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ABSTRACT

Wave function theories for finite-temperature electronic structure

by

Gaurav Harsha

Wave function methods have offered a robust, systematically improvable means
to study the ground-state properties in quantum many-body systems. Theories like
coupled cluster and their derivatives provide highly accurate approximations to the
energy landscape at a reasonable computational cost. Analogs of such methods to
study thermal properties, though highly desirable, have been lacking because evalu-
ating thermal properties involve a trace over the entire Hilbert space. Approximating
every state in the Hilbert space is an impossible task. Besides, excited-state theories
are not as well studied as ground-state ones.

In this thesis, we overcome these difficulties by employing thermofield dynamics,
a theory that allows the purification of the ensemble density matrix and constructs a
pure wave function that encodes the equilibrium thermal behavior of the system. En-
semble averages become expectation values over this so-called thermal state. Around
this thermal state, we develop a framework to extend ground-state wave function
theories to non-zero temperatures.

We discuss explicit formulations of mean-field, configuration interaction, and cou-
pled cluster theories for thermal properties of fermions in the grand canonical en-
semble. For fermions in the canonical ensemble, we present mean-field, configuration

interaction, and perturbation theories. We also discuss thermal mean-field, configu-



ration interaction, and coupled cluster formalisms for SU(2) systems.

To assess the quality of these approximations, we study both model and small
atomic and molecular as benchmark electronic problems while comparing against
exact results. For spins, we use the Lipkin-Meshkov-Glick and the one-dimensional
transverse field Ising models as our reference systems. Indeed, the thermal methods
perform reasonably well while merely adding a prefactor to the computational cost.
They also inherit all the properties, good or bad, from their ground-state counterparts,

signifying the robustness of our formalism.
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Chapter 1

Introduction

New materials with exotic properties have fuelled the technological revolution that
we have experienced since the early twentieth century. The evolution of desktop
computers alone presents us with numerous examples: magnetic and optical hard-
drives got replaced by spintronic technology as computer memory, which, in turn,
has been upgraded to the state-of-the-art solid-state technology; display devices have
similarly evolved from bulky cathode-ray screens and liquid crystal displays to light-
emitting-diode technology. What is astonishing is that all of these developments
happened within thirty years. The development of photovoltaic materials, graphene,
and superconductors, all of which find themselves in a wide range of applications,
are other examples of significant breakthroughs. On the other hand, the synthesis of
new chemical compounds and reaction pathways has similarly impacted almost every
aspect of human lives. It is difficult to imagine a sustainable modern world without
efficient drug discovery, polymers and plastic devices for day-to-day use, wastewater
treatment, fertilizers and pesticides to maintain large agricultural farms, and long-
lived batteries for our mobile phones and laptops.

The properties of macroscopic systems can be traced back to the collective be-
havior of their constituent particles, electrons and nuclei, which are governed by the
laws of quantum mechanics and obey the Schrodinger equation. Naturally, the ability
to understand any phenomenon from its microscopic quantum origins is essential to

explain scientific discoveries, as well as to design new materials and molecules with



desired properties. While the principles of quantum mechanics were discovered and
perfected nearly 90 years ago, their application to realistic, large systems of inter-
acting electrons remains a challenge. In fact, in 1929, Paul A. M. Dirac [1] stated

that

The fundamental laws necessary for the mathematical treatment of a large
part of physics and the whole of chemistry are thus completely known, and
the difficulty lies only in the fact that application of these laws leads to

equations that are too complex to be solved.

The Schrodinger equation is formally complete, i.e. one can, in principle, obtain the
wave function v, the most fundamental quantity in quantum mechanics, by solving

the time-dependent Schrodinger equation (TDSE)

oy

or its stationary state formulation, the time-independent Schrodinger equation (TISE),
Hy = Ev. (1.2)

The TISE is, in fact, a linear eigenvalue problem where the wave function v is the
eigenfunction of the Hamiltonian matrix H and the energy FE is the corresponding
eigenvalue. Once we obtain the complete set of eigenstates 1, along with their corre-
sponding energies F,,, we can compute everything there is to know about the quantum
system. What makes the real-world application of quantum mechanics challenging
is that the dimensionality of the Hilbert space in which 1 resides, and therefore the
computational resources required to solve Eq. 1.2, grows exponentially with the num-
ber of particles. And the number of electrons in a typical application is enormous,

ranging from a few dozens in small molecules to Avogadro number of electrons in



materials. Even with the largest supercomputers, we can find the exact ground state
wave function for only tens of electrons. This is known as the many-body problem in
computational quantum physics and chemistry.

While an exact solution is still out of reach for most applications, computers
have certainly revolutionized the field of quantum chemistry in the pursuit of ap-
proximate, computationally feasible solutions to the Schrodinger equation for real
systems. A wide variety of such approximate methods, deterministic and stochastic,
have been proposed to obtain an approximation to the grounds-state of many-electron
systems, e.g. Hartree-Fock, [2-4] density functional theory, [5,6] perturbation the-
ory, [7] configuration interaction (CI), coupled cluster (CC), [8,9] quantum Monte
Carlo (QMC), [10-15], density matrix renormalization group (DMRG), [16,17] em-
bedding theories, [18-21] etc. Application of artificial neural networks towards this
problem has also gathered significant interest in recent years. [22,23] Generalization of

many of these ground state theories to excited states have also been explored. [24-26]

1.1 Problems at finite temperature

For many conventional chemical systems (such as organic molecules) as well as insu-
lating solids, the energy gap between the electronic ground state and the first excited
state, also known as the optical gap, is of the order of a few electron volts, which
is equivalent to thousands of kelvins in temperature scale. Therefore, for most ap-
plications at room temperature (7" = 300K ), the properties are purely governed by
the ground state and it is not necessary to compute and study thermal corrections to
ground-state properties.

There are many other systems where the optical gap is very small (~ 1meV), e.g.

transition metal complexes, strongly-correlated systems including high-Tc supercon-



ductors, [27] ultracold chemistry, [28,29] etc., and there are even more problems where
quantum systems are studied at very high temperatures (~ 1000K) such as geochem-
ical processes in the cores of planets. [30] In these problems, we can no longer make
do with a few electronic states and must evaluate properties as thermal averages
weighted over an appropriate ensemble of states. For a system in thermal equilib-
rium at inverse temperature (3, the ensemble of choice is generally canonical or grand

canonical and the expectation value of an observable A is defined as

(A); = S Tr(Ap), (13)

where p is the thermal density matrix, and Z is the partition function, which are

defined as

p=e Pl Z= Tr(p). (1.4)

For grand-canonical ensemble, the Hamiltonian H is defined to include the chemical
potential term, i.e., H — H — uN, which acts as a Lagrange multiplier to fix the
desired number of particles.

Determining p and Z exactly requires information about the entire spectrum of
the Hamiltonian, which, as we have already noted, is far from feasible. The many-
body problem at finite temperatures is far more severe than the ground state because
the sheer number of states in the spectrum of the Hamiltonian is enormous. Be-
sides, there are fewer accurate excited-state theories than ground-state. Therefore,
just as for zero temperature, approximate methods to study thermal properties are
required. Several methods have been proposed to address study quantum systems at
finite temperatures, e.g., thermal Hartree-Fock, [31,32] perturbation theories, [33-36]
path integral and Green’s function methods, [37] finite-temperature QMC, [38-47]

extensions of DMRG, [48-53] and the recently explored thermal generalizations of



coupled cluster. [54-62]

1.2 Motivation for this work

Of the finite-temperature methods mentioned above, only a few work directly with
wave functions, e.g., Ancilla DMRG, [48,49] finite-temperature perturbation theo-
ries, [34, 63| and finite-temperature CC theories. [54-62] Wave function theories are
popular for ground-state properties, particularly in finite-sized systems, as they have
undergone significant development for over half a century and offer controllable fea-
tures that make their thermal generalizations highly desirable. Constructing thermal

methods is, however, challenging because

1. the thermal density matrix p is an ensemble density matrix, and it cannot be

represented using a single wave function,

2. computing approximations to every single ground and excited state is an im-
possible task as the number of states in the Hilbert space grows exponentially

with the system size.

In this work, we develop a wave function framework to study the thermal behavior
of quantum mechanical systems by leveraging the principles of thermofield dynamics
(TFD), [64-67] This wave function framework provides a recipe to generalize any
ground-state wave function method to finite temperatures. We have developed a
thermal version of coupled cluster and configuration interaction theories that allow
us to study both canonical and grand-canonical ensemble properties in correlated
fermionic systems. We have also worked out a similar framework for SU(2) systems.

These results are reported in the following articles:



1. G. Harsha, T. M. Henderson, and G. E. Scuseria, “Thermofield theory for finite-
temperature quantum chemistry,” J. Chem. Phys., vol. 150, p. 154109, Apr.

2019,

2. G. Harsha, T. M. Henderson, and G. E. Scuseria, “Thermofield theory for finite-
temperature coupled cluster,” J. Chem. Theory Comput., vol. 15, pp. 6127-6136,

Nov. 2019,

3. G. Harsha, T. M. Henderson, and G. E. Scuseria, “Wave function methods for
canonical ensemble thermal averages in correlated many-fermion systems,” J.

Chem. Phys., vol. 153, p. 124115, Sept. 2020,

4. G. Harsha, Y. Xu, T. M. Henderson, and G. E. Scuseria, “Thermal coupled clus-
ter theory for SU(2) systems,” arXiw:2107.07922 [cond-mat, physics:physics],

July 2021.

1.3 Outline

The purpose of this thesis is to report a detailed derivation, discussion, and applica-
tion of the aforementioned thermal wave function theories. In Chapter 2, we intro-
duce the theoretical background upon which our thermal methods are constructed,
namely, the general many-body Hamiltonian for ab-initio and model electronic sys-
tems, ground-state wave function theories, and thermofield dynamics. Chapter 3
presents the thermal wave function framework in the grand-canonical ensemble and
the derivation of thermal CI and CC theories within this framework. Benchmark
applications for thermal CI and CC are also presented in Chapter 3. We then turn

our attention to wave function theories for the canonical ensemble in Chapter 4, and



SU(2) systems in Chapter 5. Finally, we make concluding remarks in Chapter 6 and

comment on the future prospects of our work.



Chapter 2

Theoretical Background

If I have seen further, it is by standing on the shoulders of Giants

-Sir Issac Newton

This quote by Sir Issac Newton beautifully sums up modern-day research. New
theoretical and experimental developments rely on years of research and established
results. This work is no exception; we use various concepts from quantum chemistry,
quantum field theory, statistical mechanics, etc., and construct a framework for finite-
temperature wave function theories. In this chapter, we provide a brief introduction
to some of the elementary concepts that will both aid the understanding and provide
a foundation for the subsequent chapters. We start with a brief description of the
general ab-initio electronic Hamiltonian and how it can be used to derive various
model Hamiltonians, both of which we use as benchmark problems to assess the
performance of new theories. We follow this with an introduction to conventional
ground-state wave function methods, namely Hartree-Fock, configuration interaction,
and coupled cluster whose finite-temperature equivalents constitute the key findings
reported here. Finally, we also introduce thermofield dynamics, the theory central to

the thermal wave function framework reported in this thesis.



2.1 Ab-initzo Hamiltonian

The Hamiltonian is the fundamental object that describes a quantum mechanical
system. Before we dive into ways to efficiently solve the Schrodinger equation for
atoms and molecules, it is necessary to construct an accurate Hamiltonian for the
system with minimal approximations. In the first quantization, working with atomic
units, the Hamiltonian for a non-relativistic system of electrons and nuclei is defined

as

He oY Vie Ve DS S e

A<B "'AB A i<j

where the uppercase indices A, B label the atomic nuclei and the lowercase indices
1, 7 label the electrons. The symbols Z, and M4 denote the charge and mass of the
A nucleus, while rij, Tap and r;4 denote the distance between the labelled entities.

The mass of an atomic nucleus is three orders of magnitude larger than that
of an electron. Therefore, for most applications, where we are interested in the
electronic properties of the system, we can use the Born-Oppenheimer approximation,
i.e., the atomic nuclei can be considered stationary, classical objects. After invoking

this approximation, the full ab-initio Hamiltonian reduces to the general electronic

Hamiltonian

el - nn Z V2 Z ZA + Z %j, (22)

where F,,, is the classical nuclear repulsion energy. By introducing an appropriate ba-
sis set of single-electron wave functions {¢,(7)}, such as atomic or molecular orbitals,
the Hamiltonian H,; can be transformed into its second quantized form,

=K, + Z hpqc cq+ = Z qursc cf 4CsCr- (2.3)

qu‘S
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Here, the matrix elements h,, and v,,s are defined as

b = {plila) = [ @77 (—gvz -y Z—) o), (240)

A

Upgrs = (Pq|0|rs) — (gp|o[rs) (2.4Db)
(palolrs) = / / A7, dFy 8371 81 (7) (i) 60 (7)64(72), (2.4c)

and are also known as one- and two-body interaction terms, or one- and two-electron

integrals. By definition, the two-electron integrals have a four-fold anti-symmetry,

Upgrs = —VUqprs = —Upgsr = Ugpsr- (2.5)

In addition, the one-electron basis functions {¢,} can be chosen to be real, and in
doing so, we can introduce an extra symmetry in the two-electron integrals, vpy.s =
Urspg- The operators ¢, (cl) annihilate (create) an electron in the p*™ orbital (or basis
function). For an orthonormal set of single-electron states { ¢, }, the fermion operators

obey canonical the following anti-commutation relation:

[eprcl]- = Cpcg + c:;cp = Opg, (2.6a)
[, Cql— = epeq + cqtp = 0, (2.6b)
[c};, cll- = c]‘;cj] + cqc;, =0, (2.6¢)

where [A, B]_ gives the anti-commutator of the operators A and B. We will work
with orthonormal single-particle states for the remainder of this thesis. The indices
p,q,r,s label the spin-orbitals here, but we can use them for other labels such as

spin-orbitals (composite orbital and spin index), lattice sites, etc.

2.1.1 Symmetries

Symmetries are transformations through which the system (and, therefore, its Hamil-

tonian) remains invariant. Mathematically, these are quantum mechanical operators
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that commute with the Hamiltonian, i.e.
[H7 Osymm.] = HOsymm. - Osymm.H = 07 (27)

where Ogymm. is the generator of symmetry transformation, and [A, B] defines the
commutator of operators A and B. Since mutually commuting operators can be
diagonalized simultaneously, the wave functions for the eigenstates of the Hamiltonian
should also be constructed as symmetry eigenfunctions. The Hamiltonian and the
symmetry operator Osymm. can be diagonalized simultaneously. These ideas can be
extended to the maximal set of mutually commuting symmetry operators, which form
a mathematical group, also known as a symmetry group. Eigenvalues of the symmetry
group operators are generally called quantum numbers and can be used to label the
eigenstates of the Hamiltonian.

Physical systems generally have several symmetries. For example, the kinetic and
Coulomb operators in the general electronic Hamiltonian (Eq. 2.2) depend only on
the position of the electrons in the real space, and not on their spins. As a result, the
total electronic spin is a symmetry of the Hamiltonian. Mathematically, this means
that the quantum mechanical operators, S%, ., and S%_,.,, along with the Hamiltonian,

form a set of mutually commuting operators, i.e.
[H7 SQTotal] =0= [HJ S’i"otal} = [ gl"otal? S’%otal]? (28)

where Stotal = S1+So+- -+, and S; = 257 4+9SY +257. As aresult, the spin quantum
numbers |s, m;) can be used to label the eigenstates. Similarly, lattice structures with
periodic boundary conditions (e.g., rings, cylinders, etc.) have discrete translational
symmetry, which allows us to label the wave functions using momentum quantum
numbers. The list of symmetries varies from one system to another. We will introduce

any new relevant symmetry as and when needed.
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2.1.2 Model Hamiltonians

Starting with the general description in Eq. 2.3, we can describe any electronic system,
with at most two-body interactions, by assigning appropriate definitions to matrix
elements h,, and v,,.s. For example, for the Hubbard model [72] on a lattice, we have
HHubbard = —1 Z (CIUC]'U + C;[UCw) + UZ CITC;¢CJ¢Ci¢7 (29)

i

<Z7]>7U

where (7, j) means the summation is performed over nearest-neighbor lattice sites i
and j, while o labels the spin of electron. The parameter ¢ quantifies the probability of
an electron to hop from one lattice site to a neighboring site, and U quantifies the on-
site Coulomb repulsion. By definition, both ¢ and U are positive real. The Hubbard
model can explain a wide variety of physics: for weak Coulomb repulsion, i.e. when
U/t is small, the ground-state for half-filling (i.e. one electron per site) is metallic,
whereas for large U/t, the ground-state is a Mott insulator. As we go away from half-
filling, Hubbard model exhibits an even richer variety of physics, particularly useful
in understanding high-Tc superconductivity. [73]

We can also define the reduced Bardeen-Cooper-Schaefer (BCS) Hamiltonian [74—
76] by modifying Eq. 2.3 into

Hgos = Z €p (CLTCPT + c;r)icm) -G Z C]T,TCLC@C(;T, (2-10)

p pq

where ¢, denotes the energy for an electron to occupy p™ level, and G quantifies the
amount by which energy is lowered when a pair of electrons in the ¢** level hops to
p™ level. The reduced BCS Hamiltonian explains BCS superconductivity for large,
positive value of the pair interaction G, and is also useful in describing low-energy
nuclear structure.

Model systems such as the Hubbard and reduced-BCS are built heuristically in

order to explain specific physical mechanisms. Their ability to capture a wide variety
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of physics by tuning a relatively small number of parameters also makes model systems
excellent test-beds to benchmark new wave function theories in quantum chemistry.
Furthermore, exact analytical solutions are often available for these systems, e.g., the
exact energy spectrum for the reduced-BCS model as well as the Hubbard model
on a 1D lattice can be obtained exactly using the Bethe ansatz. [77] In the following
chapters, we will use these model systems and standard benchmark molecular systems

to assess the performance of our thermal wave function theories.

2.2 Ground-state methods

The motivation behind this work, as discussed in Section 1.2, is to leverage ground-
state wave function theories, and their years of accumulated advances, to study many-
body quantum systems at finite temperatures. Therefore, a discussion about such
wave function methods and their salient features is warranted. Here, we provide a
brief account of Hartree-Fock, configuration interaction, and coupled cluster theories,

some of the most used zero-temperature wave function methods in quantum chemistry.

2.2.1 Hartree-Fock

Hartree-Fock (HF) is one of the simplest ways to approximately solve Eq. 1.2, the
ground-state time-independent Schrodinger equation (TISE). The electrons are treated
as independent particles in the presence of an effective background potential, which
captures the averaged Coulomb interaction due to other electrons. Therefore, HF is
also known as the mean-field theory. The wave function is approximated as a single
Slater determinant,

1) =alal.. . al |-), (2.11)
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where |—) is the physical vacuum state with no electrons, NN is the number of electrons,
and {a;f,} are constructed as linear combinations of the fermion creation operators
{c}},
ah = clAg. (2.12)
q

Equation 2.12 describes a transformation of the fermion operators {CL}, generally
from atomic orbitals, to a new basis {al}, the molecular orbitals (MO), in which the
Slater determinant |®) is built. The HF energy can be calculated as
O|H|P 1
Enr[A] = % = Enn + Z Ppqppq + 5 Z UpgrsPprPgs> (2.13)
Pq

pgrs

where ppg = (P|cfcg|®) / (P|®) is the HF density matrix. The density matrix, and
therefore the HF energy, depend on the MO-coefficients Ag,. The variational principle
ensures that the HF energy is an upper bound to the exact ground-state energy and

can, therefore, be minimized in order to determine the optimal MO-coefficients.

Symmetry considerations

The molecular orbitals are generally constructed in a way such that the new basis
respects the symmetries of the Hamiltonian. In the context of spin-symmetry, this is
known as restricted Hartree-Fock (RHF). The RHF MO-coefficients do not depend
on the spin, i.e.,

ahy =Y clyAgy. (2.14)

q

For weak correlation, i.e., when the two-body interaction is small as compared to
the one-body part of the Hamiltonian, RHF provides a qualitatively accurate result,
which can then be used as a starting point to add correlation effects via, for in-
stance, CI or CC. On the other hand, in the presence of strong correlation, i.e., when

the Coulomb repulsion becomes dominant, e.g., for large values of U/t in Hubbard,
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symmetry-adapted HF provides a very bad approximation to the true ground-state.
However, we can get energetically better results by admitting lower symmetry in the
wave function than the system, usually known as symmetry breaking. For instance,
allowing different MO-coefficients for alpha (up) and beta (down) spins breaks the

S%-symmetry, i.e. a Slater determinant constructed out of {af,} that are defined as
ahy = chyhgpo, (2.15)
q

is no longer an eigenstate of the S2,. , operator. This is known as the unrestricted
Hartree-Fock (UHF). Additionally, we can also relax the S%.,., symmetry and build

the MO’s by mixing the alpha and beta orbitals, i.e.,

af =Y chhgoy- (2.16)
q,0

This is known as generalized Hartree-Fock (GHF). It is clear from Egs. 2.15 and 2.16
that UHF increases the dimensionality of the variational parameter space, and GHF
even more so, and provide potentially better approximations to the ground-state
energy than RHF, albeit at the loss of symmetries.

The ideas of symmetry breaking can be generalized to any other symmetry of
interest. For example, electron number symmetry can be broken artificially to obtain

an energetically better mean-field wave function, the BCS state, in the large GG regime

of the reduced-BCS Hamiltonian. The BCS state is defined as,

|BC'S) = ® <up + UPCLTCL) |-), (2.17)

p

where u, and v, are complex numbers that parameterize the mean-field state, with
|lup|? 4 |vp|* = 1. For the remainder of this thesis, we will consider symmetry breaking
as an option in any wave function ansatz, and not concern ourselves too much with

the associated benefits or consequences.
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2.2.2 Configuration Interaction

Mean-field theory or HF generally provides a good qualitative description of the
underlying physical phenomena but is insufficient in making accurate quantitative
predictions of physical properties. This is because of the averaged consideration
of electron-electron interactions. Correlated wave function ansatze overcome this
problem and provide a better treatment of the Coulomb interaction.

Configuration interaction (CI) is a correlated theory in which, starting with HF,
the wave function is expanded as a linear combination of all possible linearly inde-

pendent Slater determinants,

D Ce ) 4, (2.18)

ijkabc

1
a a ab
Wer) = +ZC D7) )ZCZJ w> (31)2

ijab
where |®) is the Hartree-Fock reference, the indices i, 7, k, [, ... and a,b, ¢, d, ... label
occupied and unoccupied (or virtual) molecular orbitals, respectively, in the HF state
|®), and the state |®{0¢) refers to a Slater determinant constructed by exciting elec-
trons from the occupied orbitals {i, 7, k, ...} to the unoccupied orbitals {a,b,c,...}.
The coefficients C“bc - parameterize the CI wave function, and can be found either by

solving the TISE,

H|¥cr) = EVer), (2.19)
or by variational minimization of the CI energy,

(Wer|HYer)

F. =
r (Wer|¥er)

(2.20)

The full CI expansion of an exact ground- (or excited-) state wave function for a
general many-body Hamiltonian goes to all possible orders in excitation rank, making
it unfeasible to store and compute. Therefore, it is practical to use a CI expansion

truncated at some finite-order as an approximation to the ground state. For problems
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with weak electron correlation, a CI ansatz truncated at the level of single- and double-
excitations (CISD) provides a good balance between accuracy and computational
cost. Higher-order CI theories provide a systematic way to improve the quality of
approximations. Finally, CI theories can be based either on symmetry-adapted or

symmetry-broken HF states.

2.2.3 Coupled Cluster

The CI theory, though better than HF, is not size-extensive, i.e., for systems of
different sizes, e.g., 1D Hubbard models or Hydrogen chains with different sizes, the
CI energy does not scale linearly with the system size, which is the correct scaling for
the exact energy in the thermodynamic limit. Therefore, CI is ill-suited for real-world
applications. Coupled cluster (CC) theory overcomes this hurdle by introducing an

exponential parameterization in place of the linear expansion in CI, i.e.,
Woe) = e’ |D), (2.21)

where |®) is again the HF reference and 7', known as the cluster operator, is defined

as

T=T+Th+..., (2.22a)

Ty =) tiala;, (2.22b)
1 ab 1 T

T, = Z tijajayaza;, (2.22¢)

(21)2

and so on. Here, T} creates single excitations on the HF Slater determinant |®), 75

ia

creates double excitations, etc. The particle-hole index notation is the same as that

for CI. The amplitudes {t¢,t? ...} parametrize the CC wave function. Inserting the

RV
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CC ansatz into the TISE (Eq. 1.2), we get
H|Vce) = Ecc|Vee) = e THe'|®) = Eqc|®). (2.23)

The CC energy and amplitudes can then be computed by projecting Eq. 2.23 against

various ground and excited HF Slater determinants, i.e.,

Ece = (®leTHe'|®) (2.24a)
0= (®lala,H|®) V{icOaecV}, (2.24b)
0= (Plafalapa, H|®) Vi, j € Oja,beV}, (2.24c)

where H = e THe” is the similarity transformed Hamiltonian. Using the Baker-

Campbell-Hausdorff (BCH) expansion, we can simplify H as

H=H+[HT)+ %[[H,T],T] + %[[[H, T),7),T) + ... (2.25)

For a general two-body electronic Hamiltonian, this similarity transformation trun-
cates at the fourth-order nested commutator due to the pure excitation nature of the
cluster operator 7. In order to have a computationally feasible theory, it is neces-
sary to truncate the cluster operator to a finite order in excitation rank. For most
applications, CC with single and double excitations (CCSD) performs well, with a
computational scaling of O(N®), where N is a measure of the system size (e.g. number

of orbitals in the basis set, or number of lattice sites).

Expectation values in coupled cluster

As introduced so far, CC describes a correlated ansatz for the ket wave function.
To compute expectation values of observables other than the Hamiltonian, one also

needs a correlated bra state. A linear response wave function is generally employed
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for this purpose, [78,79] i.e. one makes the energy functional
E = (®|(1+ Z2)e THe™|®) (2.26)

stationary with respect to T and Z, where

Z=71+Zy+..., (2.27a)

7y = szcgca, (2.27b)
1 ab T 1

Ly = 1 Z 215 el CiCyCa- (2.27¢)

Stationarity of the energy functional (Eq. 2.26) stationary with respect to Z results
in the familiar set of equations in Eq. 2.24. The expectation value of any physical

observable O can then be computed as
<O>CC = <(I)’(1 + Z)e*TOeT’(I)> = <‘PCI|O‘\IICC> . (228)

By realizing that the cluster operator 1" and the CI operator Z are composed of
particle-hole excitation and de-excitation operators respectively, the bra state can be

re-written as an explicit CI wave function
(V'] =(D|(1+ Z)e™" = (D|(1+ W)e™, (2.29)

where wy is a constant and W has the same operator-form as Z.

2.2.4 Comparison of different methods

Before moving ahead and exploring finite-temperature wave function theories, it is
useful to highlight the merits and shortcomings of the different ground-state methods
discussed above with the help of a simple benchmark example. Figure 2.1 plots the er-

ror in ground-state energies for HF', CISD, and CCSD with respect to the exact results
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Figure 2.1 : Comparison of symmetry-adapted (left panel) and symmetry-broken
(right panel) Hartree Fock, CISD and CCSD theories for predicting the ground-state
energy for different values of U/t in a 10-site 1D Hubbard model with periodic bound-
ary conditions.

for the 10-site Hubbard model. Our system is a one-dimensional lattice with periodic
boundary conditions (making it equivalent to a ring) at half-filling. The energy error
is plotted as a function of the correlation strength U/t. The panel on the left shows
symmetry-adapted results, i.e., the methods that conserve the S? and S* symmetries,
whereas the results in the right panel are based on UHF, i.e., the theories break S?
while still preserving the S* symmetry. It is apparent that symmetry-restricted meth-
ods perform very well for small U/t but break down disastrously beyond U/t ~ 4.
On the other hand, UHF-derived results perform reasonably well for the entire range
of correlation strengths. To provide an idea about the extent of symmetry breaking,
we also plot the expectation value of the S% ., operator in Fig. 2.2. We can see that
symmetry breaking occurs for U/t 2 2, where a UHF Slater determinant yields lower
energy than RHF. All the results presented in Figs. 2.1 and 2.2 were computed with
PySCF. [80,81]
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Figure 2.2 : Expectation value of S2 . operator as a function of the interaction
strength U/t, computed over UHF Slater determinant for the half-filled 10-site Hub-
bard model with periodic boundary conditions.

2.3 Thermofield dynamics

Equilibrium thermal properties of quantum systems are calculated as ensemble av-
erages, as described in Eq. 1.3. Specifically, for a quantum system at an inverse
temperature § (or temperature 7' = 1//3), the thermal expectation value of an ob-
servable O is given by,

1
(0)5 = ZTx(Op) = Z (m|Op|m), (2.30)

m

~BH=1N) ig the thermal density matrix, constructed in the appropriate

where p = e
choice of ensemble spanned by {|m)}, and Z = Tr(p) is the partition function. In
Sections 1.1 and 1.2, we highlighted that the wave function methods, at least in

their conventional formulation, are ill-suited to study thermal properties in correlated

quantum many-body systems. This is due to the enormous number of eigenstates that
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need to be determined in a realistic system, which is beyond the reach of imaginable
computational capabilities, combined with the fact that there are fewer accurate and
efficient methods for excited states.

Thermofield dynamics [64-67] (TFD) contains a way to overcome this hurdle.
It provides a prescription for purification of the finite-temperature ensemble density
matrix and constructs a single wave function, often known as the thermal or the
thermofield double state, that can exactly capture the thermal behavior of quantum
systems. This is achieved by working in an enlarged space made up of the original
Hilbert space and its conjugate copy. The ensemble thermal average in the physical
space becomes as an expectation value over the purified thermal state in the doubled

space,
(U(B)|O¥(B))
(W(B)w(p)

where, once again, 3 is the inverse temperature, and H is the Hamiltonian. The purifi-

(0); = %Tr (e P"O) = (2.31)

cation of the ensemble density matrix by introducing an auxiliary or tilde-conjugate

space H, conjugate to the physical space H, requires H to have the following structure:

1. The dimensionality of # is the same as #, i.e. for every state |¢) in H, there

is a corresponding |@E> in H and likewise for operators.

2. The tilde operators obey similar (anti-) commutation rules as their physical
counterparts. For instance, for a bosonic (fermionic) spin-orbital p, we have the
extended set of field operators {c,, CL; Cp, 6},}, which obey the canonical commu-

tation (anti-commutation) rules,

[Cp,CL]:F =1= [61,75;];7 (2.32a)

[cp, Epl5 = 0 = [¢p, &)=, (2.32b)
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where the convention for commutator / anti-commutator is defined as
|A, B]_, = AB —nBA, (2.33)

such that n = —1 in Eq. 2.32 produces the anti-commutation rules for fermions,

and 17 = +1 produces the commutation rules for bosons.

3. A tilde conjugation operation transforms operators between H and H with the

following general rules:

(€r) = nex, (2.34a)
(ozck + 5ci,) = a*é + 6%, (2.34b)
(ckcg) = &él, (2.34¢)

where o*, §* are complex conjugates of «, d respectively, and n = £1 for bosons
/ fermions. With these conjugation rules, a Hamiltonian for the tilde system

can be defined, generally denoted by H.

4. The time-dependent Schrodinger equation in H becomes (h=1)

0
_Z_

o [0 = H ). (2.35)

5. Operators in the physical space do not act on states in the tilde space, and vice

versa.

The complex conjugate nature of the tilde space is not important while studying
equilibrium properties, but becomes necessary when working with time-dependent
phenomena at finite temperatures, which is what the thermofield theory was originally

developed for. However, the conjugation and doubling of the Hilbert space also
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has well-justified connections with Hopf algebra. [82,83] In the expanded space, the

thermal state is expressed as

(W () = e Y m) @ |m) (2.36)
where, as already mentioned above, the orthonormal bases {|m)} and {|m)} span
the canonical or grand-canonical ensemble Hilbert spaces H and H respectively, 3 is
the inverse temperature and H is the Hamiltonian of the system. The norm of the

thermal state gives the partition function

Z=(U(B)|w(s)). (2.37)

2.3.1 The identity state

At infinite temperature, or § = 0, the thermal state becomes an equal superposition

of all possible states in the physical space, paired with their tilde counterparts, i.e.,

(U(B=0)=|1) = |m)@|m) =) |m;m). (2.38)
m m

This reflects the fact that at § = 0, the Hamiltonian and the associated interactions

are all washed out. In fact, the infinite temperature density matrix is just an identity

matrix. Therefore, we introduce the notation, |¥(5 = 0)) = |I), and call the infinite

temperature state, which exhibits maximal entanglement between the physical and

auxiliary spaces, as the identity state. The identity state is invariant under any basis
transformation.

Depending on the choice of thermal ensemble and the underlying algebra of the

quantum system, e.g. fermionic, bosonic, su(2), etc., the identity state can be defined

in different ways. For fermions in grand-canonical ensemble, we can define the identity

state as
L

UDgrand canonical — H (1 + C;Z@t) |_7 _> ) (239)

p=1
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where p is a general spin-orbital index labelling all the single-electron levels in the
system, L is the total number of spin-orbitals and |—; —) is the combined vacuum state
for physical and auxiliary space. The canonical ensemble equivalent of the identity
state can be constructed by projecting the grand-canonical state against the desired

number sector. For a system with N, electrons, we get

L
|H>can0nical = PNO H(l + C:ﬁ;) |_; _> ) (240&)
p=1
1 o
— i) .
n N_O' (p; CPCP) ’ > ) (240b)

where Py, is the number-projection operator which selects only those terms in the
wave function that has N, particles. We will introduce the identity state for SU(2)
systems in Chapter 5. The basis independence of the identity state is a consequence
of the fact that the auxiliary space is complex-conjugate space, i.e., for a unitary

rotation of the physical fermion operators given by

ch =" ally, (2.41)
q

we have a corresponding transformation for the tilde-space operators,

e =Y aluy, (2.42)
q

Therefore, the identity state for, say, the canonical ensemble becomes

No
1 -~ *
“Dcanonical = N_O‘ <Z Z a(];a:fanpUrp> 5 _> ) (243&)
p qr
1 N
= N_O‘ <Z atgaiéqr> - _> ) (243b)

1 (& NO
=N ( a;rjd;) —=). (2.43c)
p
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which has the same form as the original canonical ensemble identity state. Here, we
have used the unitarity of the transformation, i.e., Zp UpUy, = Ogr, to simplify the

expression.

2.3.2 How does thermofield theory work?

The finite-temperature ensemble average of any physical observable O can be com-
puted as an expectation value over the thermofield double state, as pointed out in
Eq. 2.30. Since O acts only on the physical part of the thermal state, the auxiliary
states in Eq. 2.36 provide a means to transform the expectation value into trace.

Written explicitly, the expectation value simplifies in the following manner:

_ (¥(B)low(s)

= i) )
_ é S (m, | e PO n iy (2.44b)
= 5 3 tmle IR0 IR ) @ (i) (2.44c)
= ST (e PO, (2.44¢)
= %Tr (e*ﬁH(’)) . (2.44f)

In going from Eq. 2.44¢ to Eq. 2.44d, we have used the fact that (m|n) = (m|n) = 6,

were as from Eq. 2.44e to Eq. 2.44f, we have invoked the cyclic property of trace.

2.3.3 Imaginary-time evolution

By its construction, the thermal state obeys an imaginary-time evolution equation,

0 1
55 1¥(3) = —HI¥(). (2.45)
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which, combined with an appropriate initial condition, can be integrated to yield
the thermal state at any other 5. While working explicitly with the grand-canonical

ensemble, the thermal state can be defined as
(W8, ) = e PR (2.46)

where g is the chemical potential. Assuming that the Hamiltonian preserves the
particle number, i.e. [H, N] = 0, which is the case for most physical systems, the

imaginary-time evolution equation (Eq. 2.45) gets modified as

% [W(8, 1)) = —5(H — ) (5, ) (2.47)

Similarly, we can derive an evolution equation along the chemical potential direction:

55 V. 0) = SN W3, (2.48)

Starting from some inverse temperature 5, and chemical potential g, we can inte-
grate Eqs. 2.47 and 2.48 to obtain the thermal state for any desired S and p. The
exact integration of these equations for a general electronic Hamiltonian naturally
suffers from the same exponential computational barrier as the ground-state theories.
Developing approximate wave function theories is the objective of the work reported

in the following chapters.

2.3.4 Real-time evolution

TFEFD was originally developed as a framework to study quantum dynamical problems
at finite temperatures. The finite-temperature time-dependent expectation value of

an observable can be computed as

(0, (t) = Tr (e #1U(0,1)OU(1,0)) , (2.49)
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where U (s, t1) is the real-time evolution operator from t; to . From the perspective
of a path integral, the expectation value (O), (¢) involves a forward and a backward
propagation along the real-time axis in addition to a propagation along the imaginary-
time direction. The auxiliary space in TFD is defined to be a complex conjugate space
precisely to handle the backward propagation. Specifically, the real-time evolution of

the thermal state is governed by a modified TDSE,

0

15198, 1)) = Hrrp(6)|¥(5,1)), (2.50)

where Hrpp is known as the thermofield Hamiltonian, and is defined as

Hypp = H(t) — H(1). (2.51)

The Hamiltonian for the tilde-space, H (t), is defined by taking the tilde-conjugate of

the physical Hamiltonian.

2.3.5 Physical interpretation

It is worthwhile to provide a physical intuition behind the auxiliary system in TFD.
Here, we present a brief discussion on two interpretations that we find interesting.

Ad hoc interpretation

In terms of the energy eigenvalues { F,,} and eigenstates {|m)}, the thermal density
matrix at inverse temperature S becomes

p=> e m)(m|. (2.52)

m

Loosely speaking, we can map the bra state (m| to a ket in a new space, |m), such

that |/) has the same properties as (m|. In other words, a tilde-space wave function
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should obey the same TDSE as a generic bra state, i.e.,

S =W = i ) =—H ). (2.53)

This also justifies the form of the driving Hamiltonian, Hyrp in the real-time evolu-

tion equation (Eq. 2.50) for the thermofield double state.

Schmidt decomposition

The temperature of a system quantifies its entanglement with the environment or
the thermal bath. In that sense, the universe or the super system, which comprises
the physical system and the environment, is essentially at zero temperature. As a
consequence, we can use a single wave function |Wq,per) to study any property of the
super system.

Naturally, the super wave function lives in a tensor product space of the system
and bath Hilbert spaces, i.e. Hauper = Hs ® Hp. Expanding the super wave function
in terms of orthonormal basis states {|S,,)} and {|B,,)} of the system and bath

respectively, we get
Ls Lp

super Z Z w,uu ‘S ® ’B > (254)

p=1 rv=1
where Lg and Lg are the dimensionality of the system and bath Hilbert spaces. Using

the singular value decomposition for the coefficients v, we get

Ls Lp min(Ls,Lp)

Vaper) = D> > UnaraVin [S,) @ [B,). (2.55)

p=1 v=1 a=1

By introducing basis transformations for both physical and bath states,

a) = Z Una |5,.) (2.56a)

Z 1B, (2.56b)
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and combining it with the fact that the dimensionality of the bath Hilbert space is

much larger than that of the system’s, we can re-write the super wave function as
Lg
Wanper) = 3 Aale) @ &) . (2.57)
a=1

By choosing {|a)} to be the eigenstates of the physical Hamiltonian and ), = e /2,
where {E,} are the corresponding energy eigenvalues, we can recover the thermal

state defined in Eq. 2.36.

2.3.6 Asymmetric thermofield theories

We have seen how TFD performs the purification of the thermal density matrix into a
thermal state |W(/3)) such that thermal traces can be expressed as expectation value

over the latter,

WBON(E) (e R0 )
s ="wEne) - @ (2:58)

By re-examining this expression, we can clearly see that computing expectation value
over the identity state |I) is equivalent to computing the trace. Using the cyclic
property of the trace, we can then derive an equally valid expression for thermal

averages, given by

1 —(1—0o —o
(0); = — (Ile” 4= 0o ) (2.59)

where 0 < o < 1. Consequently, the imaginary-time evolution equations for the bra

and the ket become

0
35102 (3)) =~ w9}, (2.604)
00, (8)] = —(1 - o) (T, (5)| H. (2.60b)
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For o = 1/2, we recover the conventional, symmetric thermofield dynamics presented
in the preceding subsections. We adhere to this convention for most of the develop-
ments presented in this thesis, but also discuss an example of asymmetric thermal
CI theory. An asymmetric formulation of thermal CC has also been explored by
Shushkov et al. [61] On the other hand, for o # 1/2, we would require two different
thermal states, one each for the bra and the ket. This freedom in the choice of contour

used in the imaginary-time path integral has been explored in Refs. 64, 84.
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Chapter 3

Thermal wave function theories for the grand
canonical ensemble

The explicit wave function formulation of the thermal density matrix in TFD, along
with the associated imaginary-time evolution equation, provides a framework to gen-
eralize standard ground-state ansétze to finite temperatures. In this chapter, we focus
our attention on wave function theories to study the finite-temperature properties of
fermionic many-body systems in the grand canonical ensemble. The thermal state at

inverse temperature 5 and chemical potential u = «/f is defined as
W(a, B)) = eNFD2 ) (3.1)

where the identity state is given by Eq. 2.39. We introduce a change in the definition of
the chemical potential from p to o = Su. For a Hamiltonian that preserves the total
particle number, the modified parametrization of the chemical potential simplifies
both the number dependence and the associated evolution equations for the thermal

state, and we get,

0 N

— W =— |V 2

— |W(a B) = 5 (e, 5), (3.:22)

0 H

— | =——1|U ) 3.2b

55 1¥(0.8) = =5 1¥(0.9) (321)
As we mentioned in the previous chapter, an exact integration of these equations

scales exponentially with the system size and can be performed only for relatively

small systems with just a few orbitals. In the following sections, we will explore
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thermal generalization of approximate ground-state wave function theories, namely
mean-field, CI, and CC. To assess the performance of these methods, we study small
Hubbard, reduced BCS as well as molecular systems, while comparing with exact

benchmark results.

3.1 Mean-field theory

The simplest approximation that can be used to construct the thermal state is the
mean-field approach, where an effective one-body Hamiltonian Hj is used to evolve

the thermal state, and results in
Working in a basis where Hj is diagonal, i.e. Hy = Zp epc;cp, and using the basis-
invariance of |I), we get the following expression for the mean-field thermal state,

(0 8)) e e = [L(1+€72elel ) 1= =) (3.4)

p

And after normalization, we end up with a state that we call the mean-field thermal

vacuum, defined as

0er.8)) = TT (o + wocfeh) 1= ). (3.5)
P
where z, = 1/V1 4 e* P, y, = el@F9)/2/\/1 — ec=Fe and 22 4+ y2 = 1. Note that

the coefficients x,, and y, are related to the Fermi-Dirac distribution function.

Thermal Bogoliubov transformation

The identity state and the mean-field thermal vacuum have the familiar form of a

BCS state,

1BCS) =] (up + vpc;fﬁc;i) =), (3.6)

p
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where the cooper pairs in |I) and |0(«a, 3)) are formed between physical and auxiliary
orbitals as compared to spin singlet pairs in BCS. Following the BCS theory, we can
define a thermal analogue of the quasiparticles and Bogoliubov transformation, i.e.
we can construct a- and -dependent operators {a,(a, ), a;(a, B), ay(c, B), &L(a, B8)}
that annihilate/create quasiparticle excitations on the mean-field thermal vacuum.

This thermal Bogoliubov transformation is given by

ay(a, B T, —Y c
p(c; ) N p P 7 (3.7)
af(a, B) v T ) \&

such that, for x, and y, defined in Eq. 3.5, the thermal quasiparticle annihilation

operators annihilate the mean-field thermal vacuum, i.e.,

ap |0(c, B)) = 0 = ay, |0(a, B)), (3.8a)
(0(a, B)] al = 0 = (0(c, B)] ). (3.8b)

Here and after, we drop the explicit a- and -dependence in the thermal quasiparticle
operators. The Bogoliubov transformation in Eq. 3.7 also allows us to form a physical
intuition about the thermal operators: in the low 7" (or high ) limit, the annihilation
of an occupied orbital in the physical space H is equivalent to creating a particle in
the corresponding orbital in the tilde-space H and vice-versa, whereas in the high T
limit, these operators are completely mixed.

The general electronic Hamiltonian, presented in Eq. 2.2, can be expressed in

terms of the thermal operators and takes the form

H = h0+2[ 11)( +hc)+hfj)0 a—l—h(baab}

+ Z [ aiicll) ((l alada’ + h.c. > + h’abcd azadac + habcd (alazdlad + hC)
abed
+h$)21 <al&£didd + h.c.) 4+ pt da abadac + h(bcdaT aZ&ddC} , (3.9)

abc
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where we use hg, h(™V, etc. to denote the effective matrix elements of the general

1) is associated with terms that contain one non-tilde

quasiparticle Hamiltonian (h(
and a tilde quasiparticle operator each, h(??) with two non-tilde quasiparticle opera-

tors, and so on), all of which are defined as

ho = Z Yahaa + % Xb: Yal Vabab (3.10a)
h((#) = ZTaYb.fab, hfj;o) = TaTp fabs hfﬁf) = —Ya¥bfab, (3.10b)
i) = %%l‘bycydvabcd, G2 = T 0l YoYdVadves
B = —%faxbycxdvabcm oy = —%waybycydvadbc, (3.10¢)
h) = ixaxbzcxdvabcda hiw, = iyaybycydvabcdv

where fu, = daphap + ), Y24 Note that in obtaining these expressions, we have
assumed real matrix elements in the Hamiltonian. The foregoing expression for the
Hamiltonian is normal-ordered with respect to the thermal vacuum. The ordering we

follow here is o' — a' — @ — a.

Mean-field internal energy

The thermal average of H at the mean-field level can be computed simply by extract-

ing the scalar component from its normal ordered expression,

1
Emy = Z Yoy + Z §y§ygqupq (3.11a)
P P

_ hop 1 Ypapg
o Z 1+ eB(ep—w) T 5 Z (1 + eﬂ(%‘#))(l + eﬂ(eq_ﬂ))’

p p.q
which recovers the standard thermal Hartree-Fock [31,32] expression for the energy.

One can find the appropriate one-electron basis or molecular orbitals by variationally
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minimizing the grand potential. For reasons that will become clear later, we use an

un-optimized, S-independent mean-field Hamiltonian to construct |0(a, 3)).

3.2 Framework for correlated wave function theories

Correlated methods frequently use a mean-field reference as the starting point, and we
wish to do so here as well, but we face an additional choice which we wish to explore.
Recall that the thermal state |¥(«, 3)) is obtained not from an eigenvalue problem
but from an imaginary-time Schrodinger equation. For the reference state, we can
choose the mean-field thermal state corresponding to a fixed temperature [y, or we
can use a J-dependent mean-field thermal state. By analogy with similar frameworks
for coordinates in fluid dynamics and general relativity, we call the former approach
a fixed-reference formulation and the latter a covariant formulation. Mathematically,

the exact thermal state in the fixed-reference approach is represented as

(W (B8)) =18, bo) [0(Bo)) (3.12)

where T is a wave operator which builds correlation on the reference. On the other

hand, in the covariant formalism, the thermal state is parameterized as

[W(B)) =T(8,5)[0(5)) - (3.13)

The fixed-reference wave operator I'(3, fp) is constructed using quasiparticle creation
operators corresponding to [0(3)), i.e. {al(B),al(8o)}, while the covariant oper-
ator ['(8,5) is a function of {af(8),af(8)}. The same idea is also applicable to
a-dependence. For brevity, we will only consider the imaginary-time evolution here.

On the one hand, the covariant approach would seem to be more sensible, as less

is demanded of the wave operator I'; on the other hand, the fixed-reference approach
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has the advantage that the quasiparticle creation and annihilation operators given by
the thermal Bogoliubov transformation of Eq. 3.7 are not themselves temperature-
dependent, which considerably simplifies the formulation of correlated methods. In
principle, any inverse temperature 3, can be used in the fixed-reference case. However,
in practice, the most convenient choice is By = 0 for which the mean-field thermal
state is exact and the wave operator I'(0,0) is simply the identity operator.

In addition to deciding between the fixed-reference and covariant cases, we have
a second decision to make: the choice of splitting the S-dependence on the bra and
ket, or the choice of the parameter o discussed in Section 2.3.6. For simplicity of
notation, we will use a subscript to denote the choice of o, and define our correlated

wave function ansatze as

|\Ija<6)>ﬁx. ref. — Fa(ﬁa Bo) |00(60)> ) (3.14&)
Vs (8))cov. = La(8,8) 0:(8)) (3.14b)

3.2.1 Fixed-reference formalism

For the fixed-reference thermal wave function ansatz (Eq. 3.12), assuming that we

evolve in (8 starting from g = 0, we get

[Wo(5)) = Ts(5,0) L) (3.15)

Substituting this ansatz in to the imaginary time evolution equation gives

(a%r(ﬁ, 0)) ) = —HT(8,0) 1), (3.16)

such that I',(0,0) = 1, i.e. the identity operator.
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3.2.2 Covariant formalism

In contrast with the fixed-reference approach, the thermal state for the covariant case

is defined as
(U (8)) =T'o(B,8)105(8)) , (3.17)

which, after substituting in to the imaginary time evolution equation, gives

0
210:(8)) = ~rHo0,(5)) (3.184)
(%w,m) 0,(8)) = —o (HTW(8,8) — Ho) 0,(8)).  (3.18b)

Once again, at 3 = 0, the mean-field thermal stae is exact and I',(0,0) = 1. By appro-
priately defining the wave operator I',, we can derive the equations for configuration

interaction and coupled cluster theories.

3.3 Configuration interaction theory

In this section, we will discuss both the fixed-reference and the covariant formulations
of thermal CI theory in detail. Since we are working with imaginary time evolution,
thermal CI theories are very similar to time-dependent CI [85,86] at zero temperature.
While CI is not size-extensive, a property which is highly desirable [87] in the study
of many-electron systems, we use it as an example to introduce thermofield-based

quantum chemistry methods because of its simplicity.

3.3.1 Fixed-reference Thermal CI

In this first approach, we consider the asymmetric parameter ¢ = 1, such that the

thermal expectation value of a physical observable O is defined as

1

(O)(,0) = 3

MOV o= (e, B)) (3.19)
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where the definition and evolution equations for |¥,_(«, 3)) are given by

|\IIU=1 (Oé, ﬁ)> = eaNiﬁH |H> ) (320&)
0
55 1Wora(0. ) = —H [¥os(0.9)). (3.20b)
a0, ) = N om0, 9)). (3.20c)

In the CI theory, The thermal state |¥,—;(a, §)) is approximated as a linear expansion

in the configuration space, starting from the reference |J) = e®™ |I), i.e
Wozi(a, B)) oy = (14 5)|J), (3.21)

where the Cl-operator S is defined as

S = ZqubTbT ') 5> Spqrs DIDIDID] + .. (3.22)

All the a- and (-dependence in Eq. 3.22 is carried by the expansion coefficients s,,,
Spqrs, €tc. The first term is equivalent to single-excitations in ground-state CI, the
second to double-excitations and so on. Here, we will consider CI with singles and
doubles. Notice that the wave operator in Eq. 3.21 is written in intermediate nor-
malization with an exponential normalization constant, i.e. (J|W,—1(a, 3))o; = €®
which is the partition function. The partition function grows/decays exponentially.
Therefore, an exponential parametrization of the norm provides numerical stability.
The (- and S-independent) quasiparticle operators b, bt are the same a-operators

defined in Eq. 3.7 with the Bogoliubov parameters

1 eco

l‘:—’ :—7
P Tre T e

where «q ensures that the correct total filling at g = 0, or infinite temperature, for a

(3.23)

given basis set. It is interesting to note that the CI operator in Eq. 3.22 is composed
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of terms that contain equal number of tilde and non-tilde quasiparticle creation oper-
ators. This is because, by virtue of the thermal Bogoliubov transformation in Eq. 3.7,
the difference in the total number of tilde and non-tilde quasiparticles is a symmetry

of the Hamiltonian, i.e.
W, H] =0, N = (bib, — bib,) (3.24)
P

and only these terms in the CI wave function will have any non-trivial evolution and
contribution to the expectation values of physical operators.

Substituting this ansatz into Eq. 3.20, and projecting the equation against quasi-
particle excitation manifolds, we obtain the following set of S-evolution equations for

thermal CISD,

880 . 1

Fiin Z}(J|H(1+S)|J>, (3.25a)

aqu _ dsg 1

35 —Spg s a5 Z (J\b bH(1+T)|J), (3.25b)
OSpgrs a30 1

and similarly for a-evolution, we have

880

=% L OIN(L+ S)|T), (3.262)
Ospq 850
T = —sp <be b, N (1 +T)|I), (3.26b)
Ospars o5y 1 - i
a—a = Spqrsa_a + gj <q]]|brbsbqpr(1 + T)|J> . (326(3)

The infinite-temperature partition function Zj is given by
Zy = (J|J) = {|e™N|T). (3.27)

Having already absorbed «q in to the definition of the identity state, we can integrate

these evolution equations starting from («, 3) = (0,0), with the initial conditions

50 =0;5p3 = 0;Spgrs =0, ..., (3.28)
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and obtain the CI coefficients at any given thermodynamic coordinate (a, 3).

3.3.2 Covariant CI

In the covariant formulation, we wish to work with an a- and f—dependent reference
and the expectation values are best described with the o = 1/2 formulation of TFD

and take the form of a symmetric expectation value

(A)(a,0) = 5 (Ve DA, A}, [W(a, ) = NP2 (329)

where the thermal state |¥(a, 3)) is the same as the state described in Eq. 3.1 and
is governed by the imaginary time evolution equation described in Eq. 3.2. The

covariant thermal CI state is approximated as
[V(a, 8)) = e*(1+5)[0(a, B)) (3.30)

where the CI operator S is given by

1
_ T~1
S = Zquapaq + (21)2
pq ’

Sparsabatalal + ... (3.31)

pqrs

Unlike the fixed-reference CI operator in Eq. 3.22, both the coefficients and the field

operators in the covariant ansatz are a- and f-dependent. Accordingly, the operators

ap, al

5, etc. have non-trivial o and § derivatives. For example, using the thermal

Bogoliubov transformation of Eq. 3.7, we see that

aaT € ~

a—ﬁp = prpypap, (3.32a)
dal €

8_[; = —prpypap. (3.32b)

Taking these details into considerations and substituting the wave function ansatz,

Eq. 3.30, into Eq. 3.2, we obtain the following working equations for the [-evolution
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of the CI amplitudes sg, s,,, etc.,

g_;) - _Zio (0(a, B)| (%H + %—6‘9) 0(cx, 8)) (3.33)

= s = 5 el (57 + 22 o), (a3
and so on. Similarly, for a-evolution, we get

o = 5 0 (53 - %) ot ). (3:34a)

= s+ o O Dl (5 - T2 ) 0us . (a3

and so forth. Here, Z; denotes the mean-field partition function, defined in Eq. 2.37,

and the effective CI Hamiltonian H and number operator N are defined as

H=H(1+S)— (1+S)H, (3.35a)

N = NS — SN, (3.35D)

and the operator derivative 0,,S/0x (with = «a, 8) denotes the derivative of only

the operator parts of S, i.e.,

OopS 8 . L
82 Z pqa a aT 2' Z qum a ajla;ra:[) + ... (3.36)

pq pqrs

As with the fixed-reference case, we can integrate Eqs. 3.33 and 3.34 starting from

(a, ) = (0,0) with the initial conditions
S0 =0;5pg = 05 8pgrs = 0;...,

to the desired temperature and chemical potential. Once again, we consider a covari-
ant thermal CI truncated at single and double quasiparticle excitations (CISD) for

all applications. Our primitive implementation of both the fixed-reference and the
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Figure 3.1 : Internal energy error per site for the six-site Hubbard model at U/t = 2
and half-filling on average. The results compare thermal mean-field, covariant therma
CISD and the fixed-reference counterpart.

covariant formulations of thermal CI is publicly accessible through a GitHub repos-
itory [88] where we make use of drudge [89] (computer algebra system) to generate
equations and codes.

We will see detailed analysis and comments on the performance of thermal CI
theory along with thermal CC later in this chapter. However, we would like to
highlight the stark difference in the quality of results between fixed-reference and
covariant CI theories. In Fig. 3.1, we compare the error in internal energies computed
using fixed-reference and covariant thermal CISD for the six-site Hubbard model at
U/t = 2 and with two electrons on average. Covariant CI absolutely outperforms the
same level of fixed-reference CI, except near f = 0. In fact, fixed-reference theory
is even inferior to thermal mean-field results. This is because as we evolve away

from [y = 0, which is used to construct the reference state in the fixed-reference
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theory, the mean-field contribution to any other property remains constant, and all
the temperature dependence and correlation effects need to be taken care of by the CI
operator. Analogous to the reference-dependent behavior of zero temperature ground-
state CI, such a method would perform poorly compared to one with a $-dependent
mean-field reference. Given the substandard quality of results, for the remainder of

this thesis, we will focus our attention solely on the covariant wave function theories.

3.4 Coupled cluster theory

We noted in Eq. 2.26 that the CC expectation value of any operator O can be eval-

uated as an asymmetric expectation value,

(VO]w)

(O)oc = ) (3.37)

where both (V| and |¥) states are approximations to the same wave function; while
the ket is approximated with a truncated CC wave function ansatz, the bra is ap-
proximated as a truncated CI expansion. For thermal coupled cluster, we employ a
similar parametrization, i.e., a CC ket and a CI bra which evolve according to Eq. 3.2
and their adjoints respectively.

Recall that the mean-field thermal state (Eq. 3.5) has the form of a BCS state,
i.e., p™-orbitals in the physical and auxiliary Hilbert spaces, H) and #, are coupled
in just the same way as two opposite momentum single-particle levels in a BCS-wave
function. Given this correspondence of |0(a, 3)) with a BCS, we parametrize the ket

state as an exponential of quasiparticle creation operators acting on the mean-field
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thermal reference,
W) = ¢ |0(c, B)), (3.382)

Z Sparsthalalal + . .. (3.38b)

p,q,r,S

This also follows from the ground-state quasiparticle coupled cluster theory. [90] On
the other hand, the bra state, as in the traditional CC formalism, is approximated

using a CI expansion, i.e.
(W] = (0(a, B)| (1 + Z)ee?, (3.39)

and as explained in Eq. 2.29, it can be expressed as an effective CI wave function

(W' = (0(a, B)] (1 + W)e™, (3.40a)
1
W = Z WpelgQy + 1 Z WygrsQrQsQgQy + . . . (3.40Db)
p.q p,q,7,8

The evolution equations and associated technical details for this covariant thermal CI
ansatz have been discussed in Section 3.3, and the same can be employed to obtain
the evolution equations for wy, Wy, Wpers, €tc.

For the evolution of |¥), substituting the CC ansatz from Eq. 3.38a into Eq. 3.2

gives
e (aé; >|0( %( “SNeS — N |0(cs B)) (3.41a)
_s( 9 R o5 _ o
e (5 ) 06 8) = =3 (SHE — ) 00,8 @A)

Analogous to the CI theory, the evolution equations for the amplitudes can be ob-

tained by left projecting Eq. 3.41 against various excited quasiparticle states.

Wilcox identity

In order to simplify Eq. 3.41 and obtain evolution equations for CC amplitudes, we

need to overcome the hurdle that the derivative of the cluster operator does not
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commute with the operator itself, i.e.

{%, S} £0, (3.42)

for x € {«,8}. This introduces extra complications in computing the a- or (-
derivative of the the exponential operator . To address this derivative, we make
use of the Wilcox identity, [91] which states that the derivative of the exponential of
an operator M with respect to a scalar parameter A can be evaluated as

1
M
(%\eM —/0 dy e(ly)Maa—)\eyM. (3.43)

Using the Wilcox identity, the expressions on the left-hand side of Eq. 3.41 become

1
e (265) :/ dy e7¥%(0,59)e??, (3.44a)
ox 0
1

1

[[(825), 5], 8]+ ..., (3.44D)

where we have used the shorthand 9, for 0/0z, and employed the Baker-Campbell-
Hausdorff expansion in going from Eq. 3.44a to 3.44b. Finally, breaking the derivative

0,5 into the amplitude (OampS) and operator (J,,S) derivatives,

S OampS n OopS

= 4
Ox Ox or "’ (3.45)
OampS 0s ~ 1 OSpars e
3; = a—;qaLaI] - CIE 8p; alatalal + ... (3.45b)
pq 7 pars
OopS 0, .. 1 9, .
@‘; = % Spag (alal) + @ % Spars 5 (alatalal) + ... (3.45¢)

and realizing that the former commutes with .S, we can compactly write the left-hand

side of Eq. 3.41 as
OampS

e (0,€°) = o

+ Dy, (3.46)

where D, is derived from the operator derivative of S, and is defined as

1
D, = /0 dy e_ys%eys, (3.47)
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where the integration over y in the second equation can be carried out analytically,
as explained in Eq. 3.44b

Evolution equations for thermal CC

With the help of the Wilcox identity and the simplifications highlighted above,

Eq. 3.41 can be further simplified into

aagés 0e, B)) = B (e7"Ne® = N) — Sa} 0(cv, B)) , (3.484)
aagﬁps 00 ) = = B (7 He® — Ho) + Sﬂ} 0(a, 8)), (3.48h)

which can then be left-projected with various thermal quasiparticle states to yield
a set of differential equations governing the evolution of the S-amplitudes in the a-
B space. Complete expressions for the CCSD evolution equations are included in

Appendix A.

3.5 Implementation details
3.5.1 Integration

The Dormand-Prince algorithm, [92,93] a fourth-order Runge-Kutta method with an
adaptive step size, has been employed for integrating the resulting set of differential
equations, both for CI and CC. The integration step size is adaptively modified so as
to keep the relative error in evolution within 107%. Furthermore, a tolerance value of
107 in the number of electrons is used to find the target chemical potential.

While computing properties at a fixed electron filling, we first evolve in £ to
the desired temperature while treating « as a constant. After this integration, the

number of electrons in the thermal state moves away from the desired value. To
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find the correct target o that restores the right average electron number, we use a

bisection scheme and integrate along the a-direction while keeping S fixed.

3.5.2 Choice of thermal mean-field

As mentioned earlier, for the covariant formulations of correlated wave function the-
ories, we use a mean-field Hamiltonian of the form Hy =} €pChep to construct the
mean-field thermal reference state |0(c, §)). There are many different ways to pick
this mean-field Hamiltonian. In thermal HF theory, [31,32] one uses an H, that
optimizes the grand potential, and therefore, Hy is a function of o and 5. While
such a choice may yield an excellent mean-field thermal reference state, it will result
in highly convoluted expressions for the mean-field evolution as well as the operator
derivatives and is beyond the scope of current work.

In our implementation, we use ground-state HF, which may or may not preserve
the symmetries, to construct the energy eigenvalues used in Hy. Using an a- and
f-independent Hj is analogous to the imaginary-time interaction picture formalism

and simplifies our implementation because

1. an a- and [S-independent Hj leads to clean analytical forms for the mean-field
evolution operator as well as the a- and [-derivatives of the thermal quasipar-

ticle operators, and

2. a diagonal form of Hj yields a straightforward thermal Bogoliubov transforma-

tion in Eq. 3.7.
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3.6 Results

Armed with the working equations, we are now in a position to assess the quality
of various thermal wave function approximations. We will focus our attention on
the application of covariant thermal wave function theories, namely mean-field, CI
with single (CIS) and double (CISD) excitations, and CCSD, to various electronic
systems, viz. the one-dimensional Hubbard model, the pairing or reduced BCS model,
as well as chemical systems (atomic Beryllium and molecular Hy). In order to make
correspondence with the canonical ground-state limit, we present results for all of
these systems with a fixed number of particles on average. We compare our results

with the exact grand canonical ensemble averages.

3.6.1 One-dimensional Hubbard model

First, we compare thermal mean-field, CIS, CISD and, CCSD against exact results
for the temperature dependence of internal energy in the 1D Hubbard model (c.f.
Section 2.1.2 for more details) with periodic boundary conditions in the grand canon-
ical ensemble. We will consider different values of correlation strength (or U/t) for
the Hubbard model.

Let us start with a simple two-site Hubbard model at U/t = 1 with two electrons
on average. In Fig. 3.2, we plot error in internal energy per electron, with respect
to the exact results, calculated using the thermal mean-field, covariant CI, and CC
methods. All the methods start with zero errors at 8 = 0 (due to the exactness
of the underlying mean-field) but start deviating from the exact results at finite
temperatures. Both mean-field and CIS results show large errors among all the results;
it appears that thermal CIS only marginally improves over mean-field. On the other

hand, thermal CISD and CCSD improve significantly over mean-field as well as CIS.
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Figure 3.2 : Error per particle in internal energy for the two-site Hubbard model with
U/t =1 and half-filling on average. The results compare thermal HF, covariant CIS,
CISD, and CCSD theories.

In the zero-temperature limit, thermal CISD and CCSD converge to the exact ground-
state energy, the same as standard ground-state CISD and CCSD. This demonstrates
that in the limit of zero-temperature, i.e., as § — oo, thermal mean-field reduces
to the canonical, zero-temperature ground-state restricted HF (RHF), which was the
choice of Hy, to begin with. Similarly, thermal CI and CC approach the corresponding
ground-state restricted CI and CC. This also explains why thermal CISD and CCSD
become exact in the zero-temperature limit: both are exact for two-particle systems.
On the other hand, thermal CISD/CCSD are generally not exact at intermediate
values of (3, as is reflected in the finite errors in Fig. 3.2. This is because singles
and doubles are insufficient to parameterize any general state in the grand-canonical
ensemble.

Figure 3.3 presents total internal energy and error in internal energy for the six-
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Figure 3.3 : Total internal energy (top panel) and associated errors per electron
(bottom panel) for the six-site Hubbard model with U/t = 2 and half-filling on
average. The results compare thermal HF, covariant CISD, and CCSD. The solid
circle, square, and diamond on the right y-axis of the are the ground-state RHF,
RCISD and RCCSD energy errors per particle.
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Figure 3.4 : Error in internal energy per electron for thermal mean-field and covariant
CCSD, each constructed using a symmetry-adapted and broken-symmetry Hy, for the
six-site Hubbard model with U/t = 5 at half-filling on average. The blue circle and
diamond on the right y-axis indicate ground-state RHF and RCCSD energy error per
particle, while the red ones plot the same for UHF and UCCSD.

site Hubbard model at U/t = 2 and half filling on average. Again, we consider only
the covariant formalism. The story is similar to the simpler two-site model: there
are large errors in the mean-field and CIS results, which are substantially reduced by
thermal CISD and CCSD. For large 3, all the results approach those corresponding
to the respective ground-state theories.

In all the applications so far, H is constructed using RHF energy eigenvalues,
which is why in the zero-temperature limit, thermal HF approaches ground-state
RHF and thermal CCSD approaches ground-state RCCSD. In the strongly correlated
regime, where zero-temperature RCCSD fails to converge, the evolution of thermal

CCSD would eventually diverge. Such an issue can be avoided by using unrestricted
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Figure 3.5 : Trends in z-component spin-spin correlation function for the ten-site
Hubbard model with U/t = 2 at various temperatures kg7, and a fixed chemical
potential g = 0.9 (which ensures half-filling in the kg7 — 0 limit). The results
were computed using thermal CCSD. Exact and RCCSD results for the ground-state
correlation functions are also included for reference.

HF (or UHF) energy eigenvalues to construct Hy and therefore |0(c, 5)). Fig. 3.4
shows the performance of RHF and UHF-based thermal CCSD for the six-site Hub-
bard model at U/t = 5 and half-filling on average. As usual, we compare errors in
internal energies with respect to exact results. For the selected value of U/t, both
RCCSD and UCCSD are well defined for the ground state. The thermal theories also
approach their respective ground-state analogs in the infinite £ limit.

In addition to the internal energy, we can also compute other physical properties
such as correlation functions as a function of temperature and chemical potential. In
Figure 3.5, we present thermal CCSD results for the z-component spin-spin correlation

function, defined as

X(i,5) = (57(1)57(5)) » (3.49)
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Figure 3.6 : Absolute error in internal energy per electron for the six-level Pairing
model and (a) G = 0.2, and (b) G = 0.5, at half-filling on average. The results
compare thermal mean-field, covariant CISD, and CCSD. The markers on the right
y-axis indicate the corresponding ground-state errors.

for the ten-site Hubbard model at U/t = 2. Note that S#(i) denotes the z-directional

spin operator at the i lattice site, and is defined as

ch%cw: (*m TM), (3.50)

? is the z Pauli matrix. The expectation values are computed using linear-

where 7
response density matrices, and just as for the internal energy, orbital relaxation effects
(i.e., optimization of the reference state |0(a, 3))) have not been considered. As
one would expect, at extremely high temperatures, there is no correlation between
adjacent spins. As T is reduced, the correlation appears and becomes maximal in
the zero-temperature limit. To make correspondence with the ground-state, we also
plot the exact and CCSD estimate of the ground-state correlation function. We

can clearly see that thermal CCSD properties approach the appropriate ground-state

CCSD properties in the limit g — oo.
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Pairing model

Next, we consider the reduced BCS or the pairing model (c.f. Section 2.1.2 for
details). The pairing model is characterized by the energy levels ¢, and the pariing
interaction (G. Here we choose the energy levels with a uniform spacing of 1 unit, i.e.,
A€ = €,11 — ¢, = 1. Figure 3.6a describes the absolute error in internal energy per
electron for the six-level pairing model with G = 0.2 (weakly correlated) as a function
of temperature at half-filling on average. Figure 3.6b plots similar results for G = 0.5
(near-critical regime). Again, we use RHF eigenvalues and integrals to construct Hy
and H, and we see that the covariant thermal CCSD improves significantly over both
the HF and CISD. The kinks in the error curves correspond to the points where
the CI/CC and exact energy curves intersect. This is a result of the non-variational
character of the internal energy. Meanwhile, the wiggly nature of the CC error curve
in Fig. 3.6a is because we use a precision of 107° in fixing the number electrons and

relative tolerance value of 10~% in the evolution.

3.6.2 Molecular systems

In Figs. 3.7 and 3.8, we plot the error in internal energy, as a function of temperature,
for atomic Beryllium and molecular Hydrogen. The chemical potential is adjusted so
as to maintain charge neutrality in the systems. These results show trends similar to
those observed for Hubbard and Pairing. The H, molecule is considered at a bond

length of 0.74A, and we employ STO-3G basis sets for both Be and H,.
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Figure 3.7 : Error in internal energy per electron for Be atom, in STO-3G basis,
as function of inverse temperature. The plot compares thermal mean-field, covariant
CISD and CCSD. The colored markers on the right y-axis denote the error per particle
in the corresponding ground-state theories.

3.7 Summary

We have utilized the framework of thermofield dynamics (in the grand canonical en-
semble) to derive finite-temperature generalizations of well-known ground-state wave
function theories, viz. mean-field, CI, and CC. These theories were benchmarked
on different models and ab-initio many-electron systems. The relative performance
of thermal wave function methods is analogous to their ground-state counterparts,
i.e., thermal CI improves upon mean-field while CC outperforms both of the former
in weak-to-moderately correlated systems. The asymptotic computational scaling of
thermal methods is similar to the ground-state theories: both thermal CI and CC
scale as O(N®), where N is the number of spin-orbitals in the system. The number

of grid points used to integrate the first-order initial value problem, which governs
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Figure 3.8 : Internal energy error per particle for the Hydrogen molecule, in the
STO-3G basis and at a bond length of 0.74A, as function of inverse temperature.
The results compare thermal HF, covariant CISD and CCSD. The markers on the
right y-axis indicate errors in the corresponding ground-state theories.

the CI/CC amplitudes, adds a modest pre-factor to the scaling. So does the fact
that we work within the basis of thermal quasiparticles. As would be expected of any
well-defined theory, all the thermal methods converge to their respective ground-state

counterparts in the limit g — oo.
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Chapter 4

Thermal wave function theories for the canonical
ensemble

Thermal properties of many-body systems can be computed either in the canonical
ensemble or the grand canonical ensemble. The choice of the ensemble makes no
practical difference in the final result in large systems. It does so, however, for a
finite system. This is because the relative fluctuation in particle number in the grand

canonical ensemble scales as the inverse square root of particle number itself, i.e.

VIV gcan = (V)2 can |

<N>g.can. - <N>g.can. . (41)

Therefore, the fluctuation effects related to the particle number vanishes in the limit
(N)gcan. — 00, where (...)gcan. denotes thermal expectation values in the grand
canonical ensemble.

In Chapter 1, we highlighted the wide variety of methods available to study ther-
mal properties of quantum systems, e.g., thermal Hartree-Fock, perturbation theories,
Green’s function methods, QMC, etc. Most of them work in the grand canonical en-
semble. In Chapter 3, we also explored a grand canonical finite-temperature wave
function formalism (mean-field, CI and CC) for fermionic systems.

In contrast, canonical ensemble techniques are scarce, and even fewer are suit-
able for efficient application to correlated electronic systems. One way to enforce a
fixed number of particles is by introducing a second Lagrange multiplier o for the

fluctuation operator, in much the same spirit as the chemical potential p; acts as a
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Lagrange multiplier to fix the number of particles. That is, one can either define a

generalization of the density operator as
p=exp[~f (H — (N —No) — pao(N* = N)) ], (4.2)
where the parameters p; and py enforce the constraints,

(N), =Ny, and, (N?) _ =NZ (4.3)

g.can. g.can.

or introduce corrections to the grand canonical ensemble averages by subtracting
contributions from undesirable number sectors in the Hilbert space. [94] While this
provides the convenience of using several available grand canonical methods, such si-
multaneous optimization problems can be numerically tedious as the optimized values
of ps are generally very large (ideally infinite). This has also been observed in the con-
text of spin-projection. [95] Alternatively, we can evaluate the ensemble averages in
the appropriate number sector to begin with, e.g. in the minimally entangled typical
thermal states algorithm, [50,96] canonical ensemble perturbation theory, [36] pro-
jection based techniques, [97-100] and canonical ensemble auxiliary field QMC. [101]

The canonical ensemble is better suited for a wide variety of problems, which
involve isolated finite systems with a fixed number of particles. Examples of such
systems include molecules in warm gaseous phase (of interest in geochemistry), [30]
ultra-cold chemical systems, [28,29] quantum wires with number conserving Majo-
rana modes, [102-104] and superconductivity in small grain systems. [105] Besides, the
canonical ensemble provides a potential computational advantage over grand canon-
ical alternatives since it eliminates the need to find the chemical potential to adjust
particle number. Evidently, a robust and convenient framework to study canonical-
ensemble finite-temperature properties of finite many-body fermionic systems is de-

sirable.
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In this chapter, we will make use of the number-projection operator and construct
a canonical ensemble formalism for thermofield-based wave function theories. The re-
sultant canonical ensemble thermal state obeys an imaginary-time evolution equation
similar to the one discussed for the grand canonical ensemble in Chapter 3, which
can be integrated at various levels of approximation. The mean-field approximation
to this thermal state is a number-projected BCS wave function, also known as the
antisymmetrized geminal power (AGP) state. [106] A similar number-projected BCS
theory for the canonical thermal state was also proposed by the authors of Refs. 97-99.
Mean-field description, however, misses out on a lot of important, correlation-driven
physics. Therefore, the aim here is to construct a thermal framework for correlated
wave function theories. We restrict our discussion to electronic systems, but general-

ization to other fermionic and bosonic systems is straightforward.

4.1 Canonical ensemble state

In Chapter 2, we saw that the identity state in the canonical ensemble can be con-
structed by projecting the grand canonical identity state against the desired particle
number Ny (Eq. 2.40b). The canonical ensemble thermal state at any [-value can

similarly be constructed as

’\D(ﬁ»canonical = PNO ‘qj(ﬁ»grand canonical ? (44)

where Py, projects |U(f))g.can. 01to the Fock-space with N, electrons. The particle-

conserving property of H implies that [H, Py,] = 0, and we get

|\P(6)>canonical = e_BH/Q |H>canonical . (45)
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Therefore, the resulting canonical thermal state obeys an imaginary-time evolution

equation analogous to its grand-canonical counterpart,

0 1
% ‘\Ij(ﬁ»canonical = _EH |\Ij(5)>canonical : (46)

For the remainder of this chapter, we will drop the explicit subscripts and assume

|W(B)) to be the canonical ensemble thermal state unless stated otherwise.

4.2 Mean-field theory

Akin to the grand-canonical theory, exact integration of Eq. 4.6 is not feasible except
for very small unrealistic systems. Approximations such as mean-field theory, pertur-
bation, CI, etc., are therefore necessary. In the mean-field approximation, we use an
effective one-body Hamiltonian to perform the evolution in Eq. 4.5 or construct the
thermal state in Eq. 4.6, i.e. H ~ H,. Following our work with the grand-canonical
ensemble, we use Hy = Zp epcjocp, where neither €,’s nor the fermion operators carry

any temperature dependence. The mean-field state then becomes

1Wo(8)) = €2 |T) ynomican (4.7a)
— P, [0(a =0, 8)) , (4.7D)
=Pw]] (1 + e—ﬁ%/?c;&;) = ), (4.7¢)
e TL(1 5 nr) . e
=15 (0) " 1=5) = Wacr (), (470

where 7, = e P/2 and we have identified PII = c;foé;f, as the pair-creation operator.
As already noted, the un-projected product state in Eq. 4.7c is a BCS state and its

number-projected version is well known as AGP, with the geminal creation operator
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FL defined as
rh=> nP. (4.8)
p

Identification of thermal mean-field state as an AGP is interesting and timely since
a lot of developments have recently been reported on efficient evaluation of AGP
density matrices and geminal-based correlated wave function theories. [107-111]

An improved mean-field description can also be obtained by optimizing both €,’s
and the one-electron basis to find an H, that minimizes the Helmholtz free energy, in
much the same way as Mermin’s thermal Hartree Fock theory. 31 This is also explored

in Refs. 97-99.

4.3 Framework for correlated wave function theories

Several approximate wave function methods are available to study ground-state prop-
erties of correlated electronic systems, most of which add correlation on a mean-field
reference. As we have seen for the case of the grand canonical ensemble in Chapter 3,
thermofield dynamics allows for a direct generalization of these methods to finite-
temperature. For correlated theories in the presence of number projection operator,
there are two ways to parameterize the canonical ensemble thermal state: projection

after correlation (PAC), and correlation after projection (CAP).

4.3.1 Projection v/s correlation

In PAC, we first construct an approximate grand-canonical thermal state by adding
correlation on a number non-conserving mean-field reference (thermal BCS in our

case) and then perform the number-projection,

W) ~ Py QB [0(8)) 5 [0(8)) = e D), o - (4.9)
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The correlation operator €2 is built out of BCS quasiparticles, [90,112] and the un-
projected part of the thermal state, 2(5)|0(5)), looks like a standard single-reference
wave function discussed in Chapter 3. This simplifies the process of correlating the
reference. In order to efficiently carry out the projection, we use an integral form for
the projection operator, [113-115] i.e.

1 2

=— [ dpe Mo, 4.10
o ), e (4.10)

P,

Computing matrix elements and overlaps in the presence of P involves the use of
transition density matrices and can be tedious (see e.g., Refs. 116-120). For CAP,
we use the thermal AGP in Eq. 4.7 as the reference and add correlation using a

number-conserving wave operator,

(W) >~ A(B) [Wacr(B)) = AB)Pr, [0(5)) - (4.11)

Contrasting with PAC, the projection problem here is trivial but adding correlation
becomes complicated.

Both of these techniques have been explored extensively in symmetry projected
ground-state methods. [108-111,117,119-123] Here, we present an example for each:
a finite-temperature generalization of the number-projected CI, along the lines dis-
cussed by Tsuchimochi et al. in Ref. 117, and an imaginary-time perturbation theory

with thermal AGP as the reference, as explored in Refs. 108-110.

4.4 Number-projected configuration interaction

For the number-projected thermal CI theory, we approximate the canonical ensem-
ble thermal state by projecting the covariant grand-canonical CI wave function in

Eq. 3.30. While the fixed-reference state may also be used, we have already ruled out
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its usefulness in the previous chapter. Therefore, the number-projected thermal CI

state is written as

[W(8)) = Prnoe” (1+T1)10(8)), (4.12)
where, as usual, |0(3)) is the thermal BCS state at inverse temperature (3, ¢, keeps
track of the norm of the state (related to the grand potential) and T' creates quasi-
particle excitations on the BCS,

41 .
T = thqa;)az + 1 Z tpqma;agalai +.... (4.13)
P

pgrs

The CI amplitudes can be determined in two different ways. We can compute them in
the grand-canonical ensemble, as discussed in Chapter 3 or Ref. 68, and then perform
a one-shot projection. This approach is generally known as projection after varia-
tion (PAV). Alternatively, the amplitudes can be computed in the presence of the
projection operator by solving the imaginary-time evolution equation. The second
approach is known as variation after projection (VAP). VAP allows for more varia-
tional freedom and thus performs better than PAV. We will focus our attention on
VAP hereafter.

Substituting this CI ansatz into Eq. 4.6 and evaluating overlaps of the resulting

equation against the ground and excited BCS states, we get

[ a0 @ ((1 +1) 8+ fl—g) 0(8)

2m
= [ do @ le 0 mo(s)) (4.14)
0
where H is the effective Hamiltonian, defined as
_ 1
A= —§<H(1+T) - (1+T)H0), (4.15)

and v takes values from {1, a,a,, @,asa,a,, ...} to construct ground and excited BCS

states for the bra. Both the amplitudes as well as the quasiparticle operators are
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functions of temperature, therefore the [-derivative can be broken down into the

derivative of the amplitudes and that of the operator parts,

AT _ T, doyT

g ~ dp g

(4.16)

We can rewrite Eq. 4.14 as a system of first-order ODEs that govern the evolution of

the Cl-amplitudes,

t
ZAI//L : % = Bz/, (417)
op
m
where the overlap matrix A is defined as
2m )
A= [ a0 (B NL o(s)), (1150)
1+7, p=1
with L, = , (4.18Db)
po w€{afal, afalalal}

and the driver vector on the right hand side B, is given by

5= 7 46 (v(8) e MR |0()), (4.198)
0
4T

R=H (4.19b)

Here, we have used v, u as a composite notation for the ground and excited quasi-
particle states. Equation 4.17 can be integrated starting from 5 = 0, where T" = 0 is
the exact initial condition. Hereafter, we will work with number-projected CI with
double excitations only (CID). The number-projected quasiparticle CID theory spans
the same section of the Hilbert space as number-projected quasiparticle CISD. In
fact, CISD is an over-parametrizes of the number-projected state since the partial
traces of the double-excitation operator lead to single-excitation and constant terms

(see Appendix B for a mathematical proof).
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4.5 Imaginary-time perturbation theory

For correlation after projection method, a numerical integration to perform the pro-
jection is not required as it uses a strictly number conserving state, the thermal AGP,
as the reference. As an example for this approach, we consider the imaginary-time
perturbation theory (PT), where we partition the Hamiltonian as H = Hy + AV, H
being the same mean-field Hamiltonian used in constructing |0(3)), while V' acts as
a perturbation. The canonical ensemble thermal state can be expanded as a power

series in the perturbation parameter A,

[U(B)) = [Wo) + A [W1) + A2 W) + ..., (4.20a)

= G_BHO/Q <|§Z5()> —+ )\|§b1> -+ )\2|¢3> + .. ) . (420b)

Substituting this form for |¥(/3)) in Eq. 4.6 and collecting terms at various orders in

A gives O |¢g) /OT = 0, or equivalently |¥o) = |¥aqp(B)) for terms at O(A\°), and

B, 1 .
57 19n) = —§€THO/2V6 Hol2 |6, 1) (4.21)

for O(N\"), ¥n > 1. Integrating Eq. 4.21 yields perturbative corrections identical to
those in a time-dependent interaction picture theory. The diagonal structure of Hy
allows us to integrate the equations analytically. Here, we will present results for
second-order perturbation theory (PT2). Detailed Notes on both the projected CI

and the AGP-based perturbation theory are available in the Appendix C.

4.6 Implementation Details

We use ground-state Hartree-Fock eigenvalues to build Hy, which in turn are used to
define the mean-field reference state (thermal BCS for the projected CI, and thermal

AGP for the perturbation theory). All the HF calculations were performed using
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PySCF. [80,81] As we have emphasized in Section 4.2, a mean-field Hamiltonian
Hy(B) that optimizes the Helmholtz free energy at every § may also be used. While
this may lead to a better thermal reference state, it makes the underlying equations
more complicated, and therefore, we work with a fixed Hy, which is analogous to the
interaction picture grand-canonical ensemble theories discussed previously.

Nevertheless, to gauge the relevance of optimization, in Fig. D.1 of Appendix D,
we compare the performance of thermal AGP with optimized and un-optimized 7’s
for various benchmark systems, which we study below. Notice that for larger systems,
the optimization of n’s does not introduce any significant improvement, which justifies
the use of un-optimized Hj.

Both the projected CI (Eq. 4.17) and perturbation theory (Eq. 4.21) equations are
integrated starting from 5 = 0, where mean-field is exact. The computational cost of
implementation is O(N®) times the number of grid points used in the integration for
each of the projected CI and AGP-PT2. While the second-order PT corrections can
be obtained by a straightforward integration of the underlying quantities along the
imaginary-time axis, the projected CI amplitudes satisfy a set of linear ordinary dif-
ferential equations (ODE). The exact solution of these ODE’s requires an inversion of
the overlap matrix A, which is computationally expensive. Moreover, A may also have
zero or near-zero eigenmodes. To avoid problems related to inverting A, at each §-grid
point, we solve for the derivative vector iteratively using MinresQLP, [124,125] a ro-
bust algorithm for singular linear systems, and then use the Dormand-Prince method
to perform the integration. This adds an additional cost to the projected CI theory.
In all the data presented below, we use a step size of A = 0.01 or smaller to integrate
the ODE in projected CI, which is sufficiently small to guarantee convergence for the

Runge-Kutta method (see Appendix D for data on step-size convergence).
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Figure 4.1 : Error-per-electron in the canonical-ensemble internal energy for the Hy-
drogen molecule in STO-3G basis with a bond length of 0.74A. The results compare
thermal AGP, i.e., the projected BCS wave function, AGP-based perturbation theory,
PAV-style projected CISD, and VAP-style projected CID.

4.7 Results

We apply the projected CID and the second-order perturbation theory (PT2) to small
molecular and model systems to quantify the performance of these finite-temperature
canonical ensemble methods against exact benchmark results. Figure 4.1 plots errors
in the canonical-ensemble internal energy (with respect to the exact results) for the
Hydrogen molecule in the minimal STO-3G basis and at a bond length of 0.74A.
The results compare the performance of projected thermal BCS or AGP (which is
indicated in the plot as mean-field), PAV and VAP projected thermal CISD and
CID, respectively, and AGP-based PT2. The markers in the right y-axis indicate the
energy error per particle for the corresponding ground-state methods. We use the

ground-state spin-restricted Hartree-Fock (RHF) to build Hy. Even for the trivial
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Figure 4.2 : Error-per-electron in the canonical-ensemble internal energy for the half-
filled six-site Hubbard models at U/t = 2 and 6. The results compare thermal AGP,
i.e., the projected BCS wave function, AGP-based perturbation theory, and VAP-style
projected CID. The colored markers on the right y-axis indicate the energy error per
particle for the corresponding ground-state methods

case of the Hydrogen molecule in a minimal basis, which comprises two electrons in
four spin-orbitals, we find that the mean-field approach misses a lot of correlation,
a part of which is recovered by CID and PT2. The VAP-CID, like its ground-state
analog and unlike the grand-canonical CISD discussed in Chapter 3, is exact for this
two-electron system and expectedly outperforms the PAV approach. The second-
order perturbation theory, though not exact for the two-electron case, also improves
upon the mean-field results. All the CI and PT results approach their appropriate
ground-state counterparts in the zero-temperature limit, i.e., the number-projected
CID converges to ground-state CISD and the AGP-based perturbation theory to
ground-state perturbation theory as § — oo.

Figure 4.2 plots the absolute error in internal energies for six-site Hubbard models
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with U/t = 2,6 and half-filling. We use RHF and UHF to construct the Hj in
the U/t = 2 and U/t = 6 cases respectively. Having noted that VAP completely
outperforms PAV, here we consider only the former. The story is more or less the
same as for the Hydrogen molecule: mean-field, though decent, misses out a lot of
correlation, which is recovered by number-projected CID and AGP-based PT2. We
notice that the AGP-PT2 performs better than projected-CI for U/t = 2 but does
not introduce any significant improvement over the mean-field for U/t = 6. This
is analogous to the ground-state performance of these theories, as indicated by the
markers in the right y-axis of the error plots.

To highlight the merits of the number-projected CI over mean-field theory, as
well as the distinction between canonical and grand-canonical ensemble properties,
we plot the total internal energy (top panel) and the specific heat (bottom panel)
for the six-site Hubbard model with U/t = 6 at half-filling in Fig. 4.3. We compare
the mean-field theory, grand-canonical CISD, and VAP style number-projected CID
against exact numerical results. Recall that the grand-canonical mean-field state is a
thermal BCS which, upon number-projection, gives the canonical ensemble thermal
state. As for the U/t = 6 case in Fig. 4.2, we use UHF to build Hy. The results show
a striking difference in the behavior of the specific heat in the two ensembles. The two
different peaks in the exact specific heat curves (shown in solid blue and red lines),
which correspond to the spin and charge excitation energy (or temperature) scales,
are more pronounced and distinct in the canonical ensemble. While the mean-field
theory completely fails to account for the spin-excitation peak, the projected CID
performs better qualitatively and quantitatively.

We repeat this exercise for the hole-doped six-site Hubbard model with U/t = 2

and four electrons to further demonstrate the difference between the two ensembles.
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Figure 4.3 : Temperature dependence of total internal energies and specific heats for
the half-filled six-site Hubbard model with U/t = 6. The mean-field, CI and exact
results highlight the difference between the grand-canonical (blue) and the canonical
(red) ensemble properties.
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Figure 4.4 : Temperature dependence of total internal energies and specific heats for
the hole-doped six-site Hubbard model with U/t = 4 and four electrons. The mean-
field, CI and exact results highlight the difference between the grand-canonical (blue)
and the canonical (red) ensemble properties.
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This time, we use the RHF eigenvalues to construct Hy,. The results are plotted
in Fig. 4.4. Notice that, unlike the half-filled case, the hole-doped Hubbard model
shows an appreciable difference between the canonical and grand-canonical ensemble
results. This is because the half-filled Hubbard model has the lowest energy states in
Fock space. Excitation to sectors with different particle numbers are high in energy
and are effectively frozen out in the low-temperature limit so that the grand canonical
ensemble becomes effectively canonical. This is not the case for the doped Hubbard
model. At the same time, we also note that the low-temperature specific heat results
in Fig. 4.4, for both the grand-canonical and the canonical CI, are noisy. We attribute

this noise to two different sources:

1. The evolution of the CI amplitudes is carried out with respect to the inverse

temperature 5, and we compute the specific heat as

_ BOE
Co= 35 (4.22)

Any error in the integration due to the finite step size would be amplified by a
factor of 52. This explains the noise present in both the grand-canonical and

the canonical CI.

2. Recall that for the projected CI, we solve a generalized linear equation (see
Eq. 4.14). As we approach low temperatures (or large ), the number of near-
zero modes in the overlap matrix A becomes large, which leads to inconsistencies

in the solution, further adding to the noise.

4.8 Summary

Using thermofield dynamics in conjunction with number-projection, we have formu-

lated a canonical ensemble framework for finite-temperature wave function theories.
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While we have focussed on correlated many-body fermionic systems, the work is
readily generalizable to bosons. We use this framework to construct canonical en-
semble mean-field, number-projected CI and perturbation theories. As benchmark
applications, we apply these theories to study thermal properties of the Hydrogen
molecule (at r_g = 0.74A) in a minimal basis and six-site Hubbard models at var-
ious correlation strength and filling fractions. In the low-temperature regime, where
the canonical ensemble is most applicable, these methods perform as well as their
ground-state counterparts for the benchmark problems studied. At zero tempera-
ture, one is generally required to go to much higher orders in CI or PT to obtain
highly accurate results, and better alternatives, such as the coupled cluster theory
and multi-reference methods, are generally preferred. While a number-projected for-
mulation of the coupled cluster theory for the ground-state has been worked out
in Ref. 120, the underlying equations are complicated for a direct generalization to
finite temperatures. This work is a first step towards achieving finite-temperature
analogs of such sophisticated techniques. It also establishes a foundation to build

number-conserving finite-temperature Monte Carlo methods. [101]
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Chapter 5
Framework for SU(2) systems

The su(2) algebra forms the basis for understanding a wide range of phenomena in
the condensed matter and chemical systems. For instance, spin systems, such as the
transverse field Ising [126] model and variants of the Heisenberg model, provide one
of the most effective ways to study magnetic properties in materials. Hamiltonians
for some fermionic systems can also be represented using the su(2)-generators, e.g.
the Lipkin-Meshkov-Glick [127-129] and the reduced-BCS models. [74-76] However,
even for spin systems, efficient solutions of the many-body Schrodinger equation is
prohibited by the exponential computational barrier. The status of approximate
ground-state and finite-temperature theories is also similar to that of fermions. Trun-
cated CC theory in the broken-symmetry basis (e.g., in the on-site basis for spin
Hamiltonian, and where symmetries may not be preserved) is reasonably accurate for
SU(2) systems. Furthermore, owing to the fact that its performance is not affected by
the dimensionality of the lattice, CC has a potential advantage over alternatives such
as DMRG. This has led to an extensive application of CC theory in the exploration
of ground-state phases in SU(2) systems. [90, 109, 122, 130-136]

Motivated by the success of CC theory for ground-state phases in spin systems,
we would like to have a thermal CC framework, similar to the one explored for
fermions in Chapter 3, to study finite-temperature phases. However, most thermal
wave function theories, including thermal CC discussed in the preceding chapters, are

tailored to work with bosons or fermions. The difference in the structure of su(2) and
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fermion /boson algebras requires further work to extend the existing thermal methods
to spin systems. In this chapter, we will explore a thermofield-based wave function

formalism for SU(2) systems and use it to construct a thermal CC theory.

5.1 Thermofield dynamics for su(2) algebra

The discussion on thermofield dynamics in Section 2.3 is very general and independent

of algebra that defines the system. The thermal state (Eq. 2.36) is given by
¥(8) =2 D), (5.1)

where |I) is the identity state. In Chapters 3 and 4 we presented the details about
the identity state for fermions in the grand-canonical and canonical ensembles respec-

tively, i.e.,
UDgrand canonical H (1 +¢¢ ~T) —; _>7 (52&)

D anonicat = N(Zcﬂ\—— (5.2b)

where CL (5;) creates a particle in the p'® spin-orbital in the physical (auxiliary) space,
and the product / sum runs over all spin-orbital indices, while the state |—; —) denotes
the vacuum for both the physical and conjugate spaces. For SU(2) spins, we adopt a

similar definition for the identity state that was proposed in Refs. 137139,

Do = [T (1457 19, (5.30)
[y =l (5.3b)

where J.f (J ) is the conventional spin-1/2 ladder operator for the p** physical (aux-

iliary) spin and the state |{) describes all the physical and auxiliary spins, which
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are written respectively to the left and right of the semicolon in Eq. 5.3b, pointing
downwards. By definition, the thermal state obeys the same imaginary-time evolution

equation as Eq. 2.45,
0 1
a3 [U(8)) = =5 H|¥(B)), (5.4)

which can be integrated from 5 = 0, where |I) is the exact thermal state, to the
desired value of . Evolution equation for chemical potential is not required as the
total number of spins is conserved in this framework. In the following sections, we
will discuss mean-field and coupled cluster theories to integrate this imaginary-time

evolution equation.

5.2 Mean-field theory

The simplest sensible approximation to construct the thermal state is the mean-field
approach, where an effective one-body Hamiltonian of the form Hy = Zp €pJy 1s used
to evolve the thermal state and results in

0(8)) = e 00 |1y = TT (/4 =50 ) 1) (5.5)

p

which can be normalized and written as a spin-BCS state,

008)) = TT (o + v ) 10, (5.6)

p
where u, = 1/v1+e P and v, = /1 —u3. The BCS parameters, u, and v, can
also be found by minimizing the mean-field free energy of the system. However,
following the convention used in the previous chapters, we will not perform reference

optimization for the results presented here.
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5.3 Framework for correlated theories

To construct correlated thermal wave function theories, we follow an approach similar
to Sections 3.2 and 4.3. Starting with the mean-field thermal state as a reference,
we use a wave operator Q(() to incorporate correlation effects in constructing an

approximate thermal state, i.e.,

(W () = Q(B) 10(8)) - (5.7)

In most ground-state correlated wave function theories, it is convenient to express
the wave operator () as excitations on the mean-field reference. For spin systems,
this is achieved by transforming the problem to a new su(2) basis in which the mean-
field is a vector product of quasi-spins pointing down at each site. Then, € can
simply be built out of the new (transformed) J* ladder-operators. Similarly, for
thermal wave function theories, we introduce a canonical transformation that rotates
the physical and auxiliary spin operator basis in such a way that in the new basis,
the thermal mean-field state |0(/)) has the same form as |{}) in Eq. 5.3b, i.e., with all
the physical and auxiliary quasi-spins pointing downwards. At each lattice site, the

fifteen generators,

JEJV IR TV Y pv e {£ 2}

collectively span an su(4) algebra. The thermal canonical transformation that we

seek is a basis rotation in this su(4) algebra. It was first proposed by Suzuki et
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al., [137] and is defined as

Sy(B) = upJy + QUpJ;j;F, (5.8a)
SE(B) = upJf + 20, J2JF, (5.8b)
SH(B) =ulJ: — vﬁj; — UpUp (J;“j; + Jp_jp_> , (5.8¢)
S2(8) = uJ: — v2JZ — upv, (J;j;r + Jp’j;> : (5.8d)

where the coefficients u, and v, are same as the ones discussed above. The new S~

and S~ operators annihilate the mean-field reference, i.e.

S, (8)10(8)) = 0= 5, (8) |0(8)) - (5.9)

The inverse transformation of Eq. 5.8 can be obtained by swapping J with S, and
taking v, — —wv,. For the sake of brevity, in the remainder of this manuscript, we
will use the label S for thermal and J for zero-temperature su(2) operators, and drop
the explicit S-dependence.

The basis rotation in Eq. 5.8 can also be envisioned as a non-linear canonical
transformation of the physical and auxiliary su(2) algebras. In our implementation,
however, we prefer to work with the su(4) representation. We use the symbolic
algebraic manipulator drudge [89] to encode the su(4) commutation relations and
perform the necessary operator algebra to obtain the expressions for the equations

discussed below.

5.4 Coupled cluster theory

The development of thermal CC theory in su(2) systems follows directly from the

discussion from Section 3.4. We parameterize the thermal state as

W(B)) =e" P 0(B)), (5.10)
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where T'(f3) creates excitations on the thermal mean-field reference |0(3)). For all
practical applications, the cluster operator T is truncated to a finite order in excita-
tion rank, usually at the level of single and double excitations (CCSD). Due to the
non-linear nature of the thermal transformation in Eq. 5.8, the Hamiltonian becomes
quartic in su(2) generators, although it remains quadratic in the su(4)-generators.
Therefore, we choose a cluster operator that is quadratic in terms of the su(4) genera-
tors to capture the exact finite-temperature behavior in the simplest two-site systems.
Although symmetries of the system under consideration can be used to simplify its
structure, the most general form of the cluster operator T'(3), with single and double

excitations, is defined as

T(ﬂ) :t0+T1 +T2, (511&)
Ti=> 6,57 +> 5,57 +> Y, (5.11b)
p p p
1 S
T,=5% (tpqs;5; + 1,055 + a,,qY;ﬂgH)
pq
+) my,STSy (5.11c)
prq

where we define Y = SI' ® 5'1’; . The scalar parameter t; keeps track of the norm
of the thermal CC state (i.e. the partition function). For brevity, we will write
T=> o T where ¢, and 7, are compact notations for amplitudes and operators
respectively. Substituting the CC ansatz (Eq. 5.10) into the imaginary-time evolution
equation, we get

1

7T2€T _ Lt
(e 356" ) 10030 =~ (2 = o) ), (5.12)

where the similarity transformed Hamiltonian, H = e~7 He”, can be expanded using

[\]

the Baker-Campbell-Hausdorff (BCH) expansion. While the BCH expansion trun-

cates at the fourth-order for a general fermionic Hamiltonian, due to the non-trivial
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nature of the transformation in Eq. 5.8, it truncates at the eighth order for SU(2)
Hamiltonians.
Once again, since the cluster operator 7' is constructed from the ladder operators

in a [-dependent basis, we have

0T,
[%,T] £0, (5.13)

for 7, € {Si,gi,Sz,gz, ...}. Therefore, the similarity transformation of the -
derivative in the left hand side of Eq. 5.12 should be performed using the Wilcox

identity and gives
0 ot
-7 T p
e —e = g —T1,+ D, 5.14
a 6 - a 6 H ( )
where D represents the contributions from the derivative of the operator part of T,

and is given by

D — Ztlﬂ_—lﬂ (5.15&)
M

ST Ll B el

T“_85+2!{0ﬁ’T}+3!H%’T}’T}+'” (5:150)

After these manipulations, we arrive at the imaginary-time evolution equation for the

amplitudes,
S S lo(8)) = [~ 5 (7~ Ho) D] jo(s)) (516)

which can be projected against various subspaces to yield the evolution equations for

the CC parameters {t,},

> trin) G = 1] - 5 (7 — o) - D)), (.17

I

where the expectation value is calculated over the normalized mean-field thermal

state. In practice, the excitation operators are orthogonal, so that (/7,) = d,, (1}7,).
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The system of first-order differential equations in Eq. 5.17 can be integrated starting
from 5 = 0, where the exact initial value for the cluster amplitudes is known (¢,(5 =
0) = 0), to the desired inverse temperature. For all the results discussed here, we use
the Dormand-Prince integrator, [92,93] a fourth-order Runge-Kutta algorithm with
adaptive grid size (available in SciPy [140]), with a tolerance value of 107 to perform

the integration.

5.4.1 Configuration interaction for thermal bra

We have already seen in Chapter 3 that properties in thermal CC are calculated as

asymmetric expectation values,
(0) = (0(B)|(1 + Z)e~" O™ |0(B)) , (5.18)

where we have a CC approximation for the ket, while the bra, approximated using

configuration interaction (CI), is defined as
(Wer| = (0(B)] (1 + Z)ee™. (5.19)

The scalar 2y tracks the norm of the thermal bra and the Cl-operator Z is defined as

7 = Zl + 227 (5203)
Zr=> %S+ 55, +Y %Y, (5.20b)
p p p
1 o mAl o e
=5 > (quSp Sq 25y S+ ey Y, ) + D loaSy Sy (5.20¢)
Pq Pq

To make the evolution equations more convenient, we can re-parameterize (V| as

(Werl = (0(8)] (1 + W)e™, (5.21)
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where T has the same structure as Z, and is related to Z via a disentangled similarity

transformation,
(0B) (1 + Z)e®e™ = (0(B)] (1 + W)e"o™. (5.22)

The coefficients in W (and therefore Z) can be obtained using an imaginary-time

evolution equation for the bra, in the same way as for CC theory discussed above.

5.4.2 Properties

When studying quantum magnetism, we are generally more interested in physical
properties other than internal energy. In Chapter 3 and in Eq. 5.18, we have seen
that properties in CC can be evaluated as an asymmetric expectation value. It is
interesting to explore another approach to compute observables in CC. Once again,
this is inspired by ground-state CC and uses Lagrange multipliers.

First, we redefine the Hamiltonian as H — H + \O, where O is the observable
of interest. Using this new Hamiltonian, we perform the imaginary-time evolution
for the thermal state. The expectation value of O can then be computed as the

A-derivative of the free energy,
(O) = lim —. (5.23)

For thermal CC, the partition function and the free energy F' are defined as

zZ 1
—_ = <\I/C]|\Ifcc> s and F=—— 10g Z. (524)
Zy 8

We call the first approach (Eq. 5.18) as CC expectation value and the latter (Eq. 5.23)
as A-derivative approach.

While constructing the thermal state in the A-derivative approach, we should use
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a mean-field reference that also depends on A, i.e., define the partition function as

zéo = " (08, )| (1 4+ W)e"|0(8, A) (5.25)

Comparing with ab-initio CC theory, a A-dependent reference is similar, though not
identical, to orbital-optimized linear response CC theory. [78] Properties calculated
using CC expectation values and A-derivative approach (with an optimized mean-
field) are generally different. Only as the CC approximation becomes accurate, prop-
erties from CC expectation and A-derivative formalism will become equivalent. We

present results for both these techniques in the following section.

5.5 Results

We study the Lipkin-Meshkov-Glick (or simply, the Lipkin) model and the trans-
verse field Ising model (TFIM) to assess the performance of our thermal CC theory.
As indicated in Eq. 5.10, we consider a cluster operator that is quadratic in su(4)-
generators. For the Lipkin model, we present results for error in internal energy while

we consider both the energetics and properties for TFIM.

5.5.1 Lipkin-Meshkov-Glick model

The Lipkin-Meshkov-Glick [127-129] model describes a closed shell nucleus with
schematic monopole interactions. The system consists of N spins on a lattice in
the presence of an external magnetic field in the z-direction. Any two spin-up (down)
states can flip to spin-down (up) states and lower the energy of the system. The

Hamiltonian can be expressed as

1—2z

H:ZEJZ - (J+J++J_J_), (526)
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Figure 5.1 : Total internal energy per site and associated absolute errors as a function
of the inverse temperature for 32-site Lipkin models in the weakly interacting regime.
A mean-field Hamiltonian H, that preserves the symmetry of the ground state is
used to construct the thermal mean-field. The plots compare mean-field theory and
thermal CCSD against exact results. The colored circle and diamond markers on the
right y-axis indicate the corresponding energy error per site for ground-state RHF
and RCCSD, respectively.
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where J, = Z;V:l Jup for p € {£, 2z} are the global SU(2) operators. The parameter
x tunes the interaction strength. The system is non-interacting for x = 1 while
correlation strength grows as z is reduced, and becomes extremely correlated at © = 0.
Here, we only consider the parameter regime 0 < z < 1.

The Lipkin model is exactly solvable within the Richardson-Gaudin ansatz. [141,
142] Exact diagonalization (or full configuration interaction) is also straightforward
as the size of the Hilbert space grows linearly with the number of spins. Despite its
seemingly simple structure, the Lipkin model exhibits non-trivial physics, particularly
near the transition from weak to strong correlation regimes. For this reason, the
Lipkin model serves as an ideal test-bed for new computational methods and theories
in many-body physics and chemistry, c.f. Refs. 122,134.

The transition from weak to strong correlations in the exact theory generally
implies an associated spontaneous symmetry breaking at the mean-field level. For
example, as we increase U/t in the Hubbard model, a symmetry-broken unrestricted
Hartree-Fock (UHF) solution appears, which has lower energy than the symmetry-
adapted restricted HF. In our thermal CC implementation, we choose a symmetry-
broken mean-field Hamiltonian H, whenever possible. In the Lipkin model, the rel-

™)z which breaks for x < z, =

evant symmetry is the parity symmetry, P = e
(2N — 2)/(3N — 3). Appendix E contains more details on symmetry breaking and
mean-field theory for the Lipkin model.

Figure 5.1 shows the total internal energy per site and associated absolute errors,
computed at the level of mean-field and CCSD approximations (Eq. 5.18), as a func-
tion of the inverse temperature and for various values of the interaction parameter x

in a weakly interacting 32-site Lipkin model. The top panel shows the total internal

energy per site, while the bottom panel shows the corresponding absolute error per
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Figure 5.2 : Absolute values of internal energy error per site as a function of the
inverse temperature for 32-site Lipkin models in the strongly interacting regime. A
mean-field Hamiltonian H, that breaks the parity symmetry of the ground state is
used to construct the thermal mean-field. The plots compare mean-field theory and
thermal CCSD against exact results. The colored circles and diamonds on the right
y-axis indicate the corresponding energy error per site for ground-state UHF and

UCCSD, respectively.
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site. The internal energies were computed using the CC-expectation value approach
(Eq. 5.18). The mean-field reference for the approximate theories in Fig. 5.1 is con-
structed using a symmetry preserving Hamiltonian, i.e., Hy = zJ,. Figure 5.2 shows
a similar energy error plot for strongly interacting 32-site Lipkin model, where the

mean-field reference is constructed using a symmetry-breaking Hamiltonian, i.e.,

N) (1—r%J, — k(Jy + J-)

Hy = hz_ z 5
0 ( "3 1+ r2

(5.27)

where k parameterizes symmetry breaking in Lipkin, while A, and v, are k-dependent
parameters that are defined in Appendix E.

The general observation in both the figures is that thermal CC improves signifi-
cantly over mean-field, particularly for low temperatures. Most of the loss in accuracy
occurs at intermediate temperatures and near x = x., where a single-reference descrip-
tion of the system is inadequate. Both the symmetry-adapted as well as symmetry-
broken thermal mean-field and CCSD results approach the respective ground-state
theories in the limit of zero temperature. The ground-state mean-field (CCSD) en-
ergy errors are indicated by the colored O and X markers on the y-axis in the figure.
We note that for x = 0.5, while it may appear otherwise, thermal CC does converge
the correct ground-state limit as we evolve the system to a very large value of inverse
temperature, S ~ 1000. We would like to remind the reader that at finite temper-
atures, the free energy obeys the variational theorem while the internal energy does
not, i.e., an estimate of the free energy is an upper bound to the exact free energy.
However, much like the ground-state CC, due to the asymmetric nature of expecta-
tion values, we do not expect thermal CC to satisfy this variational theorem. The
spikes in the energy error curves of Figs. 5.1 and 5.2 correspond to the crossing of the
mean-field/CC and exact internal energy curves and arise due to the non-variational

character of the property.
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Implementation details

The global SU(2) symmetry in the Lipkin model significantly reduces the structure

of the cluster operator. We can drop the summation over the dummy indices and use

T(ﬂ) = t() + t15’+ + £1§+ + Oz1Y++ + mS+§+

+ 15578t 41,87 ST oYY (5.28)
Here, the su(4)-operators represent the global operators, i.e. for any generator X,
X=X, (5.29)
p

The operators Y+ and S*S* have overlapping contributions to the thermal state

since,

Y* =Y "S55 and STST=>"SrSr. (5.30)
p pq

To avoid making the imaginary-time evolution complicated, we choose either Y+

or StS* (but not both) in our cluster operator. We find that these choices lead to

very similar result. Therefore, for all the work presented here, we use Yt in the

cluster operator. The number of parameters in the cluster operator is independent

of the system size and depends only on the order of approximation. Hence, the

computational scaling of thermal CC in Lipkin depends only on the number of grid

points over which we perform the integration.

5.5.2 Transverse field Ising model

The 1D TFIM is considered as the canonical model to study quantum criticality
and phase transitions. The reason behind its popularity is that the model exhibits
a quantum phase transition between ordered and disordered phases while also being

tractable both analytically and numerically. Consequently, it serves as an ideal model
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to benchmark new computational theories like our thermal CC. The Hamiltonian is
given by

H= —Zafofﬂ +gZaf, (5.31)
where ¢ (chosen to be positive) quantifies the strength of the transverse magnetic
field, and %, 0% are the Pauli matrices. In our work, we only consider 1D chains
with periodic boundary conditions. In the absence of the transverse field, we have a
ferromagnetic Ising model that breaks the Z, symmetry in the thermodynamic limit
(TDL). On the other hand, for large g, the model has a disordered paramagnetic
ground-state. The one-dimensional chains exhibit a quantum phase transition from
a ferromagnetically ordered phase to a disordered phase at ¢ = 1. It is well known
that the mean-field theory overestimates the magnetic order and predicts a transition
at ¢ = 2 instead. For our thermal CC theory, once again, we artificially break
the Z, symmetry to obtain an energetically lower mean-field solution when possible.
Appendix F contains further details about the mean-field theory and the choice of
H, for thermal mean-field.

Figure 5.3 plots absolute error in internal energy per site for thermal mean-field
and CCSD as a function of inverse temperature for a 10-site TFIM at various values
of the transverse field. Here, we have used Eq. 5.18 to compute the thermal CCSD
internal energy. Similar to Lipkin, thermal CC significantly improves over mean-
field. We should note that for ¢ = 0 and g >> 1, both the mean-field theory and
thermal CCSD are exact for the ground-state. However, even when ground-state CC
or mean-field theory are exact, the finite-temperature theories may not be so. As
we can observe from the g = 0 results in Fig. 5.3, both thermal mean-field and CC
give non-zero errors for the internal energy, which decrease exponentially as we evolve

towards zero temperature.
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Figure 5.3 : Absolute error in internal energy per site for 10-site transverse field Ising
models at various values of the transverse field g. The colored 'o’ and x’ markers
on the y-axis indicate the corresponding errors for the ground-state mean-field and
CCSD energies, respectively.
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Figure 5.4 : Magnetization curves for 10-site transverse field Ising models for trans-
verse fields ¢ = 0.5, 1.5, indicated by red and blue colors respectively, and magne-
tizing fields f = 0.15 (top panel) and f = 0.5 (bottom panel). The plots compare
magnetization calculated using CC expectation value (Eq. 5.18) and A-derivative CC
(Eq. 5.23) against exact magnetization, which was calculated as the f-derivative of
the exact free energy. Different colors indicate results for different g-values, while the
line-styles distinguish between various approximations.
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For TFIM, we also compute properties, namely magnetization density and spin-
spin correlation functions. We first consider the magnetization density, which we
calculate using both the CC expectation value and A-derivative of free energy (as
already noted in Sec. 5.4.1). To make a sensible comparison, we first introduce an

external field f in the z-direction, i.e., redefine the Hamiltonian as

H=-IY oioj,+gY ol +f> o (5.32)

We have also introduced the Ising coupling constant I for book keeping. The mag-

netization density can then be calculated as,

1 0F
M, = lim — 2 .
T AN NOf (5:33)

While this definition holds well in the TDL, there are some caveats when working with
finite N. Consider the ferromagnetic regime near g = 0 and f > 0 so that the ground
state consists of all spins pointing downwards. Starting from this ground state, we
can have two different excitations: single spin-flip, for which the excitation energy is
~ 2[, and all spin-flips i.e., the ferromagnetic state with all spins pointing up. For
the latter, the excitation energy is ~ 2fN. For the ferromagnetic phase, low-energy
excitations should be single spin-flips. Therefore, the limit for f in Eq. 5.33 should
be carefully defined, and we should have 2fN > 2I, or f > I/N. Therefore, using

I = 1, magnetization at g = 0 should be redefined as

1 OF

M,= lim ——. 5.34
f=(1/Ny*+ N Of ( )

As we go away from ¢g = 0, the correct limiting value of the external field for the
ferromagnetic phase will change. To avoid such discrepancies while comparing our

benchmark calculations and exact results, we only consider magnetizing fields that are

sufficiently large. Figure 5.4 shows the temperature dependence of magnetization as
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Figure 5.5 : Spin-spin correlation plots for 10-site transverse field Ising models for
g = 0.5 (top row) and g = 1.5 (bottom row) and f = 0. We compare the mean-
field and CC expectation value (Eq. 5.18) estimates against exact results, which were
calculated as ensemble averages, at various values of 5. Results for the corresponding
ground-state theories are also plotted in grey in the third column (8 = 10), and
demonstrate convergence of thermal theories as f — oo. For the 10-site model, with
periodic boundary conditions, the correlation function (ojo?) is symmetric about
1 = 5. Therefore we plot data only for i =1 to 5.

we compare the results for CC expectation value (Eq. 5.18) and A-derivative (Eq. 5.23)
approaches against the exact results which were obtained by taking the A-derivative
of the exact free energy. Both the CC expectation value and A-derivative perform
reasonably well in the weakly correlated regime (¢ = 0.5) for all the values of the
external field. Near the phase transition region (¢ = 1.5), the overall quality of the
CC wave function drops. However, the A-derivative results are marginally better than
CC expectation values.

In Fig. 5.5, we also compare mean-field and CC expectation value results for the

spin-spin correlation function (ofo?) against exact ensemble averages for this 10-site
model. This time, we use f = 0 and only consider the CC expectation values. Once

again, mean-field performs poorly and gives a flat, featureless correlation function.
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On the other hand, thermal CCSD adds significant corrections, quantitative and
qualitative, for both ¢ = 0.5 and g = 1.5, particularly at low and high temperatures.
Near the thermal phase transition region, i.e. at § = 2. where thermal CCSD is the
least accurate and the correlation function, despite exhibiting the right qualitative
structure, is not quantitatively accurate (see the second column of Fig. 5.5). For
large 3, i.e., as we approach zero temperature, the correlation curves converge to the
corresponding ground-state properties, as we can deduce from the grey ground-state
curves in the third panels of each row in Fig. 5.5. We also observe one of the side-
effects of the asymmetric expectation values in CC theory. For g = 0.5, going from
£ =2to f = 10, we find that the strength of thermal CCSD correlation function
decreases while the exact correlation increases. While the decrease in correlation is
negligible in this case (~ 1073), the erratic behavior may become severe when CC is
not a good approximation to the thermal state. Higher-order approximations to the
bra state can be used to address these issues. Finally, we note that g = 1.5 results

do not exhibit similar problems.

Implementation details

We can exploit the symmetries of the system to simplify the structure of the cluster
operator for TFIM, just as we did for the Lipkin model. For the periodic chains
under consideration, all the sites are equivalent. Therefore, we can express the cluster

operator as

TB) =to+s> S +35> 5 +agy v,
p p p

1 - .
+5 Z (dpqS;S; + dp S S+ mqu;rJrYer) + Z TpgSy Sy, (5.35)
pq

pq
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where we enforce that the tensors d, ci, m and z are symmetric and have zero diag-
onals. With these simplifications, we can perform the imaginary-time evolution with
a computational scaling of O(N*Ny,.4). This scaling can be further brought down by

realizing that the tensors dyg, dpg, My, and x,, depend only on |p — ¢|.

5.6 Summary

Merging the su(2) framework for thermofield dynamics with our fermionic thermal
wave function theory, we have derived a similar framework for spin-1/2 systems. We
use this framework to devise a CC theory and find that CC truncated to singles and
doubles perform reasonably well for the Lipkin model and TFIM, the benchmark mod-
els considered here. At the same time, thermal CC experiences the same problems as
its ground-state counterpart: it is insufficient for strongly correlated systems, and the
expectation values are asymmetric. Similarly, at intermediate temperatures, single-
reference nature of the CC ansatz fails to capture the underlying multi-configurational
physics in strongly correlated systems. However, a key advantage of coupled cluster
is that it is systematically improvable. Including higher-order excitations (triples,
quadruples, etc.) in both the cluster operator and the configuration interaction ap-
proximation to the bra state can help alleviate some of the associated issues. In fact,
for spin-lattices, where CCSD scales as O(N?3) or O(N*), higher-order excitations can

be added without making the theory computationally intractable.
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Chapter 6

Conclusions and future work

The thermofield theory purifies the ensemble density matrix by introducing ancillary
degrees of freedom, i.e., the auxiliary or the tilde-conjugate space. The resultant
thermal state obeys imaginary time (and chemical potential, if applicable) evolution
equations. In this thesis, we exploit these features of thermofield dynamics to build
thermal generalizations of proven ground-state wave function theories, viz., mean-
field, configuration interaction, and coupled cluster for fermions (in both the canonical
and the grand canonical ensemble) as well as for SU(2) systems. The ability to build
both canonical and grand canonical methods as well as a framework for SU(2) systems
also signifies the robustness of thermofield theory for finite-temperature wave function
methods.

The increased size of the Hilbert space does not lead to an increase in the computa-
tional cost of thermal wave function theories because the Hamiltonian and operators
corresponding to any other property of interest live in the physical Hilbert space.
Therefore, the auxiliary states merely perform the role of a tracer.

We have used the so-developed thermal wave function methods to study differ-
ent electronic systems (one-dimensional Hubbard model, reduced-BCS model, and
molecules) and spin systems (Lipkin-Meshkov-Glick and transverse field Ising mod-
els). Among the theories considered, thermal CC stands out the most. In general,
it improves significantly over mean-field and CI. Moreover, the exponential ansatz

assures that the computed properties are size-extensive and size-consistent provided
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the underlying reference state has these features. In short, the finite-temperature the-
ories inherit all the merits from their corresponding ground-state counterpart. The
former also converges to the latter in the limit 5 — oo.

At the same time, the thermal counterparts also retain the problems associated
with the ground-state theories. For instance, it is known that symmetry-adapted CC
theory breaks down in the presence of strong correlation. Thermal CC also shows
significant errors for strongly correlated systems at intermediate values of 5 and
eventually diverges as we evolve to lower temperatures. Similarly, although thermal
CC, with an underlying mean-field Hamiltonian that breaks the symmetry, is well
behaved energetically, it predicts incorrect expectation values of other observables,
noticeably in the low-temperature limit.

Furthermore, even in the absence of strong correlations and spontaneous symmetry
breaking, thermal CC loses accuracy at intermediate temperatures. It is primarily
because the mean-field theory is a poor starting point near thermally driven phase
transitions. Moreover, at § = 0, thermal mean-field is exact, and at § = oo, the
mean-field reference is an optimized Hartree-Fock Slater determinant. However, at
intermediate values of 3, we do not perform any reference optimization.

Addressing the shortcomings of traditional, ground-state CC theory is an active
area of research. Several ideas have emerged as potential candidates to tackle the
strong correlation problem, e.g., multi-reference CI/CC, non-orthogonal CI, AGP-
based methods, etc. The thermal generalization of these new theories is a clear
step beyond the work presented in this thesis. Nevertheless, with our thermal wave
function framework, the development of both the ground-state and finite-temperature

methods can go hand-in-hand.
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6.1 Directions for future work

This doctoral thesis is merely a foot in the door of an entire zoo of thermal wave
function theories. At the same time, there are lessons to be learned from the covariant
(or interaction picture) imaginary-time evolution and applied to real-time evolution
in ground-state theories. Here, we will highlight some of the ongoing and near-future

projects that directly emerge from our thermal framework:

1. Non-orthogonal thermal CI: While many novel ground-state methods wait-
ing to be generalized to finite temperatures, unconventional mean-field ap-
proaches such as symmetry-projected UHF (PHF) are perhaps the lowest hang-
ing fruit. PHF states can often be represented as a linear combination of non-
orthogonal Slater determinants (NOCI) and are known to perform well even in
the presence of strong correlation (where traditional CC suffers). A NOCI-like
thermal wave function ansatz that converges to PHF in the zero-temperature

limit is highly desirable.

2. Imaginary-time variational principle: In thermal CC, properties are eval-
uated as asymmetric expectation values, with the ket parameterized as a CC
wave function and the bra as a CI. For the results presented here, we compute
both the bra and the ket by integrating the imaginary-time evolution equation
within these ansatzes. An alternate way to derive the evolution equations for
the CC and CI amplitudes is to make the free energy functional stationary. The

free energy can be defined as
1 [P
Q=—= drE(T), (6.1)
B Jo

where E(7) = (Vo (7)|H|WR(T)) /(¥(T)|VR(T)) is the internal energy at in-

verse temperature 7. It is directly related to the time-dependent variational
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principle [78] since the free energy functional can be re-written as

\IJL|\DR> ’
(Wl (3= +4) [Pr)
5/ ‘I’L|‘I’R> 7 (6.3)
B (G| WR) + 5 (WL |H|[VR)
- [ &4

In this new approach, the CC equations remain unaltered, while the CI equa-
tions do not. We expect the variational approach will improve thermal CC,

particularly at intermediate temperatures where the errors are relatively high.

. Reference optimization: One of the reasons behind the relatively high errors
associated with thermal CC at intermediate temperatures is that the thermal
mean-field reference is not optimized. In our current framework, reference op-
timization increases the complexity of the imaginary-time evolution equation
as well as the §-derivative of the operators. However, if these hurdles can be
overcome, an orbital-optimized thermal CC theory would be significantly more

valuable.

. Applications to quantum dynamics: Conventional time-dependent CC the-
ory at zero temperature uses an ansatz similar to our fixed-reference formula-
tion, i.e.,

[U(1)) = " ]D) (6.5)

where the mean-field |®) does not carry any explicit time dependence. In Chap-
ter 3, we saw that such an approach gradually diverges away from the exact
result as the wave function evolves in time. This divergence is also present in
the time-dependent CC. We expect a covariant or interaction picture CC ansatz

to perform significantly better, just like the finite-temperature theory.
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In addition to the classical computational theories, thermofield-inspired quantum
algorithms have attracted considerable research interest and present another avenue

to explore beyond this work.
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Evolution equations for grand canonical thermal
configuration interaction and coupled cluster

When the cluster operator S is truncated to singles and double excitation operators

only, i.e.,

41 .
S =50+ Z quaj,ag + 1 Z qursa;agala;[
rq

pgrs

the evolution equations (c.f. Eq. 3.38a) for the CC amplitudes take the following form

for the a-evolution,

0 1
5 = 3R =S
0 1
ol = yRE = s
a TS 1 TS
s = GRS,

where Ry denotes the various CC residuals for the a-evolution,
R = (To| (e7"Ne® — N) |¥y),
= Z LaYaSaa

RY = (Wolaga, (eisNes — N) W),
- ($127 - y(?)qu + Z LaYa (Sapaq - SpaSaq)
RN = (Volarasaqap (e*SNeS — N) W),

1
- ($127 + xz B y? - yg)qum + §P(pq)77(7’8) Z TalYa (Sasquar

a

(A.4b)

- Spasaqrs>

(A.dc)
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and the operator-derivative terms are given by

1
Sg = —5 g xayasaa <A5a)
1
Se! = 2 Z TaYa (SpaSag + Spaaq) (A.5Db)
1
Salt = ZP(PC])PO"S) E TaYa (SarSpgas — SpaSagrs) » (A.5c)

where x and y are the thermal Bogoliubov parameters and the dummy indices a, b, . ..
are summed over all the spin-orbitals. Equations for the S-evolution can be obtained

in a similar way;,

880 o 1 0 0

Dspq R P pq

8 Q'RH Shl, (A.7)
Ospgrs _ 1 pgrs pars

05 QRH S/B , (A.8)

where Ry denotes the various CC residuals for the p-evolution. Using the thermal
Bogoliubov transformation described in Eq. 3.7, a general two-body Hamiltonian,

1
H = Z hpq P 4_1 Z upqrsc;:c:;cscra

pqrs

can be expressed in terms of thermal creation/annihilation operators, and takes the

form
H= ho—l—Z[ 11)(@ + h.c ) habaa —|—h(baab}

+ Z [hgﬁl) ( abada + h.c. ) + habcd a};adac + habcd <alazdlad + h.c.)
abed

+hatizl ( alalaq + h.c.) + h(bCZza a,aqa. + h(chza abadac} (A.9)

where we use hg, h'D, etc. to denote the effective matrix elements of the general

quasiparticle Hamiltonian (h(*V) is associated with operators that contain a non-tilde
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and a tilde quasiparticle each, h(??) with two non-tilde quasiparticle operators, and

so on), which are given by

1
= Z Yahao + 5 zb: Yol Uabab (A.10)

hg,l) = -raybfab) hl(jj()) = xaxbfaba h((l(l)f) = _yaybfabv with fab = 5abhab+z yguacbc

(A.11)
B2) _ 1 (222) ey 1
abed — Zl’a%ycyduabcd, habcd = TaZcYvYdUadbes habcd §xaxbycxduabcd7
1 1
hod — — 5 TalslcYatladse, hi0) — 7 LaTbTellabed; noY — 1 Ya¥bYelatiabed- (A.12)

In obtaining the above expressions, we have assumed real matrix elements in the

Hamiltonian. The residuals can then be expressed compactly in terms of the effective

Hamiltonian matrix elements,

RY = (0] (e7®He® — Hy) |0},

= ho — Z Ya€a T Z hab Sab 1 Z 25acSbd + Sabed) hﬁi? (A.13a)

abed

RE = (0]aga, (e’SHeS — Ho) |0},

1) 20
= h;(oz Opg€pTpYp + Z aq Spa + hép )saq)
11 222)
- Z <h((1b ) (SagSpb + Spabg) — h;f)qab 3ab>
ab

+) (h&iq 25abSpe + Sapbe) — Mgy (25acSbq + Sabcq))

abc

—2 Z haiicll) 2Sac SbqSpd + Spbdq) — SagSbped — Spcsabdq> (Al?)b)
abed
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RY™ = (0|a,asaqa, (e °He® — Hy) |0),
= P(pa)P(rs [ Sars + Z ( 7 Spaas + 5 Saars) + irinSan + hf:,iasm)
+5 Z ( a(l])i)s (28paSqb + Spgab) + habpq(23arsbs + Sabrs) — h&l)(sarqubs + SpbSagrs)

1
- 2hgnii)<8qabs + Sassqb ) + Z < af;)» <Sabqucs + §Sas<23pbsqc + Squc) - 2Spbsaqcs)

abc

1
+ habcq (Sacsbprs + §3pc(25ar3bs + Sabrs) - 23ar5bpcs>)

(221) 1
- E habcd 25ac SbrSpqds + Spdsbqrs) - §Sar3bs(23pcsqd + Spch) + 4Sar5pcsqus
abed

1
- Zsabrs(QspcSqd + Spch) + (Sabcrquds + Sapcdsbqrs) + 23qur8apcs):| . (A]-?)C)

where we have used the Baker-Campbell-Hausdorff expansion to simplify the similar-

ity transformation, i.e.
1
e—SHeS:H+[H,S]+§[[H,S},S]+.... (A.14)

For a two-body Hamiltonian, with S truncated to at most double quasiparticle exci-
tations, this expansion truncates at fourth order. Diagrammatic expressions for these
equations can also be formulated along similar lines as Bogoliubov coupled cluster

methods. [112] The operator-derivative terms in the S-evolution are given by
o 1
Sg =5 Z €aTaYaSaa (A.15a)
1
Syl = ) Z €a%aYa (SpaSaq + Spaag) (A.15b)

TS 1
55 = Zp(pq)P(Ts) Z €aTaYa (SasSpgar — SqaSaprs) - (A.15c)

a
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Appendix B

Equivalence of number-projected quasiparticle
CISD and CID ansatze

The grand-canonical thermal CI results presented in this thesis use an ansatz trun-
cated at single and double quasiparticle excitations. On the other hand, for the
canonical ensemble number-projected CI theory, we use only double quasiparticle ex-
citations. Here, we provide proof that quasiparticle CISD and CID span the same

portion of the Hilbert space. Consider a general CID state,
QC’ID |0(Oé, 6» = eto <1 + thqrsa;rydia:géi> |0(Oé, /8)> : (Bl)

Using the thermal Bogoliubov transformation in Eq. 3.7, the pair=creation operator

aLELI can be rewritten in terms of the zero-temperature Fermi operators,

al = zpx,.cl 8 — yyeCoer + 1Yy (c;r)cr +éle, —1), (B.2)

— Y2EyCp + Ty (chep + 807, — 1) (B.3)
Re-parametrizing the CI amplitudes as

tpgrs = Spars T ———Ags (B.4)
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we can rearrange the terms in Eq. B.1 to obtain

toia A . . .
Qcrp [0(a, B)) = €™ (1 + Z Spqrsa;alajlal + Z xi (z2cel — v2e,c,) alal

pars pgs " PYp
+ Z Ty (1 + 1 — 1) aj;di 10(c, B)) (B.5a)
vas PYp

+3 s (N LN Nlevels> a;ag> 0(ax, B)) - (B.5b)

qs
In the canonical ensemble, or in the presence of a number-projection operator, the
total number operator for the physical and auxiliary particles is a symmetry of the

thermal wave function. Therefore, Py, 2crp reduces to

o A . . .
PrnQcrp = Prge® (1 + ) spgrsatalalal +> " (a2clel — yre,c,) abal

pqrs pgs

+(2No = Nievets) Py Y Aqsaga§> 0(cv, B)) . (B.6)

qs

Finally, reexpressing c;f?é; and ¢,c, in terms of quasiparticle operators, we get,

CLN;: - (xpa;g + i) (xpd;To ~ Ypp) , (B.7a)
= 22afal — 24,0, — vy, (afa, +ala, — 1) (B.7b)
CpCp = —yf)a;dj? + 2200, — TpYp (a;ap + d;&p —-1). (B.7c)

As is already apparent from Eq. B.6, substituting these relations into Eq. B.6, followed
by normal ordering of the quasiparticle operators, we end up with a number-projected
thermal CISD wave function. In general, partial traces of higher rank terms in the

number-projected CI operator are proportional to the lower-rank terms.
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Appendix C

Equations for number-projected CID and thermal
AGP-based PT2

In this appendix, we present detailed equations for the number-projected CID and
thermal AGP-based second-order perturbation theory. Both of these theories were
discussed in Chapter 4. For the number-projected CID, we will also present data for

the convergence of imaginary-time evolution as a function of the step size in 5.

C.1 Number-projected CI
C.1.1 Ansatz

In the number-projected CI theory, we start with a thermal BCS as our mean-field

reference state,
0(8)) = e "P|L),  with Hy =) eyclc,. (C.1)
p

The normalized form |0(8)) becomes,

0(8)) = H (xp + prL@t) - =) (C.2)

p

where x and y coefficients are defined as,

—— (C.3)
i = 5 .0a
PVt e P
€_ﬁ€P/2

S — C.3b
yp m ( )
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The thermal state is then parameterized as a number-projected quasiparticle CI dou-

bles (CID) state,

W) = Pe(1+T)[0(8)), (C.4a)
1
T = 1 thqrsa;agdld:[ (C.4Db)
pars

where T' creates double quasiparticle excitations on the reference. Here, a,a are
quasiparticle operators that annihilate the mean-field reference, i.e. a,|0(8)) = 0 =

a,|0(8)), and are related to the physical creation/annihilation operators via a BCS

transformation,
ap Tp —Yp| |G
= , (C.5)
aj, Yp Ty cj,

It is convenient to express the Hamiltonian in terms of the quasiparticle creation/annihilation

operators,

H:h0+h1(310 aq+h qu+h (a g+h )—i—hSl (afalala +h.c.)

pqrs

+ A0 (alalala, + hoe.) + hZ2Y

pqgrs

(a) Talalal +h.c.) + h (222) T Tasar (C.6)

q q’rs

where we have assumed Einstein summation convention. The matrix elements have
been worked out in the Appendix of Ref. 69. Lastly, we note that we employ an

integral representation for the number-projection operator,

1 2

Pr, = o ), dep e"?No=N). (C.7)

where N is the physical number operator and Ny is the target number of particles.
C.1.2 CID equations

Substituting the number-projected CID ansatz in to the imaginary-time evolution

equation, and using the fact that the Hamiltonian commutes with the number-
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projection operator Py,, we get

dto dT 1
2 %(1+T)+% 008)) = =5 P [H(L +T) = (1 + T)Hol [0(8))  (C.8)

We have noted in the main text (as well as in our recent work in Refs. 68,69) that
the derivative of the CI operator splits into the derivative of the amplitudes and that

of the temperature-dependent quasiparticle creation operators,

AT duyT  dyyT
a3~ dp a3’

(C.9)

where the operator derivative can be worked out directly from the BCS transfor-
mation. Using the above relations and expanding out the integral form of Py, the

time-evolution equation simplifies as

2 2
/O 06 g(6) e~V £]0) = / 06 g(6) =N R|0), (C.10)

where g(¢) is the weight of integration, £ and R are effective LHS and RHS kernels

respectively, each defined as

g(o) = €™ Jor, (C.11a)
dto dampT’
L= d5(1+T) TR (C.11b)
1 dopT
R:—é[H(l—i—T)—(l—I—T)HO] TR (C.11c)

The RHS kernel is effectively a four-body operator, and we find it convenient to

re-write it in terms of antisymmetrized matrix elements,

R = Ro+Ryqa}a+ Ripgrabalalal+ Ripgnimalalalalalal + Rygrgismalalalala

pqST‘
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where we have assumed Einstein summation, and [...] denotes antisymmetrized in-

dices. The matrix elements of R are defined as,

1 221)
Ro=—3 (ho - Z eyt + Y M)t abcd) : (C.13a)

abed

1 11) ,BD
Rab = 5 <5ab€axaya - + Z €cl cyc acbe — Z h acbd + Z [ cdib acdz - Cdmtcdbz

cdi

(C.13b)

1 1
Ropea = ZX(ab—ba)(cd—dc) = Z (Xabcd — Xabde — Xbacd T Xbadc) ) (ClBC)

(221)

1 1
Xabed = 5 <_Z |:h0tabcd + 4h‘abcd i| + Z Z [Eiyzztabcd + QhE? abdz + 2h tbzcd]

i

33 [ 2t 18] (©130)
1
qurabc = §X(pqrfqprfrqp)(abcfbacfcba)7 (C13e)
1/1 1 1 13) (31
Xpgrabe = 5 <15ap€pxpyptqrbc — 4}1,;21)]5(17«1)6) + - 4 Z (h;bcz qrai -+ hqra)ztlpbc> s
(C.13f)
1
RPQ’"SCLde = %X(pqrs—prqs—rqps—sqrp—l—rqu-i—psqr)(abcd—acbd—cbad—dbca+cdab+adbc)7 (C 13g)
1
Xpgrsabed = _ghl(;?]i?trscd- (Cl?)h)

Ultimately, we get the equations governing the [-evolution of the CI amplitudes by
taking the expectation value of Eq. C.10 against ground and doubly-excited quasi-

particle subspace on the bra state, i.e.

/ d g(¢) (Olve™"*N L1]0) = / do g(¢) (0lve™"*" R |0), (C.14)

where v = {1, a,asa4a,}. After some rearrangements, the working equation takes the

form

/ 06 w(@) (|7 £]0) = / déw(9) (97 R [0), (C.15)

1)
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where

v =N yeoN (C.16a)

1. .
w(@) = e {0leM]0), (C.16b)

<O’€_i¢N
= AoieNTO C.16
(ol (0]e=i9N |0) ( c)
The overlap in w(¢) is straightforward to compute:

(Ole7*N0) = T (=3 + ype ™). (C.17)

p

The construction of the similarity transformed operator v can be simplified by intro-

ducing rotated quasi-particle operators,

N e N and, I;p = NG e N, (C.18)

b, =e

which gives v = {1, Erl;sbqbp}. The overlaps in Eq. C.15 can then be evaluated by

using a generalized version of Wick’s theorem, with the relevant contractions given

by,
(¢|a£d2\0> = 0pgGp = —<¢]&La;]0> = <¢‘l;pbq‘0>7 (C.19a)
<§b|apa;|0> = Opg = <¢|dpd3;|0>a (C.19b)
<¢|bpa;|0> = 6qupa (C.l9C)
<¢V~)pd;‘0> = 6qup7 (C.19d)
where we have
Ay = ! (C.20a)
P x%e“b + ygv .
1
By = 51— (C.20D)

2 1 20—id]
x2 + yle~®

G, = ‘”Py;(e — ) (C.20¢)
iL'p + ype
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After all the manipulation, the overlaps for the LHS and the RHS kernels turn out

as follows:

1. First, for v =1,

<¢‘R‘O> = RO + Z GaRaa + 2 Z GaGbRabab

+6  G.GG.REY 424N G,GL,G.G4RYY), (C.21a)
abc abcd
abc abed
1 dto tiis
(@lL10) = {1+ > GiGityi 5% 3 Z G, G] T (C.21b)
(]

(40) _
where Rabc = Rabcabc and Rabcd = Rabcdabcd-

2. And for 7 = b.bybyb,,

Xab = AuBy ( b+ 4 Z GiRani + 183 G,G;RG) +96> " GG, GkRg‘,j]k>

ij ijk

(C.22a)

(B|bebabpbaR|0) = (1 — Puy) (1 — Puy) [ 0acObaGaGo(P|R|0) + dacGaXba

+A,4,B.By (Rabcd +9 Z GiRGo, +72) " GiG; Rabcdw>] :

]

(C.22b)

(b = AuB, <Z Gitaibi> o 4 ZG dt‘”l” (C.22¢)
(6]bebabyba £]0) = (1 — Poy) (1 = Prg) [ 0acbaSaSb{P|L]0) + dacSaCpa

+—A“AZBCBd ( abcdi—tﬁo dig‘gd)] (C.22d)

where R$ = Rugjuijs Rty = Rajivisis Roggi = Ravicdis Rops; = Ravijeaij, and

P, is the conventional exchange operator.
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C.2 Canonical ensemble perturbation theory

In contrast to the number-projected CI, the perturbation theory adds corrections to
the thermal AGP, which is an eigenstate of the total number operator. Moreover,
the corrections are also introduced in a number-conserving manner, and therefore an
explicit number projection is not required. We first partition the Hamiltonian into a

mean-field and an interaction part,

H=Hy+\V, (C.23a)
Hy = Zepc;)cp, (C.23b)
p
1
V= Z UpgCheq + 2 Z UpgrsChchescy. (C.23c)
pq pqrs

The canonical-ensemble thermal state, which obeys the imaginary-time evolution
equation d,|¥ (7)) = —H|¥(7))/2, can be expressed as a perturbation series expan-
sion,

(U (7)) = [Wo) + A|Uy) + A2 Wy) + ... (C.24)
Substituting this form of |¥(7)) into the imaginary-time evolution equation, we get
1
dr (|Wo) + A1) + N |Wo) +...) = —§(H0 +AV) (W) + AJWq) + N [Ws) +...) .

(C.25)

Equating the terms at various orders in A\ on the left and right hand sides gives

O : 4| Wy) = —%H0|\1/0>, (C.26a)
OO : 4.0, = —%(H0|\If1> L V|T0)), (C.26b)
O(N\?) : d.|Ws) = —%(HOI\I!2> + V|¥1)), (C.26¢)

and similarly for higher orders. For the purpose of this work, we confine ourselves

to the second order perturbation theory. Without the loss of any generality, we can



115

assume |U,,) = e~ "H0/2|¢, ). This simplifies Eq. C.26 to,

dr|o) =0, (C.27a)
1

drlén) = =3 eTHo 2y o= THO/2 gy (C.27b)
1

dr|p2) = ) eTHO/2V€_THO/2|¢1>- (C.27¢)

These equations can then be integrated, starting from a known initial condition (gen-
erally 7 = 0), to the desired inverse temperature 5. Recognizing that at § = 0,

extreme AGP is the exact canonical thermal state, we get

90(5)) = [AGP(5 = 0)) = (Z PJ) = =) (C.28)

where Ny is again the desired number of particles and Pg = cLé;. Consequently, we

recover the thermal AGP as the zeroth order approximation,
[Wo(B)) = e~ H2[AGP(0)) = |AGP(S)). (C.29)

At the first order, we have

6—,8H0/2 T
. (8)) =~ / dr ¢Ho/2Y ~THo 2| AGP(0)), (C.30)
0
1 B
:_5/ dTe‘(B‘T)HO/QVe(B‘T)HO/z]\Ifo(ﬁ)), (C.30b)
0
1 B

:_2/ dr e TH 2y eTHO 2|y (), (C.30¢)
0
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Likewise, the second order contribution to the wave function is

W) =~y [ dr ety (o)), (C31a)
0
e—ﬁH0/2 B8 T ) )
— 7 / dr eTHo/QVe—THo/Q/ dr' e™ HO/QVe—T H0/2|¢0>’ (C?)]_b)
0 0

B T
_ i / dr o~ (BT Ho /217 ((B—7)Ho /2 / 7’ e~ Ho 2 (=) Ho 2 g (3)),
0 0

(C.31c)
1 [P B , ,
= Z/ dTe_THO/QVeTHO/Q/ dr’ e BT Ho/2\/ o (B—T )HO/QWO(@),
0 0
(C.31d)
1 [P T , ,
-1 / dr e Ho /2y THo 2 / dr' e~ o2y e o2 (3)). (C.31¢)
0 T

These perturbative corrections are analogous to the Dyson series expansion for inter-
action picture, imaginary-time perturbation theory. The diagonal form of H, allows

us to perform the similarity transformation of V easily,

1
e—TH0/2VeTH0/2 _ que—Tqu/Qqu + vaqrse_Tqurs/QquTsr7 (C32)

where A, =€, — €, and Ay, = €, + ¢, — €, — €5. The resulting equations can then

be integrated analytically.

C.3 Step-size convergence

As indicated in the main text, we use a step size of A = 0.001 or smaller in the fourth-
order Runge-Kutta method while integrating the system of ODE’s in the projected
CI theory. In Fig. C.1, we plot the error in internal energy for the six-site Hubbard
models with U/t = 2 at half-filling (left panel), and with U/t = 10 with four electrons
(right panel). The results numerically demonstrate the convergence of the integration

with respect to the step size.
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Figure C.1 : Error in the projected CI internal energy for the six-site Hubbard model
with U/t = 2 and six-electrons (top panel), and U/t = 10 and four electrons (bottom
panel), with various step-sizes used to integrate the projected-CI ODEs.
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Appendix D

Optimization of thermal AGP

In this appendix, we present a comparison between optimized and un-optimized ther-
mal mean-field, the ground-state limit of thermal methods, and convergence of the
projected-CI evolution with respect to step size in the integration. For the opti-
mized mean-field, we minimize the free energy with respect to the n’s in the thermal
AGP. The left panel in Fig. D.1 presents the data for the 6-site Hubbard model with
U/t =2and N = 4,6, as well as U/t = 10 and N = 4. Except in the case of very
high temperatures, or very low 3, the optimized and the un-optimized mean-field
theories perform more or less similarly. The right panel in Fig. D.1 shows similar
data for the Hydrogen molecule at a bond length of 0.74A in two different basis sets.
In contrast to the Hubbard model results, the difference between the optimized and
the un-optimized mean-field theories is more pronounced for Hydrogen. However, as
we have noted in the main text, the number-projected CID is exact for a two-electron
system whether or not we start with a better reference. This allows us to safely use
un-optimized mean-field as a reference to construct correlated theories such as pro-
jected CID and AGP-based perturbation theory. We would like to note that these
results do not take orbital optimization into account, but instead, minimize the free

energy only with respect to the BCS/AGP parameters.
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Figure D.1 : Error in the canonical-ensemble internal energy for the 6-site Hubbard
model with U/t = 2 and 10 at different filling fractions (left panel), and the Hydrogen
molecule at bond-length of 0.74A4 in STO-3G and cc-PVDZ bases (right panel). The
data compares mean-field thermal AGP results with optimized versus un-optimized
n-parameters.
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Appendix E

Symmetry breaking in Lipkin model

The Lipkin-Meshkov-Glick Hamiltonian, given by

1
H=xaJ, — *

(JJp + J_J2), (E.1)

commutes with the Casimir operator,

o J
= et

J? + J. .. (E.2)

The .J?-eigenvalue is determined by the total number of spins; for n spins, the eigen-
states of H reside in the j = n/2 sector. The Hamiltonian also commutes with the
parity operator, P= e’™= the symmetry of interest. For a given spin-configuration,
the parity eigenvalue is 1 (or —1) if the difference in the number of up and down spins
is even (or odd). Therefore, simultaneous eigenstates of H and P are made out of
spin-configurations, all of which have only even or only odd parity. As a result, the
symmetry preserving mean-field (or the restricted Hartree-Fock) state that optimizes

the energy is simply the configuration with all down-spins, i.e.

|QrEF) = ® 1) - (E.3)

The corresponding mean-field Hamiltonian and the mean-field ground-state energy

are

HFHE — ¢, (E.4a)

nx
Erir =~ (E.4b)
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While working in the symmetry adapted basis, we use HI#F to define the mean-field
thermal state.

We can also consider a rotated product state, which is not an eigenvector of the
parity operator, as the ground-state mean-field reference. This unrestricted Hartree-

Fock state can be expressed as

1
|bunr) = menh \OrREF) 5 (E.5)

where « parametrizes the UHF state. Using a UHF state as an approximation to the
ground-state is equivalent to a rotation of the underlying su(2) algebra such that the
UHF wave function has all down-spins in the new basis. The su(2) operators in the

new basis are related to the original operators via the following transformation,

K, — rk’K_ —2kK,

= E.
J+ 1+ K2 ) ( 68‘)
K_—r’K, — 2kK,
J_ = E.6b
R "R (E.6h)
K, +K_ 1-rHK,
g, = ME B+ (- DR, (E.6c)
1+ K2

The Hamiltonian, expressed in terms of the K-operators, becomes

H=hK, +he(K;+ K )+v (K Ky + K K_)

+ 0, K2+ o Ky K-+ v (K K, + KK, (E.7)
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where the Hamiltonian coefficients are defined as,

r(l—rk% 41 -—2)K?
h, = _2 , E.
14 K2 n (14 K2)? (E8)

TR 25(1 —z)(k* = 1)

=T e T T air e =
v, = —i’i(}r—;;g, (E.10)
Ve = —(lg(fﬁz;f), (E.11)
vy = %, (E.12)
=M @1

The UHF mean-field Hamiltonian and the corresponding mean-field energy are

VN

HJPE = hK, — - K-, (E.14a)
h,n  v,n?
Evnr=——-+— (E.14b)

The UHF energy is minimized to find the optimal value of the rotation parameter
k. As noted eariler, k # 0 only for x < x.. While working in the broken-symmetry

regime (i.e. z < z.), we use HY#¥ to define the mean-field thermal state.
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Appendix F
Symmetry breaking in TFIM

The TFIM has a Zy symmetry, i.e. if all the spins (in z-basis) are flipped, then
the energy remains unchanged. In the Ising limit, i.e. for ¢ = 0, the model has a
doubly-degenerate ferromagnetic ground-state. In the thermodynamic limit, the Z,
symmetry breaks spontaneously. For finite systems, we can break this symmetry arti-
ficially by introducing the following symmetry broken mean-field state to approximate
the ground-state,

ovnr) = @ (~sin§ 1), +eos 310, ). (F.1)

p

The mean-field Hamiltonian and its corresponding energy depend on the rotation
parameter 6, and for the one-dimensional periodic case with N spins, in the presence
of an external magnetizing z-field f (see Eq. 5.32 for the Hamiltonian), they are given
by

Hy = Z ((cos@ + f)of + gof), (F.2a)

Eypr = —N(cos®0 + gsin + f cosb). (F.2Db)

The UHF energy is minimized with respect to the rotation parameter 6, the optimal

values of which (at f = 0) are

arcsin g/2, g <2
0= : (F.3)

/2, g>2
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We use this Hy (with optimized @) that breaks the Zo-symmetry, except when 6 = /2,
to construct the mean-field thermal state for the TFIM.

In the same way as for the Lipkin model, we can introduce a rotation in the su(2)
algebra so that in the new basis, the UHF state corresponds to all down-spins. The

full Hamiltonian in the rotated basis then becomes

7

_ 2 z __z 2 T __x
H=—- E [cos Oo;o; , +sin”bojoyf

- % sin 20 (UfafH + JfofH) + g(cos 0o} + sin Haf)} : (F.4)

Similarly, the mean-field Hamiltonian, written in the new basis, becomes simply
Hoz—z<—00529+gsin9>af. (F.5)
While the results do not depend on the choice of the basis, it is generally convenient to
construct CC-like wave functions starting with a mean-field state that corresponds to

all down-spins. Our description of the mean-field theory for the TFIM closely follows

Ref. 132, and we recommend the reader to refer to this article for further details.
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