one must perform
the summations over barred indices, which requires contractions of the product of
Clebsch-Gordon terms in the above equation. This is a significant challenge for a
symbolic calculation, given the complexity of some of the larger Clebsch-Gordon co-
efficients.
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Appendix I

Derivation of the Hooke’s law gas wave function
and density profile

In this Appendix we derive the exact ground-state wave function for a harmonically-
confined, harmonically-interacting system of N particles in D dimensions as in Ref-
erence (104). The exact density profile was derived in Reference (103). From these
exact expressions, we derive a perturbation series for the wave function and density
profile (exact at each order) through first order in /2, where § = 1/D.

I.1 First-anharmonic-order wavefunction

The Hamiltonian of the harmonically-interacting model system of identical particles

) H:% (i{ 8822+wt Z}+Zw ) : (1.1)

1<)

Making the orthogonal transformation to center-of-mass and Jacobi coordinates,

N i
1 1
= — r and p; = ——— T — T , 1.2
~ 521 K ) (;Zl i +1> (1.2)

where 1 <i < N — 1, the Hamiltonian becomes

1/ 0 L, )\ 1=/ &
Hzé(—aRQjLth)jLﬁZ( aQ—i—wmtp) (1.3)

i=1

the sum of N, D-dimensional, harmonic-oscillator Hamiltonians, where

Wing = /Wi + Nw?. (1.4)

Notice two things about the Hamiltonian: it is separable and each component has
the form of a D-dimensional harmonic oscillator. Therefore the ground-state solution
to the wave function in the Schrodinger equation

HVU =EWV (L5)
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is the product of harmonic-oscillator wavefunctions

N—-1
U(R, {pi}; D) = (R wi, D) [] (pi; wine D), (1.6)
=1

where ©(p;; wing, D) is the D-dimensional, harmonic-oscillator, ground-state wave
function

- w, D) = W p (—Zr? 1.7
Ur w0, D)=\ e (~57°) (L7)

where 9 (r; w, D) satisfies the normalization condition

/000[1/1(7“; w, D)2rP=tdPr =1 (1.8)
so that o
/ [U(R, {p;}; D))? H d’p;d"R=1. (1.9)

The Jacobian-weighted, L = 0 wave function ¥ is obtained by folding into the
wavefunction the square root of that portion of the Jacobian which depends on the
internal coordinates; i.e. the square root of

N
pP=N=D2TT AP (1.10)
j=1
where I' is the Grammian determinant, so that
N N-1
U, = N T(P-N-1/4 H,,,(D D2y, (R: w, D H W(ps; wine, D), (I.11)
j=1 i=1

where A is a normalization constant ensuring that

Juwattn. o D T [T = 1. 112

i i<k
I.1.1 A perturbation series in 1/v/D for the exact wavefunction

1.1.1.1 Dimensional scaling

First we need to regularize the large-dimension limit by dimensionally scaling the
parameters and variables as in Eq. (3.19). We choose a scaling x(D) and define the
dimensionally-scaled frequency wy,

k(D) = —= D* (1.13)
v, = Diw. (1.14)
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Now consider transforming to dimensionally-scaled oscillator coordinates

r = k(D)r p = k(D)p R = k(D)R
Dl/Qf Dl/Qﬁ D1/2 R
N N

From Eq. (I.11) we obtain

al 2 D
—N— _(D— D —
Uy = NTENDATTHAPVZ [ DT exp (——2 RZ)

Py r'%)
M N-1 \D
2 D.N—1
>< 0% [Lew (=5 52).
(F(§)> i=1 2

where "

)\ _ int )
Wt

1.1.1.2 The large-dimension limit

(1.15)

(1.16)

(1.17)

To test the general formalism of Reference (100) we need to expand Eq. (I.16) about
the large-dimension limit through first order in 6'/2. In the large-dimension limit
the system localizes about a structure where all the radii are equal to 7., and angle

cosines are equal to .. To derive 7, and 74, one applies the condition

oV
or;

_ov,

D=occ B a’YJk

=0.
D=

In this endeavor the following results are useful:

Tpeoe = (14 (N = 1)1 = 720)""

or’
= _2’700 11— Voo N=2

a’ij D=occ ( )

R, . = ma(l+ (N —=1)7)
OR? _ o, (V=1
o lpeee 7 N
om| R
a’ij D=cc N

N—1 N

D=

(1.18)

(1.19)
(1.20)
(1.21)

(1.22)

(1.23)

(1.24)

(1.25)
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E)oning i
8rk
oy
a’YJk

Il
=
8
—

|
)
8

D=

D=

From Eq. (I.18) we obtain the parameters 7o, and v

Yoo =

=2

A-1)

(N+(A—-1))

1 CN+(A-1)

"o 20+ (N — 1)7a)

2AN

(1.26)

(1.27)

(1.28)

(1.29)

Equations (I.28) and (I.29) define the D — oo structure about which the system

oscillates at finite dimension.

1.1.1.3 A series expansion about the large-D limit

To derive the wave function through order /2 we perform a series expansion of each
of the D-dependent terms in Eq. (1.16):

275 D
L2 o(5) | o),
r)  vap=

We also have

where
_2’
R D—oco
N-1
9
> p
i=1 D—oo
and

2 + 51/2 R/Q(él/Q)

(N = 1) p2 + 6"% L py(6"7?),

R2 =72 (14 (N —1)7)

(N = 1) = (N = 1) 75 (1 — 7o0)

(1.30)

(1.31)

(1.32)

(1.33)

(1.34)

(1.35)
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R,(6Y?) = 2%’ ((1 + (N = 1)) D T+ Y fooﬁ;j> (1.36)

i=1 i<j=1
si2 (XN N N
+ (Z('r’;)z - 2%02 T+ 27“002 (7 + 7’3)7&)
i=1 1<j=1 1<j=1
5 N
)
+ 5N Z T3
i<j=1
o al
= Ph(8'17) = ~ <(N — (1= 7)) = Y m%&) (1.37)
i—1 i<j=1
51/2 N N N
+ N (N — 1)2(7“')2 Q%OZ i — 27“002 (7 +r;)7;]
i=1 1<j=1 1<j=1
5 N
I
_ 5N Z TiT %5 »
1<j=1

so that

N-1 1
D _ AD DN Da7]
exp (—5 RQ) H exp <—7 pf) = exp <_T) exp (— E o )
D372 1 A—1) o
X exp < ;\:‘x’ E fyzj>exp (—— ( ()\ - T) E A

1<j=1

20-1) _ « —1)

1<j=1 1<j=1

x (1 + 02 ( ) KZI AL + )) . (1.38)

The final bit of the puzzle in the dimensional expansion of Eq. (I.16) is the dimen-
sional expansion of TP~N=U/4 For this we need Eqs. (1.19), (1.20), and

2
r
SN (1.39)
a%’j OV Deoo
0°T
- = 27(1 =)V 3 1.40
s Ove | Yool = Voo) (1.40)
2
L — a4 (N3 =)™ (141)
NM5j | peoo
T
S =0 1.42
i OVt OV | p—os ( )
T
- =0 1.43
8%‘j 8’7jk MVim D—oo ( )
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&°T N
s v I —2%00(1 = Yoo) (1.44)
&°T
i 88%1; ik | p—oo = 20+ (V= 970)(1 = 700)" (1.46)
% o = dyeo(l — 7))V (1.47)
&°T
m . =0 (1.48)
&°T
ng . = 0, (1.49)
from which we obtain
P(O-N-1)/4 _ ((1 . %O)N—1 (1+ (N — 1)%0)) D-N-1 y
52 .
- (1 e ] CURRENE
875 s 670 A
TE R0+ (V= D P I s (v P
X (14 (N = 3)700) B(O) = 1o B(, D) A +
1 — 11 =1
b (0 O = 00BN B UD + 2 B() 777 ) +
+O(5)> exp (—D% s _ngc’ 2 %9) x
1 ’Ygo _n2
o (‘2(1 P+ (N = D) (‘(1 TN = D) DT

where the [B(G)],, 1,... are the binary invariants introduced in Chapter 4 and G is

the graph labeling the binary invariant. The expression B(G)X} X,' X5 is shorthand
for [B(G)]usvmws [ X110, [ X2 ]0s[ X5 ], Where repeated indices v; are summed over, X’
is the # or §’ vector from Eq. (3.29), likewise for B(G) XX,  and B(G)X/. Using
Egs. (1.30), (I.31), (1.38), and (I1.50), along with

By @By = B(O)+B( 1)+ B( ) (L51)
B ® B ® B = B(&)+ B(L\) + B(o—)+B(_1.) + B(L])
+B()+B(D + < ) (1.52)



B9 ® B(OG) = B(S)+— s+ 2= (1.53)
B(.1) _ B(o—)  B(/N) B(_1. B
Beoo =5 = =3 2 > s
e -

in Eq. (1.16), with

N —

+0(6), (L55)

N(D—1) D-N-1

oo = (1 =700) V11 4+ (N = 1)) *

we obtain the Jacobian-weighted N-body wavefunction in Eq. (7.14) for a system of
identical particles under harmonic confinement with harmonic interactions:

N(N+1)
1 2 1.1 , = _,
U, = (%) (1+§5§A}—,/+O(5)) exp(—[}_f}TQ}—,/y),

where we have defined Qg as Q (the matrix whose diagonal elements are frequencies)
from the normal-coordinate basis to the internal coordinate basis,

Qy = ViQv

Ql/l,l/z = 51/1,1/2@1/1-

Similarly, have transformed the polynomial A from a normal-coordinate basis to a
internal-coordinate basis

Ny = AQ) BT+ A6 Be ) Ay + AGD) B, i,
[B(O_O)](ij),k,l;yéij)f;cf; + <A(@') [B(S)] ijy.k1).(mmy T
(] L o T A0 B,

n)
(LD, 0mmy T AL B, k), mm)
)](z‘j),(kl) (mn) A(j) [3(3)]@]) (kl),(mn) T

/ —/

) [B(E,
) [B(ED] ). k), (mm) ) Vi) V1) Y
and (2 has also been transformed to an internal coordinate basis

O = (A00) [BOON, +H(0 Q) [BQ Q) 7+
D) [BO=) g0 T+ (D(3) B 5,00y +
+00,D B Dl + A BE D siien) Voo Vo

The scalar coefficients, A(G) are

_I_

AQ) = —— (1.56)
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O

>
1L o1 o

2 b b
1l L

37,
A—1

N
A(B+CD)

AB+CE+F)

A (B+C(§+%))
AB+CE)
A <B+¥—9)

A <B+C?D+29)

ce
A <B+?)
AB
A—1

Aeft + W()\eﬂr —1)

Voo

2
= 7—7(1+J)
- (r)

2
= H.

I[.1.2 Comparison of direct derivation to DPT

(L.57)

(1.58)

(L59)
(1.60)
(L61)

(1.62)
(1.63)

(1.64)

(L65)

The DPT wavefunction in Eq. (6.19) is written in the basis of normal coordinates. The
directly derived wavefunction above and in Eq. (7.14) is written in the basis of internal
coordinates. In order to directly compare the two expressions, a transformation must
be made. We choose to reverse the process described in this thesis and transformed
the DPT wavefunction polynomials back to an internal coordinate basis.

In Tables [.1-1.4 we compare the binary invariant coefficients, A(G), from the
general formalism with the above results derived from the full analytical solution
above for N = 10,000 particles.
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g A[A(G)] g | A[AG)] g A[A(G)]
GO T0x107 |1 11| -15 %1071 || GO | —3.6 x 1071
OO | 23x10°" || O] 60x10 8| QQ | -5.1x 107"
S | —41x10716 3 3.7 x 10716 O— | 9.6x1071°
AN 213x1070 || 52| —21x 1078 || O | —3.7x 1071
O | —61x1071 || Q | =84 x 1077 || 1 |—-22x10716
L1 | 12x1071 || e | 84 x 10710 | 25x 107

Table I.1: Fractional difference, AA(G) = (Dunaiytic(G) — Dppr(G))/Danaiytic(G) ,

between the analytic and DPT rank-three, rank-two, and rank-one binary invariant

coefficients when N = 10,000 and A = 10.

g A9) g AG)
8 Q 23x 107" || OO | —29x1071
QQQ| L1x10" || OQ | 7.8x107Y
e | 24%1077 || QL | 41x 107"
OO | 22x1070 || Lo | 9.8x10717
O | 20x1075 || 1.0 | 1.0x1071
QO | 82x107 || <O | 62x107%
O oo | —12x1077 || 20 | 21 x 1072

Table 1.2: Rank-three and rank-two binary invariant coefficient, Appr(G), from the
general Mathematica code when N = 10,000 and A = 10. All of these coefficients are
exactly zero in the exactly soluble analytic solution.

g A[A(G)] g | A[AG)] g A[A(G)]
GO 16x 107" |1 11| —20x 1078 || 0O | —26x 107"
OO | -38x108 | O | 1.7x108 || QQ | 1.1 x107?
o 25x107° || ]| 2.1x 107" O | 6.8x 10713
A 238x108 || 82| —30x101 || & | —16x 1077
O | 25x107°% || Q| L7x107° L] L6x107t
L1 22x1070 || ee | 17 x 1070 || 00 | 38 x 10713

Table 1.3: Fractional difference, AA(G) = (Danaiytic(G) — Dppr(G))/ Danaiytic(G)
between the analytic and DPT rank-three, rank-two and rank-one binary invariant
coefficients when N = 10,000 and A\* = —1/10,000 + 1071,
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g A(G) g A(G)

8 QO | —48x10720 || OO | 2.8x 10710
QOQ | 79%x102 || OO | -1.7x 1074

% 19x 1072 || Q. | —2.8x 101
O—O | —19x107 || L | 5.3x107H

O | 26x10[[1.Q | ~12x107"
QO | 38x10 || O | -5.0x 10718
O e | 81x1072 || 20 | 33x10°%

Table I.4: Rank-three and rank-two binary invariant coefficient, Appr(G), from the
general Mathematica code when N = 10,000 and A\?> = —1/10,000 + 107, All of
these coefficients are exactly zero in the exactly soluble analytic solution.
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1.2 First-anharmonic-order density profile

In Reference (103), we derive the N-body density profile for the exact wavefunction.
In this reference, the number density

N(r) = N(r)/N (L.74)

is used, which differs from the density profile N(r) used elsewhere in this thesis in
that NV (r) is normalized to unity, not N:

/OO N(r)dr=1. (L.75)

The exact number density derived in Reference (103) is

D
% P71 exp (—Aegwr ) | (L.76)

2

N(r) =

where

)\eﬂ . Nu}int 1

= = . L.

I[.2.1 Dimensional scaling

As for the wavefunction in the previous section and in Eq. (3.19), we regularize the
large-dimension limit by dimensionally scaling the parameters and variables. We
choose a scaling x(D) and define dimensionally-scaled frequency w;,

k(D) = —— D? (L78)

(I)t = D?’u)t. (179)

Therefore the dimensionally-scaled radius 7 in Eq. (3.19) is

_ — T Wt
r = \/Cjt ﬁ = 5 r, (180>

from which we derive

vl

D
2

(Newy) 2 727 Ydr = (N D)= 777 1dr . (1.81)

Thus the number density in dimensionally scaled coordinates is

N(F) = % 7P exp (= Aot D 7). (1.82)

2

Equation (1.82) implies (as does Eq. (1.76)) that the density profiles for harmonically-
interacting particles in a harmonic confining potential follow a universal curve for any
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N or interparticle interaction strength A, = w,/w;. This is simply seen by scaling
the dimensionally scaled radius 7 :

Tef = /et T (1.83)

and scaling the wavefunction by the multiplier 1/y/Aeg from the change of variables

1
dr = dTeg (1.84)
)\eff
which gives
- 2D*% ~D—1 2
N (Tet) = (D) o exp (=D o) (1.85)
2

1.2.2 Series expansion

As in Eq. (3.30), we introduce the dimensionally scaled-displacement coordinate

1 ,
Tesf = —1 (Togg + D2 (Teft) o) (1.86)
2
so that )
dfeﬁ - Edféﬁ . (187)
Thus
2 1 1
N(rie) = 7oy (ar+ DA 0n)e) ™ e (= (g + DA ra)<)?) . (188)
2
where -
/ N(reg) dreg = 1. (1.89)

To derive the dimensional expansion of Eq. (1.88), let’s first consider expanding
(Tl + D%(feg)oo)D_l . We derive

(Flg + D2 (Fer)oo) P~ = (g)Q (1 + 07 <3(f§3f —— f‘gﬂ“oo) +O(5))

Teff)3  (Tert)

D: 7
X exp < - TGH) exp (—7.q) - (1.90)
Likewise we also have

exp (= (7l + D ())?) = exp (_g) exp <_ D! <f:if§oo) exp (—72) . (L91)

Equations (1.90) and (1.91), along with Eq. (1.30), give us the result we are after,
Eq. (7.19) in Chapter 7:

—/ 1 2 fcla%f —/ 2 : —12
N(Teﬁ) =1+ 2 \/5 3 — Teff + 0(5) ; €Xp (_2 7”eﬂ“) )

192



where the normalization condition
/ N(Tg)drlg =1 (1.92)

is still satisfied through order ¢ 2,

Here we have expanded the exact number density profile derived in Reference (103)
through first order in 6'/2 to yield the exact density profile through first order (see
Eq. (7.19)). This analysis shows that the density profile for any N or interaction

strength follows a universal curve when a simple scaling is applied to the radial
variable.
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Appendix J

Details of the application to BEC

J.1 Hamiltonian Elements for a BEC Potential

The Hamiltonian for a BEC in a harmonic trap is written in dimensionally scaled
oscillator units and with the choice

k(D) = Dy, .

The result is a dimensionally—sealed potential term (in units where A =m = 1)

VBEC = Z —|— Z Z int ng (Jl)

= i=1 j=i+1

where the interparticle interaction Vi depends upon the model chosen. In Refer-
ence (82), McKinney et. al. choose a particular form which limits to the hard-sphere
contact potential in the limit D — 3:

—  N-1 N

Vine (Ti5) =

i) s (J.2)

where 6 = 1/D is the perturbation parameter and the interatomic separation is

fij = \/flz + sz — 2772‘77]"71']‘. (J3)
This potential has a number of adjustable parameters, V, and others contained in

- - 2
o _% (" _ 5 _35(a—a o a7y
O Y <\/§ a—36(a a)) (1+(1 30) 5 )

In what follows, we define O, as in Eq. 8.7, as well as ©/_, and ©7_:

O = O = ¢ (\/1—%07700—54) (1+ (1 =) aTs) (J.4)
, 00y _ G (. — B 9
"o 62@ij . __ [ _ _

@oo - afzzj N = —C (a — 31— ’Yooroo> . (J6)
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J.1.1 Elements of the harmonic-order Hamiltonian

The elements of the harmonic-order effective potential for a BEC were calculated in
Eqgs. (120) of (81). Here, I report a general calculation of these elements. In this
work I label elements by graph, and specify the perturbation order and matrix rank.

J.1.1.1 Derivatives with respect to J: (%)F

The DPT perturbation series is a Taylor series in 6'/2, and involves some derivatives
of the effective potential with respect to d. At the present (first anharmonic) order,
only the first-order derivative with respect to ¢ is needed.

In the present notation, the harmonic-order term (02)F replaces v in Eq. (125) of
Reference (81). This term consists of the first-order derivative (with respect to d) of
the centrifugal potential, the confining potential, and the interaction potential. The
derivative of the centrifugal potential was calculated in Eq. (D.48). The derivative of
the confining potential is zero,

d ‘7conf
do

= 0. (J.7)

I take the derivative of Vi, with respect to d below. In order to simplify the expression,
I set & — 0 without invoking the large-D values of the internal coordinates:

dV N—-1 N N—-1 N 50
int = _ i
T = 3V Z Z (1 —tanh ©; ;) — Vo Z Z sech2@,~7j 05]
5—>0 i=1 j=i+1 i=1 j=i+1
N—-1 N
= 3% Z Z (1 —tanh ©, ;+
i=1 j=i+1

P T
— sech?@, (\/% —a+ (a— a)clT’])) : (J.8)

The above Eq. (J.8) can be used at first-anharmonic order, where an additional
derivative with respect to an internal coordinate will be taken. Taking the full large-
D limit, I obtain:

df/int
do

3
2

N(N = 1)Tp (1 - tanh O — & sech®O (7aoy/T — 7o — @

+Ha —a)ars (1 — 7)) - (J.9)

o0

J.1.1.2 Derivatives with respect to internal coordinates: (OQ)F

The derivatives with respect to internal coordinates are more straight-forward:

-
(86‘;3“) =1 (J.10a)
2V/. N /
(8 V;“) — E(N — 1)V sech?0 (— (1 +%O)@Ci°
o7 )| T o NoN
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(1= 7a0) (2 tanh O, (O/,)2 — @go)) (J.10b)

e 1 ((147)©) :
n _ - h o0 00 1 o 2 h /
<afm-afj) N e <ﬂmrm+( )21 O (O
-07)) (J.10c)
62_ t 1- 2 @I 2
1 — - h e B 2t h /
<6mf3%‘j) e <¢§W_%o Foo(2 ta01 Oco (S1)
+O)) (J.10d)
aQth) 1 ) Y
= —Vysech“© =
( ny )2 V2 (1= 700)?

_9 / 2 = 2
+2roo tanh O (O,) Too@oo> . (J.10e)

11— Yoo
J.1.2 Elements of the first anharmonic-order Hamiltonian

J.1.2.1 Rank-one Hamiltonian Elements

The rank-one first anharmonic order Hamiltonian coefficients result from a derivative
with respect to 0 and with respect to an internal coordinate. The derivative with
respect to § was calculated in Eq. (J.8):

8 8‘7conf . a a‘7conf

(N = 1)V, épsech? (Oo) /1 — Yoo X <—\/§@°° -1

<(’9n ) Co
( —1)erd — /1 — Yooloo + d) tanh (O4,) O
+2(a — )roo\/l fyoocl) (J.12a)
0 Vi 3 - r V20!
int _ 2 _ h2 0o 1 0o
<8%-j 55 ) 2V()cosec (Ox) —— < + +

\% I- Voo Co
2(a— @) reoy/ 1 — Yool1+
~2v2 (= (= ) (e = 1) e, = /T = pocroe + ) tanh (0) O )(3.12D)

—0 (J.11)

J.1.2.2 Rank-three Hamiltonian Elements

83 ‘Z:onf
or?

=0 (J.13)

(e o]
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(1 —700)"? (=1 +27%) (OL)°
2/ 240 T2,

x (=14 272)0. ((1 )0+ \/5(1 _ %0)3/2 e )

= (N — 1)V sech?0,, | —sech®O

Vi
(57)
3tanh@

4 VooTos

(1—27’ , 7 N2
\/2—2 1 1-—

o(—1+ ”yoo)'r’oo(i%( +700)O + ﬂ(1 - %0)3/2 O ))] (J.14a)
— Vpsech?© {—% sech?0 4 (1 — 700 )/? (e.)°

83‘_/Ent
or;or;
(1= 72)"? 000  (1+700) (62)°
h x0T &)
+ tan @oo< NG o
(L+92)0 (1= (4(00)° = O%) | (1+7:)0L

AV2VT = 2 2/2 AP
3 _. _ h2 1 — — / 3
< 8 V;nt ) | _ % SeChZGOO (1 i Sec @oo \V Yool 00 (@oo) ) (J]_4C)

(J.14b)

0,;0%7; V2
PV sech?© /T — YooToe (@go)3
00T 0 V2
(=1 +370) (95)"  3vT —7aTwO5 0% V2 (=3 + 70) O
tanh O, — - 3/2
2(1 =) V2 8 (1= 700)? o
1 o T = e (4(0)° — O3
4 (1= 9s0) 2v/2

31/ 3 h? =2 73
< 0 ‘/Int ) ‘ _ ‘/()SeChze)oo (_ sec @oo'roo (e)oo)

) | = Vp sech?©, +

O0r: V2yT =70
s (OL)° | 372,00
+ tanh © R
(2(1_’700) \/_\/1_’7/00)
o', oo O . 72 (4(00,)° —0L)
4[(1— )7 41— ) 2v2y/T =70

(J.14e)

s (@go)?’ sech? (Ox)
\/5 (1 - ’700)3/2
e (VB 1) (1(6)" — ) 7 6 T= 00+ 3V261,)

8 (1 - ’700)5/2
O, Vel )

= Vpsech? (O4,)

(Yoo — 1)* (1 — 70)?? (J.14f)
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J.2 Optimization to benchmark data

J.2.1 Fitness function

In Reference (82), McKinney et. al. use a chi-square statistic (108) as the fitness
function to minimize in order to optimize the parameters of the interparticle potential.
The chi-square fitness function measures how close the analytic DPT energies are to
the six exact low-N DMC energies (53). The optimal set of s parameters {V;, a}
U {c; VYn: 0<n <s— 3} were determined by minimizing the chi-square as a
function of those parameters.

6 p(DMC) _ o(DPT) (N .Y/ ~ [~ 2
E‘ E Nlava 9 n
X2:Z< i ( 0, ¥ {C })> : (J15)
i=1

0;

where EZ(DMC) is the DMC energy, and o; is the statistical uncertainty for a condensate
with atom number N;.!
The Q-probability is used to avoid overfitting by introducing too many parameters:

v X_2 :F(%’7> — 1 <o v/2—1
Q( )_ 5 =T /er /271t (J.16)

The @Q-probability for a particular y? with v degrees of freedom is the probability that
a subsequent determination of y? would be higher. A Q probability of 1 means that
x? cannot be lower (a perfect fit), and a @ probability of 0 means that one cannot
help but find a lower x? (and hence a better fit). We follow the lead of McKinney
et. al. in choosing the minimum number of parameters s that affords a fit with @)
greater than 0.5. This choice is made in order to extract the essential information
from the DMC data without fitting to the noise.

J.2.2 Benchmark data

We optimize to six essentially exact, low-/N diffusion Monte Carlo benchmark ener-
gies (53) for each scattering length (see column 1 of Tables J.2, and J.2.2)

'The uncertainties in the DMC energies are an estimation of both of statistical and systematic
uncertainties. The systematic uncertainties are thought to be small. (D. Blume, private communi-
cation)
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N DMC DPT GP  MGP
5 7.8356(15) 7.8356  7.8265 7.8340
10 16.426(6) 16.4261 16.383 16.426
20 35.475(15) 354746 35297  35.497
50 103.99(3) 103.991  102.96 104.21
75 17L1(1)  171.096
100 245.4(1) 2454  241.85 246.24

Table J.1: Ground-state BEC energies (in units hwy,) for 8Rb with a = 1,000 a.u.
and wp, = 27 x 77.87 Hz, (which corresponds to a = 0.0433ay,, in oscillator units).
Column 2 contains DMC energies from Ref. (53) (with the statistical uncertainty
in parenthesis). Column 3 contains our N-body DPT energies. Columns 4 and 5
contain the GP and MGP energies from Ref. (82).

Table J.2: Ground-state BEC energies (in units hwy,) for 'Rb with a = 10000 a.u.
and wp, = 27 x 77.87 Hz, (which corresponds to a = 0.433ay,, in oscillator units).
Column 2 contains DMC energies from Ref. (53) (with the statistical uncertainty
in parenthesis). Column 3 contains our N-body DPT energies. Columns 4 and 5
contain the GP and MGP energies from Ref. (82).

N DMC DPT GP MGP

2 3.3831(7) 3.38331 3.3040 3.3950
3 5.553(3)  5.54945 5.329 5.611
3 10.577(2) 10.5773 9.901  10.772
10 26.22(8) 26.2651 23.61 26.84
20 66.9(4) 67.216 27.9 68.5

50  239.2(3) 239.121  196.12 243.45
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