’Q Hylleraas

Mathematical Aspects of
Coupled-Cluster Theory in
Chemistry

Fabian Maximilian Faulstich

Hylleraas Centre for Quantum Molecular Sciences
and
Department of Chemistry

The Faculty of Mathematics and Natural Sciences
University of Oslo

Dissertation presented for the degree of Philosophiae Doctor (PhD)






Confragosa in fastigium dignitatis via est
(It is a rough road that leads to the heights of greatness)
—Lucius Annaeus Seneca






Acknowledgment

First and foremost, I would like to thank my supervisor Simen Kvaal. Without
your efforts it would not have been possible for me to come to Oslo and take
my PhD with you. Thank you for this opportunity as well as for your support,
scientific advice, guidance and the freedom you gave me over the past years.
It was a great experience that made me grow not only academically but also
personally. Your research always was and still is a motivation for me.

I would also like to thank my co-supervisors Andre Laestadius and Trygve
Helgaker. Andre, for your support and scientific navigation throughout various
academic endeavours, as well as your friendship. Trygve, for your advice and your
support in the numerous application processes. Also, I will always remember
the great evenings with personal anecdotes in valka.

I furthermore thank all the people at the Hylleraas Centre, in particular,
Jan Ingar Johnsen. Thank you for all the mornings that we spent in your office
talking about bike trips up in nordmarka, and your patience with me when it
came to travel reimbursements, and basically all kinds of bureaucratic tasks.
Thomas Bondo Pedersen and Michele Cascella, for your advice, interest and open-
mindedness for mathematics, and the insights you gave me into numerous aspects
of computational chemistry. Audun Skau Hansen, who I shared office with since
I started at the department of Chemistry. Thank you for your friendship, the
extended morning coffees, and great conversations about science and life. Rolf
Heilemann Myhre, who was open and accommodating from the very beginning
when I started at UiO. Thank you for all the good times, rock-climbing and gym
sessions, and culinary adventures.

I also thank Susi Lehtola, for your advice, academic guidance and your
friendship over the past year. I am looking forward to more enlightening
discussions about science and life during Finnish smoke-sauna sessions.

T also want to thank my family, in particular my mother, father and brother
who have always supported me. Without your backing I would not be where or
who I am today. Thank you for that.

Last but not least I want to thank Maria and Jan Fougner, and especially
Kristin Bjgrnland for always believing in me, your friendship, advice and support,
throughout difficult times. Thank you for always being there for me.

¢Fabian Maximilian Faulstich
Oslo, June 2020

iii






List of Papers

Article 1

The coupled-cluster formalism — a mathematical perspective
Andre Laestadius, Fabian M. Faulstich

Molecular Physics 117, no. 17 (2019): 2362-2373

Article II

Analysis of The Tailored Coupled-Cluster Method in Quantum Chemistry

Fabian M. Faulstich, Andre Laestadius, Ors Legeza, Reinhold Schneider, Simen
Kvaal

SIAM Journal on Numerical Analysis 57.6 (2019): 2579-2607.

Article II1

Numerical and Theoretical Aspects of the DMRG-TCC Method Exemplified by the
Nitrogen Dimer

Fabian M. Faulstich, Mihaly M&até, Andre Laestadius, Mihdly Andras Csirik, Libor
Veis, Andrej Antalik, Jifi Brabec, Reinhold Schneider, Jiff Pittner, Simen Kvaal, Ors
Legeza

Journal of chemical theory and computation 15.4 (2019): 2206-2220.






Contents

|Acknowledgment)| iii
|List of Papers| v
[Contents vii
1____Introductionl 1

2 Electronic-Structure Theory| 3
[2.1 Background| . . ... ... o000 4

P2 Weak Formulation of the Electronic Schrodinger Equation] 6

8

0

2.3 Spectrum of the Electronic Hamiltonian| . . . . . . . . ..

2.4 Rayleigh—Ritz Method| . . .. .. ... ... .. ... ... 1
13 Fermionic Many-Body Methods| 13
3.1 Background| . . ... ..o oo 14
3.2 Hartree—Fock Theory] . . . . . .. ... ... .. .. 15
3.3 single-reterence Coupled-Cluster Theory| . . . . . . . . .. 19
8.4 Correlation Problem|. . . . . . ... ... ... ... ... 21
13-5 Multireference Coupled-Cluster Theory| . . . . . . .. ... 24
13.6 Tailored Coupled-Cluster Approach| . . . . ... ... ... 27
4 Introduction to the Articles| 31
Bibliography 35
Papers| 54
|1 The coupled-cluster formalism — a mathematical perspective| 55

LI Analysis of the Tailored Coupled-Cluster Method in Quan- |
| tum Chemistry] 71

[LII Numerical and Theoretical Aspects of the DMRG-TCC |
| Method Exemplified by the Nitrogen Dimer| 103

vii






Chapter 1

Introduction

Subject of this thesis is the mathematical analysis within modern quantum
chemistry. The increase in computational power and the substantial advances in
in silico method development of the past decades have promoted computational
chemistry, in particular quantum chemistry, to a central branch of modern
chemistry. Quantum-chemical simulations are today routinely performed
by thousands of researchers in chemistry and related areas of research,
complementing painstaking and costly laboratory work. Important examples
are the design of new compounds for sustainable energy, green catalysis, and
nanomaterials.

While the underlying mathematical theory is, on a fundamental level, well-
described, its governing equation, namely, the many-body Schrédinger equation,
remains numerically intractable. The fermionic many-body problem poses one
of today’s most notorious computational challenges. Over the past century,
numerous numerical approximation techniques of various levels of cost and
accuracy have been developed. One of the most successful approaches is coupled-
cluster theory, a cost-efficient high-accuracy method. Nonetheless, there is
an urgent need for the mathematical study of quantum chemistry. Despite
the great success of quantum-chemical methods, their reliability is not yet fully
quantifiable, in particular, there exists very little to no results on a posteriori error
analysis in computational chemistry. This is fatal in the regime of transition
metal compounds and molecular bond breaking/making processes, systems
characterised by strong static and nondynamic electron-correlation effects, where
several coupled-cluster methods tend to fail along with all other numerically
tractable approaches. Although various computational aspects of quantum
chemistry have been under extraordinarily active study, from the perspective
of applied mathematics the research is still in its early stages, leaving great
potential for numerical analysis to impact the field thoroughly.

The search for reliable high accuracy numerical approximations for the
fermionic many-body problem is almost as old as quantum mechanics itself.
After solving the hydrogen atom 1926 [I], it soon became evident that a direct
solution of the electronic Schrédinger equation is limited to this very small or
other very restricted special cases. In fact, already the helium atom represents a
three-body problem, i.e., an extraordinarily challenging problem with no general
analytical solution [2]. The helium atom furthermore played a central historical
role in the origins of method development in quantum chemistry. Heisenberg had
formulated the two-electron helium problem quantum mechanically in 1926 [3],
however, the attempted first-order perturbation treatment yielded a considerable
error to the experimental measurement. It was in 1929, that the Norwegian
theoretical physicist Egil Andersen Hylleraas developed an elegant method and



1. Introduction

predicted the ground-state energy of helium up to experimental accuracy [4].
Already then, people distinguished between mathematically rigorous approaches
and computationally convincing approaches. Hylleraas himself acknowledged
that in order to perform his calculations, he had used mathematically nonrigorous
estimations as they appeared computationally convincing [4]. Another important
work on the two-electron problem elaborating the fundamental notions of chemical
bonding in terms of quantum mechanics is by Heitler and London [5].

In this thesis we take a more mathematical point of view of quantum chemistry,
and try to illuminate the regime of strong nondynamic electron-correlation effects
on a mathematical level of theory, at least partially. To that end, we take the
coupled-cluster viewpoint of theory. Different fundamental aspects of single-
reference coupled-cluster theory have already been studied within the applied
mathematics community [6H9] as well as the theoretical chemistry community [I0-
[I5]. We present a first analysis of an alternative multireference coupled-cluster
method: the tailored coupled-cluster method. Although the single-reference
coupled-cluster theory uses a surprisingly simple ansatz, which is arguably
universally applicable to dynamically correlated electronic systems, it turns out
that a generalization that shows similar universally applicability but for strongly
nondynamically correlated electronic systems is yet to be found. Alternative
multireference coupled-cluster methods aim to extend the simple single-reference
coupled-cluster approach to the strongly nondynamically correlated regime.
Building on previous functional analyses for single-reference approaches [6H9], we
generalize the local-analysis approach to be applicable to the tailored coupled-
cluster approach. The tailored coupled-cluster approach has recently gained
attention in combination with the density matrix renormalization group method
(DMRG) [16H20], abbreviated DMRG-TCC. However, the underlying idea to
use an active space in the single-reference coupled-cluster approach has been
introduced before (see Sec. for more details).

This thesis is structured as follows. We introduce the reader to the subject
with two central chapters, followed by an overview of the main results of
the presented articles, which are listed at the end of the thesis (Article I-
IIT). In Chapter 2 we present a mathematical framework for the fermionic
many-body problem. We elaborate on the weak formulation of the electronic
Schrodinger equation, spectral theory for Coulomb Hamiltonians and Ritz—
Galerkin discretization in combination with the electronic Schrédinger equation.
In Chapter 3 we introduce the relevant framework to characterize fermionic
many-body problems in a discrete setting, and present the Hartree-Fock method
as starting point for most quantum-chemical calculations. In order to put
the tailored coupled-cluster method into perspective, we furthermore present
an introduction to the single-reference coupled-cluster approach, the Hilbert-
space state-universal multireference coupled-cluster approach and alternative
multireference coupled-cluster approach including the tailored coupled-cluster
approach.



Chapter 2

Electronic-Structure Theory

We here present a mathematical framework for the electronic Schrédinger
equation. In his renowned work from 1926 [I], the Austrian physicist Erwin
Schrodinger derived the Schrodinger equation for the Hydrogen atom, setting the
foundation for today’s quantum mechanical description of molecular systems. For
an English translation of this and other influential works from Erwin Schréodinger
we refer the reader to [2I]. Since then, quantum mechanics and electronic-
structure theory have strongly influenced the understanding of modern natural
sciences. In particular, chemistry was revolutionized by new theoretical concepts
explaining observed phenomena on a fundamental and mathematical level. The
latter stands in contrast to the infamous statement by Auguste Comte in 1852 [22]:

Every attempt to refer chemical questions to mathematical doctrines must
be considered, now and always, profoundly irrational, as being contrary to the
nature of the phenomenalf...] but if the employment of mathematical analysis
should ever become so preponderant in chemistry (an aberration which is happily
almost impossible) it would occasion vast and rapid retrogradation/...]

The arguably counter-intuitive concepts of quantum mechanics required a
sound mathematical description in order to deduce adequate predictions from
this theory. This has resulted in the development of new mathematical theories,
such as the theory of unbounded operators established by von Neumann [23]
and Stone [24], the theory of Hilbert spaces [25], [26] or degenerate perturbation
theory [27].

The following chapter is organized as follows. In Sec. we present the
electronic (molecular) Hamiltonian, which is the underlying operator describing
electronic molecular systems on a quantum mechanical level of theory. In order to
provide the functional analysis framework for the attached articles (Articles I-IIT),
we introduce the concepts of weak derivation and Sobolev spaces. Furthermore, we
introduce the concept of self-adjoint operators, and distinguish it from symmetric
and hermitian operators, where the spectral theorem does in general not apply. In
Sec. we introduce the concept of the weak formulation of partial differential
equations for Poisson’s equation and for the electronic Schrédinger equation. In
Sec. 223 we present the spectrum of operators and highlight the difference to
eigenvalues of operators. Furthermore, we present the Hunziker—van Winter—
Zhislin theorem [28431], illustrating the semi-bounded spectrum of the electronic
Hamiltonian, and give a characterization of the bound states by means of the
Rayleigh quotient. In Sec. 24} we introduce the Rayleigh-Ritz method in order to
discretize the continuous eigenvalue problem. We cast the electronic Schrodinger
equation into the framework of abstract eigenvalue problems [32], highlighting
the use Garding’s inequalily to overcome the non-coercivity of the electronic
Schrédinger form. Finalizing this chapter, we define the concepts of stiffness and
mass matriz characterizing the full-configuration interaction problem.
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2.1 Background

We are here concerned with the electronic Schrédinger equation, i.e., the
central equation for electronic-structure calculations [33]. Electronic-structure
theory describes the behavior of electrons in a molecular system on a
quantum mechanical level of theory. Employing the Born—-Oppenheimer
approximation [34, B5] yields the corresponding Hamiltonian, i.e., the electronic
Hamiltonian, for a system of N electrons and M nuclei, each of charge Z;. In
atomic units the electronic Hamiltonian reads

1 N
H:—§§An ZZ|T_R| sz_m (2.1)

i=1j5=1 i=1 j>1

where {r;}; and {R;}M, describe the spatial coordinates of the electrons and
the nuclei, respectlvely, and A, is the Laplacian with respect to the r;-spatial
coordinate.

In order to provide a rigorous mathematical framework for electronic-structure
problems, we start by defining the underlying measure spaces. Central to the
quantum-mechanical study of electronic systems are the eigenfunctions of the
Hamiltonian in Eq. , called wavefunctions, i.e.,

U: (RHY x {£1/2}Y = R: (z,5) — U(z, 5), (2.2)

where s denotes the electron spin (or simply spin). Note that spin is merely
a discrete variable taking one of the two values {£1/2}. Although spin does
not appear directly in the electronic Hamiltonian in Eq. , it influences the
structure of atoms and molecules [36]. Moreover, in quantum chemistry it is
common to use the notion of spin in order to classify the electron-correlation
effects that can lead to the failure of the later introduced single-reference
coupled cluster method [37]. However, since we will elaborate on the electron-
correlation effects from a perturbation theory point of view that allows us to
motivate the Jeziorski-Monkhorst ansatz [38] without further classifications of
the electron-correlation effects, we will mostly omit mentioning spin explicitly
unless additional insight into the mathematical concepts or structures is gained;
after-all, the incorporation of spin in the following chapters can be subtle
at some places. On the fundamental level of measure theory it is however
straightforward to include spin. Here, we simply consider the product measure
space of (RN B(R3N), \) x ({£1/2}V,B({£1/2}V),¢), where B denotes the
Borel o-algebra, X is the corresponding Lebesgue measure and c is the counting
measure [39]. We furthermore will use the short-hand notation and write
d\(x) = dx and restrict our discussion to real valued wavefunctions.

From a mathematical point of view, the appropriate approach to study
the differential operator in Eq. is by means of the weak formulation (see
Sec. . The weak formulation provides a more general framework to study
partial differential equations in terms of operator equations, allowing for larger
solution spaces, namely the Sobolev spaces W ™. We define the concept of weak

4



Background

derivatives in order to define the Sobolev spaces relevant for this thesis. Here,
the notion of spin is not relevant for the conceptual understanding, we therefore
consider merely the spatial variable as underlying domain.

Definition 2.1.1. Let u,v € L?(R*") and o € N*¥ be a multiindex of dimension
3N. We say that v is the a-th weak derivative of u if

/ (@) D () dz = (—1)1! / o(2)p(x)dz (2.3)
R3N R3N

for all ¢ € C5°(R3N), i.e., the space of smooth functions with compact supportﬂ
We write v = D%u.

We see that differentiable functions are also weakly differentiable, however, the
inverse is not necessarily true. With the concept of weak derivatives we can define
the Sobolev spaces with underlying L?-topology, i.e., H™(R3Y) = W™2(R3V),

Definition 2.1.2. Let M be the set of all multiindices o € N*V with |a| <m
where m € N and m < 3N. We define the Sobolev space

H™(R3N) = {u e L2(R%V) ‘ Doue LXR*), Va e M}, (2.4)

where the derivatives are in the weak sense. We call the map

1 1
2 2
Iz s H™(R*Y) = R 5w ( > ||DQU||%2> = (IUIliz + Iul?{m)

aeM
the H™-Sobolev norm and |- |g= the H™-Sobolev semi-norm.

Inspecting the electronic Hamiltonian, we furthermore note that H, as a
differential operator, is an unbounded opemtoﬂ

Subsequently, we call a linear map T: 2(T) — X defined on a dense
subset 2(T) C X of a Hilbert space (X, (-,")x, || - [|x) an unbounded operator.
Furthermore, we denote 2(T') the domain of T. This definition leads to the
arguably confusion convention that the class of unbounded operators includes
the class of bounded operators. Hence, we can see unbounded operators as a
more general class of densely defined operators that may or may not be bounded.
In quantum mechanics, observables, i.e., measurable quantities, are described by
means of self-adjoint operators [40].

Definition 2.1.3. Let T be an unbounded operator on X and
2(T") ={ue X | e X st. (Tw,u)x = (w,v)x , Vw e 2(T)}. (2.5)

For each u € 2(T*), we then define the adjoint operator T*u = v. The operator
T is called symmetric (or hermitian) if 2(T) C 2(T*) and Tu = T*u for
all w € 2(T). The operator T is called self-adjoint if 7' is symmetric and
2(T)=2(T*).

IThe set supp(p) = {z € R3N | p(z) # 0} is compact in R3Y
2Consider (un)nen C L2(R3) with uy, () = sin(zinm)e(z) for ¢ € CS°(R3).




2. Electronic-Structure Theory

We highlight that if T' is symmetric and 2(T') = X, then T is bounded [41].
Conversely, if T" is bounded on Z(T") with respect to ||-||x, it can be continuously
and uniquely extended to a bounded operator on X. In this case, 2(T*) = 2(T)
and the concepts in Definition [2.1.3] coincide. Note furthermore that the key
concept to characterize stable states in quantum mechanics, namely, the spectral
theorem [25] 20, [4T], applies to self-adjoint operators but not necessarily to
symmetric operators [41].

We close this section with a remark on spin and Pauli’s exclusion principle,
i.e., two fermionic particles cannot simultaneously occupy the same quantum
state, which is also taking spin configuration in account. This is equivalent to
enforcing the wavefunction to be antisymmetric, i.e.,

U (Pz, Ps) = sign(P)¥(z,s), VP e S(N), (2.6)
where S(N) is the symmetric group. Hence,

U e Hy = H (RN x {£1/2}V)n ;v\ L3(R? x {£1/2}). (2.7)

i=1

The fact that the wavefunction needs to be in the Sobolev space H' will be
elaborated in the following section.

We emphasize that the above framework and the following thesis is concerned
with nonrelativistic electronic-structure theory. Nonetheless, it is worth
mentioning that relativistic effects play and important role in chemistry and
molecular physics [42], [43]. The most notorious example being the color of gold,
which can not be explained without consideration of relativistic effects.

2.2 Weak Formulation of the Electronic Schrédinger
Equation

A general class of Hamilton operators is given by elliptic partial differential
operators of the form

Lu= —%Au + Vu, (2.8)

where V' describes a multiplication operator. Such differential operators are
mathematically well studied [36], 44H48]. Standard procedure to analyze the
resulting partial differential equations of the form Lu = f is by means of the
weak formulation. A conceptual understanding of the weak formulation of a
partial differential equation can be gained when considering a potential-free one-
dimensional Hamiltonian with an arbitrary square-integrable function f € L?(R).
This is also called Poisson’s equation and the strong formulation is formally
defined by

—Au = f. (2.9)

In order to make the strong formulation well-defined we need to impose that
the solution function w is at least twice differentiable. However, multiplying
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Eq. (2.9) by a test function v € C§°(R) and integrating by parts yields

apoi(u,v) = /RVU(J?) -Vo(z)de = /Rf(x)v(x) dz, (2.10)

which is known as the weak formulation of Poisson’s equation. We note that the
bilinear form apei(-, ) is well defined for u,v € 2 = H'(R). Furthermore, since
the bilinear form apyi(+,-) is bounded on 2, we can define the weak Poisson
operator, i.e., the linear operator

Lpoi: 2 — 2" uws apoi(u, +), (2.11)

where 2’ denotes the dual space of 2. Since we assumed f € L*(R) we can
apply the Riesz map R (see Riesz representation theorem [49]) to f, i.e.,

R(f): L*(R) = R: g = (f,9) 12, (2.12)
yielding the operator equation
Lpoiu = R(f). (2.13)

Hence, the weak formulation enables us to study partial differential equations
by means of operator equations [50]. Note that the properties of operators
depend in general on the underlying domain. Subsequently, we will derive the
weak formulation of the electronic Hamiltonian and address some of the arising
caveats.

Returning to the electronic Hamiltonian in Eq. , we define the following
bilinear form.

Definition 2.2.1. The map
a(-,-): CP(R3N) x C°(R*N) — R: (u,v) — %(Vva)H + (Vu,v)p2 (2.14)

is called the electronic Schrodinger form, where V is the Coulomb potential
from Eq. (2.1) describing the electron-nucleus attraction and electron—electron
repulsion.

Note that in the definition above we have considered merely the spatial
variables. The notion of spin can be incorporate straightforwardly but does not
yield a deeper conceptual understanding at this point.

We see immediately that the electronic Schrodinger form is indeed a bilinear
form. Note that in Definition we imposed C5°(R3Y) as domain, however,
we shall see that this can be extended to H'(R*") by means of the continuous
linear extension theorem [25]. This requires the weak electronic Hamiltonian
to be bounded with respect to the H'-norm. By means of Cauchy-Schwarz
inequality, we can bound the kinetic-energy part of a(-, ), i.e.,

(Vu, V)2 < Va2 [VollZ: < llulla ol (2.15)

7
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The Coulomb term contains singularities, which require a more careful treatment.
Based on Hardy’s inequality [36], we can establish the following bound for the
coulomb potential

|V, v) 2| < Cllullz2|v]m, (2.16)

where C' > 0 is system dependent [36]. Consequently,
[(Viu,u) 2| < Cllulfzp (2.17)

holds, which allows us to interpret the Coulomb potential as multiplication
operator. For a detailed derivation of the estimate in Eq. we refer
to [36]. Combining the two estimates above yields the boundedness of the
electronic Schrédinger form on C§° with respect to the H'-norm. Hence, the
weak Schrodinger form can be continuously extended, yielding the weak electronic
Hamiltonian with domain H*(R3Y) ¢ L3(R3V), i.e., H: HY(R3N) — H-Y(R3Y),
where H~'(R3%) is the dual space of H(R3").

The extension of the domain of the electronic Schrodinger form performed
above rationalizes that Hy in Eq. is the suitable domain for the electronic
Hamiltonian. Note that the domain Hy is the most general domain making the
electronic molecular Schrodinger equation well-defined. When being interested
in certain properties of the electronic Hamiltonian this may need to be further
restricted. For example, to ensure self-adjointness of the electronic Hamiltonian,
the domain needs to be restricted to H?(R3N) [51].

2.3 Spectrum of the Electronic Hamiltonian

Spectral theory is a large branch of functional analysis [25] 26 52]. The spectrum
of an operator (bounded or unbounded) can be seen as a generalization of
eigenvalues of a matrix. Consider an unbounded operator 7" on X as defined in
Sec. 2] The spectrum is then defined by

o(T) ={\ € C|T — A\I does not possess a bounded inverse} , (2.18)
whereas the eigenvalues are defined by
eig(T) = {\ € C|ker(T — \I) # 0}. (2.19)

Although the definition of ¢(T) and eig(T) appear to be very similar, there
are certain subtleties that need to be considered. First of all, we see that
eig(T) C o(T). However, the converse is in general not true, i.e., T — A\I may
not have an inverse, even if ) is not an eigenvalue. This can be seen with the
following counterexample [53]: Consider the Hilbert space £2(Z), i.e., the space
of bi-infinite sequences v = (...,v_1,vg,v1, ...) of finite £2-norm, and the bilateral
shift operator T, i.e.,

T: U(Z)? = UZ)*: v u, (2.20)

where u; = v;_1 for all i € Z. Then, the eigenvalue equation T'(v) = Av has
no solution in £2(Z), although the operator T'— AI is not invertible for A\ = 1.

8
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Assume that T'(v) = Av is fulfilled, then either all |v;| = ¢ for all i € Z if
|A| =1 or are a geometric progression, i.e., v; = Av;_1, if |A| # 1. In either case,
v & (?(Z). To see that T — A is not invertible for A = 1 we consider the sequence
u € (?(Z) with u; = 1/(|i| + 1). Now, there exists no sequence v € £%(Z) such
that (T — I)v = u, which is equivalent to v;_1 = u; + v; for all ¢ and therewith
v; = =35 1/[jl + 1 which cannot be in (7).

Note that depending on properties of the operator, we can further characterize
the spectrum. For example, if X is a finite dimensional vector space, i.e., T is
a matrix, spectrum and eigenvalues coincide, since a matrix 7" is invertible if
and only if ker(T) = {0}. If T is a compact self-adjoint operator on a Hilbert
space, the spectrum is a countable compact subset of R. Also, for said compact
self-adjoint operator on a separable Hilbert space, every non-zero element of
the spectrum is an eigenvalue of finite multiplicity and there exists a spectral
decomposition of the operator [53]. For bounded operators, the spectrum is still
compact but not necessarily countable; however, we can relax the condition of
the bounded inverse by the bounded inverse theorem [47]. In the case of T being
not bounded but closed, the boundedness of (T — A\T')~! follows by the closed
graph theorem [53].

When studying electronic structures we are in general interested in the
description of the spectrum of the electronic Hamiltonian in Eq. . The
spectrum of H is characterized by the Hunziker—van Winter—Zhislin theorem [28
[3T], which states that the spectrum decomposes into a point spectrum, i.e.,
isolated eigenvalues A\g < A < X of finite multiplicity between a minimum
eigenvalue A1 and an ‘onization bound 3, and an essential spectrum, i.e., a
continuous spectrum A > ¥ (see Figure 2.)).

Ground state Excited states

| /N

Continuous spectrum

Figure 2.1: Graphical representation of the spectrum of the electronic
Hamiltonian.

Most commonly, a numerical characterization of the bound states is of interest,
i.e., the eigenstates that correspond to the point spectrum of the Hamiltonian.
This part of the spectrum can be characterized by means of the min-max
principle [36] (see below). To that end, we define the Rayleigh quotient, i.e.,

J:Hy\ {0} 5 R; UH% (2.21)

Note that the ground state, i.e., the bound state that corresponds to the
lowest eigenvalue A1, is of particular interest since it characterizes the considered
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molecule in its stable state. We can characterize the ground-state energy Ay by
means of the following minimization problem [36]

A1 = min  J(u). (2.22)

u€eHN\{0}

This minimization can be generalized to the characterize the n-th bound state, i.e.,
the excited states. To that end let uq, ..., u,_1 be eigenfunctions that characterize
the first n — 1 eigenstates—without loss of generality we can here assume that
the eigenstates are uniqueﬂ The n-th eigenvalue is then characterized by

J(u), (2.23)

= min
u€(HN\{0})\Sn—-1
where S,,_1 is the linear hull of wq,...,u,_1. This characterization is rather
uncommon in the coupled-cluster community, but it is used for example in the
density matrix renormalization group method to approximate a set of low lying
consecutive eigenvalues. We can now use the above concepts to characterize a
general bound state by means of the min-max principle [36].

Theorem 2.3.1 (Min-Max Principle). Let uy, ..., u,, be pairwise orthonormal
eigenvectors of the point spectrum of a(-, ), i.e., Ny < ... < N\, of finite
multiplicity. Let the interval [A\1, \p,] contain no other point of the spectrum and
let, for m > 2, the vectors uy,...,um_1 span the eigenspaces for the eigenvalues
)\1, ceey )\mfl. Then
Am = min  max v), 2.24
"8, veSm\{0} T) (224)
where the minimum is taken over all m-dimensional subspaces S,, C H' and the
mazimum over all v # 0 in Sy, .

2.4 Rayleigh—Ritz Method

Although the aforementioned framework provides a mathematically sound access
to the electronic Schréodinger equation, it is impractical in order to describe
computational applications. In order to provide in silico calculations, we need to
consider a discretization of the considered function space. This is done by means
of Galerkin methods. Galerkin methods are a general class of methods that
convert continuous operator problems to discrete problems, e.g., Bubnov—-Galerkin
methods [54], Petrov-Galerkin methods [55] [56] and Ritz—Galerkin methods [46].
In the special case of eigenvalue problems, it is known as the Rayleigh—Ritz
method [32].

Subsequently, we shall restrict our discussion to the point spectrum, i.e.,
the bound states. Bound states, described in the previous section, can be
characterized by means of an abstract eigenvalue problem, i.e., we seek a system
{ug b ren C H' of eigenvectors with corresponding eigenvalues {\x, }ren such that

a(up,v) = Ap(up,v) 2, Yo € H. (2.25)

30therwise we consider the geometric multiplicity of the first n — 1 eigenvalues in the
subsequent construction of Sy_1.

10
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The objective of the Rayleigh—Ritz method is to find an approximate system
{ag}p_, € H' of eigenvectors with corresponding eigenvalues {\,}7_, such
that Eq. is fulfilled on an n-dimensional subspace S C H'. This can be
achieved by minimizing the functional in Eq. over S.

One caveat that needs to be highlighted is that the electronic Schrédinger
form is not coercive, i.e.,

a(u,u) # dl|ul/?., ford>O0. (2.26)

Coercivity is a desirable property of bilinear forms since it allows to induce a
topology via the energy morm, i.e., the norm induced by the bilinear form itself.
This topology is particularly useful to estimate the approximation error [32];
however, it is not directly applicable to the electronic Schrédinger form. A
possible remedy is provided by Gdrding’s inequality [47], i.e., the electronic
Schrédinger form fulfills the inequality

1
a(u,u) > ZHuH%p —wul3., Yue H, (2.27)

for w > /C? 4+ 1/4 with C from Eq. (2.16)) [36]. This can be seen as follows
1
a(wu) +o?fulz = Slulip 4+ (Ve,u) + w?ullZ:
= Ll 1) + (il — Clliz) (229
B G 4 A2
1
> Ll
which is equivalent to Eq. (2.27)). Instead of a(-,-) we then consider the abstract
eigenvalue problem of the shifted bilinear form b(u,v) = a(u,v) + w?{u,v) 2,
which is coercive. Note that a(u,v) = A(u,v)r2 for all v € H! if and only if
b(u,v) = (A + w?){(u,v) 2 for all v € H!.
The Rayleigh—Ritz method can be seen as a Ritz—Galekrin discretization of
the considered eigenvalue problem Eq. (2.25)). Being primarily interested in a

numerical approximation of the ground state and the ground-state energy, we
seek an element Pu € S, such that

a(Pu,v) = A\ (Pu,v)2, YweS. (2.29)

Imposing a basis (e, ..., e,) of S yields the following discretized problem

n n n
a E Uj€j, € = E uja(ej,ei) = )\1< E Ujej,€¢>L2
j=1 j=1 j=1

B n
= )\1 Z Uj <6j, ei>L2,
=1

(2.30)

11



2. Electronic-Structure Theory

where ¢ = 1,...,n and Pu = Z?zl ujej. We can then define the stiffness matriz
A; j = a(ej,e;) and the mass matriz S; j = (e;,e;)r2. The latter is known as
overlap matriz in quantum chemistry. Equation then corresponds to the
generalized eigenvalue problem

Au = )\ Su, (2.31)
or equivalently
ST12487128V 2, = X\, 8% & Au= A\, (2.32)

where A = S71/2A45-1/2 and @ = S'/2u.

A direct diagonalization of the matrix A leads to an approximation to the
lowest n eigenvalues of the electronic Hamiltonian. As a consequence of the
min-max principle [36] (see Theorem , we know that the exact eigenvalues
are approximated from above [32]. The direct diagonalization of A is known as
the full configuration interaction approximation of the spectrum of the electronic
Hamiltonian. One caveat that will be further addressed in the following chapter
is the choice of S, in particular, the generating basis. The Ritz—Galerkin
discretization of the fermionic many-body problem is based on an antisymmetric
product ansatz of single-particle functions (see Sec. . For an N-electron
problem, we impose a set of K > N single-particle functions, where K < oo. The
antisymmetric product ansatz straightforwardly leads to (I]\(,) basis functions for
S, ie., dim(S) € O(KY). In applied mathematics and computational sciences,
such exponential scaling is commonly known as the curse of dimensionality,
making a direct application of numerical methods computationally intractable
except for the smallest systems. Consequently, the numerical treatment of
electronic-structure problems requires further approximations and more elaborate
computational methods, which has led to the development of a vast variety of
electronic-structure methods.
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Chapter 3

Fermionic Many-Body Methods

The electronic Schrédinger equation described in the previous chapter is one
of the most notorious problems in numerical mathematics and computational
sciences. Over the past century a large variety of in silico approximation schemes
has been introduced. Yet, there is no universally applicable method that provides
satisfying high accuracy results—which is not due to the lack of effort. More
than 90 years ago Paul Dirac stated [57]:

The underlying physical laws necessary for the mathematical theory of a large
part of physics and the whole of chemistry are [...] completely known, and the
difficulty is only that the exact application of these laws leads to equations much
too complicated to be soluble.

Since then, approximating solutions to the fermionic many-body problem
has been an extraordinarily active field of research. The number of lifetime
achievements is too high to be able to honor all of them in this introduction.
The method development milestones that are relevant for this thesis are the
Hartree—Fock method, single-reference coupled-cluster method and externally
corrected coupled-cluster methods. We note that due to its simplicity and cost
efficiency, density functional theory based methods [58] are the workhorse of
quantum-chemical calculations. However, for high accuracy and systematically
improving results coupled-cluster approaches are the state-of-the-art.

This chapter is organized as follows. In Sec. 3] we provide a sufficient
mathematical background for the description of the considered quantum chemical
methods. We introduce the Galerkin discretization for wavefunction methods and
the construction of the L2-bounded commutative algebra of excitation operators.
To that end, we use the mathematically convenient spin-orbital formulation
and finalize the section by extending this to the linear combination of atomic
orbitals approach providing a brief overview of common basis sets. In Sec. [3.2]
we present an introduction to the Hartree—Fock theory. We chose to characterize
the Hartree—Fock method as an optimization method on the Grassmannian
providing an arguably unconventional approach to the Fock operator. Together
with the Galerkin discretization and the linear combination of atomic orbitals
approach introduced in Sec. 3.1} we then deduce the Roothaan—Hall equations.
Sections [3.3]|3.6] are geared towards the introduction and description of tailored
coupled-cluster methods form a multireference coupled-cluster perspective. To that
end, we introduce the single-reference coupled-cluster theory in Sec. followed
by a section on the correlation problem. In Sec. we present a brief overview
of the Jeziorski-Monkhorst ansatz and alternative multireference coupled-cluster
approaches. We finalize this chapter by introducing the tailored coupled-cluster
approach in Sec. as externally corrected coupled-cluster methods. We highlight
computational caveats and present a possible remedy within the framework of
quantum information theory and tensor product approximation methods.
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3. Fermionic Many-Body Methods

3.1 Background

The Galerkin spaces introduced in Sec. 2.4 require an underlying basis set that
allows for an adequate description of electron-correlation effects. Wavefunction
methods, such as coupled-cluster methods, are built on an antisymmetrized
product ansatz. The factors of this exterior product are called single-particle
spin-orbitals and the generating functions spanning the solution space are called
Slater determinants. Subsequently, we denote the spin-orbitals by minuscule
Greek letters, e.g., ¢, and Slater determinants by majuscule Greek letters, e.g., ®.
We consider an N-electron problem and impose the L2-orthonormal set of K > N
single-particle spin-orbitals denoted Z = {¢1, ..., ox } C HY(R3 x {1/2}), where
K < oo. The exterior product of a choice of N spin-orbitals {¢,,,...¢py } C 4,
ie.,

N
Bp1, oo pi (@1, ) = V% A Gp (@1, ), (3.1)
ta=1

is the Slater determinant that corresponds to the single-particle spin-orbitals
(dpys -y pn)- Note that Slater determinants fulfill the anti-symmetry property
by construction and inherit L2-orthonormality from the single-particle spin-
orbital basis. The Galerkin space Hy, also called full configuration interaction
space, is obtain by taking the linear hull of all possible Slater determinants
formed from 4, i.e.,

By =A{®[p1,....pon] | pi €{1,.... K}, p1 <p2 <...<pn} (3:2)

By imposing the canonical ordering of the indices py,...,py € {1,..., K}, i.e.,
p1 < ... < pn, we ensure that By is minimal and therewith a basis of Hy.
Choosing a reference Slater determinant ®y, we refer to the spin-orbitals
{p1,..., 6N} C B defining @ as occupied and index them by "i". The remaining
orbitals are called wvirtual and will be indexed by "a", which is in line with
the quantum chemical literature convention. Spin-orbitals that can be either
occupied or virtual will be indexed by "p". The set of excitation operators allows
to map @y to any basis element in By. We define a single-excitation operator

X?:BN%Bbe

¢[p17"'7pj—1aa‘apj+1a"'apN]v if ’L:p] and
X ®[p1,....,pN] = a#pr,1 <k <N,

0, else.

Higher-order excitation operators are then defined as products of single-excitation
operators, e.g., the double-excitation operator X '1:%? = Xf”ll Xf;. For a general

11,2
excitation operator X" "* we define the excitation multiindex

_ (ai,...,ar
B= (zlzk) : (3.3)

ie., X, = X;*, and call [u| = k the excitation rank. It is straightforward

to extend the definition of excitation operators to Hy. The set of all possible

ik
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Hartree—Fock Theory

excitation multiindices is denote Z. Since Slater determinants are normalized,
it follows that the excitation operators are bounded operators, i.e., X, €
B(H ). Furthermore, the excitation operators commute due to the fermionic
commutation relations. In fact, the set of excitation operators on Hy forms a
commutative algebra €y. Imposing the induced norm || X, (e, = [| X, Pollar,
¢y is isometrically isomorphic to span{®,}+, where | denotes L2-orthogonal
complement in Hy [59]. Similar to Hy, a basis of €y can be obtained by
imposing a canonical ordering of the product of single-excitation operators with
respect to the orbital indices.

The construction of the excitation operators holds for any discrete basis set.
However, in post-Hartree—Fock methods the above construction is performed for
a set of molecular orbitals {¢r,}, which are purely spatial orbital. In this setting,
spin orbitals are factorized in a spatial and a spin part, i.e., ¢;(r, s) = ¢r(r)es(s).
For numerical reasons, molecular orbitals are expanded in a (finite) set of atomic
orbitals {x,}, i.e.,

oL = Z Cp,LXp- (3.4)
p

This is known as the linear combination of atomic orbitals approach [33,60]. The
idea is to employ an atomic orbital basis set that allows for a compact description
and a fast evaluation of the integrals appearing in the Galerkin discretization.
Modern quantum chemistry codes use three principally different types of atomic
orbital basis sets [33], [60].

First, Slater-type orbitals [6IH63]. The use of Slater-type orbitals is motivated
through the fact that they represent the analytical solution to the Hydrogen
atom and satisfy the Kato cusp condition [64]. However, the integral evaluation
typically requires numerical quadrature [65H68] making Slater-type orbitals less
favorable due to potential numerical instabilities and an additional approximation
erTor.

Second, Gaussian-type orbitals [69] [70]. Gaussian basis sets are the most
commonly used basis sets in quantum chemistry. This can be traced back to the
Gaussian product theorem, which allows an analytic integral evaluation [TIH73].
Moreover, Gaussian basis sets are extremely flexible allowing to approximate
Slater-type orbitals with arbitrary accuracy [74], [75].

Third, numerical atomic orbitals [T6H78]. Numerical basis sets correspond to
nodal basis sets, i.e., a grid-based discretization of the wavefunction. This basis
set is the most flexible basis sets but to reach high accuracy results in a brute
force way requires large basis sets [79]. However, recent results have shown that
for atomic and diatomic systems this numerical bottleneck can be overcome at
the level of theory of Hartree-Fock and density-functional theory [60L [BOHS3].

3.2 Hartree—Fock Theory

The Hartree—Fock methods compute an approximate ground-state eigenpair
(Vup, Byr) of the fully correlated eigenpair (¥, E,). The exact computation of
the eigenpair (¥,, E,) comprises optimizing over Hy, which quickly becomes
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3. Fermionic Many-Body Methods

numerically intractable due to the curse of dimensionality. Methods like the
Hartree—Fock methods treat the direct minimization of the functional in Eq.
by considering different subspaces of H . Subsequently, the space of admissible
functions is restricted to a suitable subset reducing the complexity of the problem
significantly. Other methods following this philosophy are density-functional-
theory based methods [58] and configuration-interaction methods [33]. The
following presentation of the Hartree—Fock theory might appear lengthy and
only tangential for the remaining part of this thesis, but Hartree—Fock theory
plays a central role in electronic-structure theory and the following geometrical
presentation provides a very general and arguably unconventional access to this
level of theory. In combination with the symmetry classifications of Fukutome [84]
(see below), it is possible to characterize all eight classes of Hartree—Fock solutions
from this geometrical point of view.

In Hartree—Fock theory, the electron-correlation effects between the individual
electrons is replaced by the interaction of each electron with an average
electron-charge cloud. This mean-field approach to the electronic Schrodinger
equation , yields a non-linear eigenvalue problem that can be solved
iteratively in a self-consistent manner [33, [85]. The set of admissible
wavefunctions is restricted to the set of Slater determinants, i.e.,

N
Sy = {\IJG’HN | (g1, bn) ECx; W = /\@}7

i=1

where the set of N-frames

Cn = {(¢1,....on) | ¢i € H" and (¢;, ;)2 =6 j for 1 < j,i <N}

is the Stiefel manifold |86, [87]. Note that in the above definitions hold for
spatial as well as spatial and spin domains, i.e., R*, R3" and R3 x {41/2},
(R? x {£1/2})"V. Since every element on the Stiefel manifold can be used to
define an element in the antisymmetric function space, we will subsequently also
use majuscule Greek letters for N-frames. We will distinguish in the text between
Slater determinants and N-frames unless it is clear from context what type of
element is considered. Note that the functional in Eq. over Sy is invariant
with respect to unitary transformations [33]. To remedy this non-uniqueness we
introduce the Grassmannian as suitable quotient space of Cy, i.e.,

Gn =Cn|_, (3.5)
where the equivalence classes are given by
[@].={®eCln|P=Udfor UcU(N)}. (3.6)

In other words, we identify all orthonormal N-frames spanning the same subspace.
This yields the following minimization problem

Eyr = \I/lengN J() = q)lenng e(P), (3.7
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Hartree—Fock Theory

where
(f1ymr ) Z/ v - Z|R 16
1o (3.8)
L P\T)PLY) pP\T
+2// Iw—y\ dxdy // —yl dxdy
R3xR3
with

N
v)=> ¢j(z), and p(z,y) Z@ i (3.9)
=1

The definition of € considers an underlying spatial domaln. A similar expression
including the spin variables can be obtain analogously but does not contribute
to the following presentation of the Hartree—Fock theory. For a discussion on
existence and uniqueness of this problem we refer to the analysis by Lieb and
Simon [88], and Lions [89]. Assume that e attains a minimum, we can then
formulate the critical point condition at the point ®MF):

(6@, (@MY =0, V6d € Tyumr G, (3.10)

i.e., the gradient of € vanishes on the tangent space Tgwr G of the Grassmannian.
Using that (I — Dg) is an L2—projection onto TGN, where Dg projects onto
® [90], we can characterize the Fock operator elementwise by projecting against
(I — Dgar)x with x® = (0, ...,0, x;,0,...0) in Eq. (3.10). We find

0= (", (I = Dgam)e' (@M)))

A . (3.11)
= (X, &' (@) — (x'¥), Dgury&’ (@HF))).

Defining the Fock operator F and expanding the projection onto ®MF) we find
that Eq. (3.11)) is equivalent to
(0, F@UID)BUID) = (O /(@) = (9, Dy ')
X“Z(é(HF))\ (3.12)

Performing the derivation of €, we find that the Fock operator is given by

N
(-, F(@)®) =) (-, h¢s Lz+Z <, w(did; — 602z, (3.13)
=1 1,7=1
where
1 Z; 1
77§A+;|Rﬁ71-| and w(z,y) = e (3.14)

Under slight abuse of notation, we have chose an arbitrary representation of ®HF)

on the Stiefel manifold in Eq.|3.11] Since A = (\; ;) = ((¢§HF), (@), ))” L
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3. Fermionic Many-Body Methods

is symmetric, we can choose a unitary matrix U € U(N), such that UTAU = A, is
diagonal. Hence, Eq. in matrix formulation yields the non-linear eigenvalue
problem

F(@M) M) = MFIA (3.15)

where <I>§<HF) = ®HN[J defines the canonical Hartree—Fock orbitals. Note that
the condition in Eq. is necessary but not sufficient and, hence, the Hartree—
Fock energy might be unstable under small perturbations. The stability of
HartreeFock solutions was addressed by Paldus and Cizek [9TH96].

The above description of Hartree—Fock theory is very general in the sense that
it allows the spin-orbitals to vary freely on the Grassmannian. Enforcing certain
symmetries to the solution yields today’s classification of Hartree—Fock methods.
The original group-theoretic classification of Hartree—Fock solutions in eight
distinct classes based on the symmetry of the electronic Hamiltonian (complex
conjugation K, time-reversal ©, and spin-operators along a collinear axis S,, and
S?) goes back to Fukutome [84]. The same classification was given by Stuber and
Paldus [97] but with a different name for each class, which are commonly used
today: restricted Hartree—Fock, complex restricted Hartree—Fock, unrestricted
Hartree—Fock, complex unrestricted Hartree—Fock, generalized Hartree—Fock,
complex generalized Hartree-Fock, paired unrestricted Hartree—Fock, paired
generalized Hartree-Fock. In the formulation of N-frames, the linear combination
of atomic orbitals (see Eq. (3.4)) reads

K
50,Xp, 0., 0)cp0 = Y XPep 0 (3.16)

p=1 p=1

Mx

(0,...,0,¢¢,0...

Inserting this expansion into Eq. (3.15) and projecting against x(9) yields
K K

Z<X(q)7 F<(I))X(p)>cp,l =\ Z(Xqup>cp,l~ (3.17)

p=1 p=1

This defines the Fock matrix F,, = (x\?, F(®)x) and the overlap matrix
Sep = (Xq:Xp)- Equation (3.17) can then be expressed as the non-linear
generalized eigenvalue problem

FC = SCA,

which is known as the Roothan—Hall equations [98,[99]. Numerically this is solved
self-consistently [33, 85, [I00]. Due to the symmetry of the Fock matrix, the N
eigenvectors can be furthermore completed with K — N additional eigenvectors
forming the set of molecular orbitals.

Although the self-consistent field method is arguably the most used method
in quantum chemistry, we highlight that the Hartree—Fock problem in Eq.
is in fact NP-complete [I0IHI03]. Furthermore, the Hartree-Fock approach
is by construction insufficient if the targeted state is not close to Gy, i.e.,
is not predominantly described by a single Slater determinant. Nonetheless,

Hartree—Fock solutions are common starting points for many quantum-chemical
methods [33].
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3.3 Single-reference Coupled-Cluster Theory

Single-reference coupled-cluster methods are well established and extensively
studied approaches in quantum chemistry. These methods persuade with
conceptual simplicity and high-accuracy results [I04]. The success of coupled-
cluster methods can be traced back to the exponential parametrization of the
wavefunction, which was independetly derived by Hubbard [105] and Hugenholtz
[106]. The exponential parametrization of a weavefunction can be derived in
several ways. Mathematically, the Cauchy—Dunford calculus [I07] for linear
operators in finite dimensions yields that the exponential parametrization
is equivalent to the linear parametrization known as the full configuration
interaction wavefunction [6]. We highlight that this approach does not hold in
infinite dimensions. The H'-continuity of the cluster operator, which is key in
infinite dimensions, was shown later by Rohwedder [7]. In his work he extended
the single-reference coupled-cluster method to the continuous space H', which
is known as the continuous coupled-cluster method.
Independent of the type of derivation used, we find that any wavefunction
U that is intermediately normalized with respect to a given reference Slater
determinant ®y, i.e.,
(D, ¥) =1, (3.18)

can be expressed by means of an exponential of a cluster operator 7"
U = Q) = el ®, (3.19)

where the cluster operator is given by

T=> t,X, (3.20)
N

This exponential form of the waveoperator Q in Eq. (3.19) naturally satisfies
the multiplicative separability property [I08HIT0], i.e., for two non-interacting

subsystems A and B
eTatTs — gTapTs — ToeTa (3.21)

since [Ta,Tp] = 0. This is a crucial property of the single-reference coupled-
cluster waveoperator that distinguishes truncated single-reference coupled-cluster
methods from configuration interaction methods. Given the separability of
the reference state ®g, e.g., the Hartree—Fock reference state, this yields the
multiplicative separability of the total wavefunction and therewith the additive
separability of the energy [33][37]. This is known as energy size-consistency—one
of many desirable properties of the single-reference coupled-cluster theory.

It is worth highlighting that the single-reference coupled-cluster theory is
exact in the limit of untruncated cluster operators. Indeed, the projected
coupled-cluster equations [33] [[08] are given by

{E = (D, e THeTd,), (322)

0= (P, e THel®y), Ve T.
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Assume that Eq. (3.22)) is fulfilled. The resolution of identity yields

(W, He"®g) = (7', o) (@, e THeT o) + > (e 1, ,)(®,, e~ T HeT )

14

= E(, e’ ®p),

(3.23)
for arbitrary ¢ € Hy. This shows that ¥ = eT®, solves the Schrédinger
equation . Conversely, assume that the wavefunction ¥ with (U, ®g) =1
solves the Schrédinger equation . Due to the intermediate normalization
we know that there exists a 7' such that ¥ = e?®,. Recall the Schrédinger

equation ([2.25) for ¥, i.e.,
(u, HeT @) = E(u, e’ @), Vu € Hy. (3.24)

This holds, in particular for u = ®y and v = e_TT<I>M, which yields Eq. .
It is worth mentioning that the use the exponential form of the wavefunction
was already suggested in 1958 by Coester [I11] although he did not present the
working equations at that time.

The system of non-linear equations quickly becomes numerically
intractable requiring a truncation of the cluster operator T, e.g., Tsp where
i in the expansion in Eq. is restricted to |u| < 2, which is known as
coupled-cluster method with singles and doubles. Note that such a truncation, can
yield non-zero projections in Eq. (3.23)), hence, the equivalence to the Schrodinger
equation is no longer guaranteed. Moreover, the similarity transformed
Hamiltonian in Eq. appears to be problematic since an expansion of
the dressed Hamiltonian based on a lemma of the Baker—Campbell-Hausdorff

formula [33], i.e.,
_ 1
e THe = § ja[H, Ty, (3.25)

may not terminate. However, straightforward calculations show that this
expansion actually terminates after four terms [33], i.e.,

e HeT = H+ [H,T) + S[[H, 71, ] + L[[[H,7), 7, 7] + o ([, 7), 71,71, 7]
Hence, the coupled-cluster method yields a set of polynomial equations describing
the expansion amplitudes of the cluster operator 7. We emphasize that the
termination of Eq. at the fourth commutator only holds for two-body
Hamiltonians. In fact, the termination rank of the series depends on the nature
of the interaction described in the Hamiltonian. Note also that the complete
derivation of the working equations of single-reference coupled-cluster methods
is a painstaking undertaking and is, today, unthinkable without support of
symbolic algebra programs for higher-order coupled—cluster methods [T12HI14].
Although the truncation of the cluster operator in Eq. (3.20]) makes the system
numerically accessible, it also introduces an additional approx1mat10n It has
been shown numerically [104] and mathematically [6] 8] that such approximations
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still yield energy calculations with chemical accuracy, i.e., within an error margin
of chemical accuracy (1 mEy), if the reference determinant ®q has sufficiently
large overlap with the targeted wavefunction and the considered basis set is
sufficiently large.

3.4 Correlation Problem

The single-reference coupled-cluster approach described in the previous section
yields in its untruncated version the fully-correlated solution ¥, € Hy, which
approximates the exact solution as the basis-set size tends to infinity (see
Section . However, recall that the practically relevant versions of the single-
reference coupled-cluster approach are its truncated versions. Whether or not
said solutions can be trusted is in general an unanswered question. However,
there exists empirical and mathematical knowledge on some conditions implying
truncated single-reference coupled-cluster methods to yield solutions that are
close, i.e., within an error margin of chemical accuracy (1 mEy), to the fully-
correlated solution. Subsequently, we elaborate on mathematical conditions that
imply reliable single-reference coupled-cluster solutions. This does not mean
that the empirical conditions, e.g., listed in [37], are incorrect, however, they
require a more formal investigation in order to be proven universally applicable.
In the following we will restrict our discussion to the finite dimensional—
computationally relevant—setting and think of the Hamiltonian as a matrix.

Mathematical sound assumptions for the convergence of single-reference
coupled-cluster methods can be found, for example, in Refs. [6Hg]. In particular,
Assumption BI and BII in [8]:

BI. Let ®y be chosen such that it fulfills Eq. (3.15)) with A, = Ao the lowest
eigenvalue of multiplicity one, i.e.,

<F\I/, \I/> > A1H\I/H with Ay > A(), (326)
for all U L2-orthogonal to the linear hull of .

BIL. The similarity-transformed Hamiltonian in Eq. (3.25) may be decomposed
into two parts, i.c., e"TOHeT®) = (F — Ag)T(t) + U(t), where F — Ag
is the Fock operator lifted by Ao from Assumption BI. Furthermore, we
assume the function t — U(t)®y to be Lipschitz with a small Lipschitz
constant, i.e.,

[(U) = U(s)®ollan < LIt — s (3.27)

on a neighborhood Bs(t*) of the sought solution t*, with L bounded by the
HOMO-LUMO gap defined via the constants from Assumption BI, i.e.,

L <Ay — A, (3.28)

Note that the above assumptions are reformulated from the original
assumptions in Ref. [8]. Furthermore, they are sufficient but not necessary
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for a convergence analysis and therewith also merely sufficient for the successful
convergence of singe-reference coupled-cluster methods. We emphasize that this
shows a general problem in the realm of computational chemistry and in particular
in coupled-cluster theory; it is a very wide field where it is extraordinarily hard
to formulate general assumptions that are at the same time precise enough to
be useful for the matured computational methods. Note that in Assumption BII
we explicitly displayed the characterization of T' through the cluster amplitudes
described by Eq. in order to emphasize that U maps cluster amplitudes
to wavefunctions. The explicit characterization of U is at this point not needed,
however, an important observation is that the smallness of L implies that the
Hartree—Fock solution corresponds to a good approximation of the fully correlated
wavefunction. Assumption BII therefore highlights the characterization of the
single-reference coupled-cluster theory as a perturbation of the Hartree—Fock
theory [I15], which can also be traced back to the early work from Coester [111].
The correlation problem is in its core the deviation of the Hartree—Fock solution to
the Galerkin solution in H . Within computational chemistry said deviation can,
to a certain extent, be linked to physical systems and their characteristics [37].
Based on this characterization of the correlation, different levels of theory are
employed in order to correct the Hartree—Fock solution in a sufficient way.
Although useful for computational chemists, we refrain from going into details
of this characterization. We will here highlight one mathematical challenge that
yields the later described Jeziorski-Monkhorst ansatz [38], which is the starting
point for most multireference coupled-cluster methods [37]. To that end, the
Hamiltonian is divided into two parts:

H(\) = Hy + \V, (3.29)

where A is the perturbation parameter (a complex parameter steering the
perturbation), Hy is the zeroth order Hamiltonian and V is the perturbation.
The general Rayleigh—Schrodinger perturbation theory [27, [IT5], [116] holds for
numerous choices of Hy, however, we here think of Mgller-Plesset perturbation
theory [115], which aligns with the above motivated perturbation of Hartree—Fock
solutions. In this particular case, A = 1 corresponds to the physical system,
Hy = F(®WM) is given by the Hartree-Fock operator Eq. andV = H—H,
is the fluctuation potential, i.e., the irreducible part of the electron repulsion that
is not captured at the Hartree—Fock level of theory and therewith the origin of
electron-correlation effects. From here, we can consider the fully correlated case
as a perturbation of the Hartree-Fock solution. The description of a particular
eigenvalue of H = H(1) is in within this framework possible, if the targeted
state is nondegenerate, i.e., the eigenvalues of H(\) remain well separate for
the range of A. Recalling that H(0) is the Hartree—Fock operator, this means
in particular that a HOMO-LUMO gap exists and for numerical applications
this needs to be large enough (see Assumption BII). In this case, the perturbed
eigenvalue can be systematically improved until convergence is reached (see
Mpgller-Plesset perturbation theory [I15]). The description of eigenvalues of H by
means of a perturbation of the eigenvalues of Hy becomes more evolved when one
eigenvalue (or more) of the zeroth order Hamiltonian Hy is degenerate of quasi
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degenerate [27], i.e., for A — 0 more than one eigenvalue of H will tend toward
each other and collapse or become very close for Hy. The power-series expansion
of Mgller-Plesset perturbation theory that converges to the targeted eigenvalue
relies on the fact that the perturbed eigenvalues are analyticEl functions of the
perturbation parameter \; they are branches of an algebraic function. The
individual branches are analytic as long as they do not cross, which ensures
the power-series expansions of individual eigenvalues [27]. Since we want to
obtain eigenvalues of the physical systems, i.e., A — 1, the disk of convergence
of the power series needs to be large enough such that it contains A = 1. In the
degenerate case the branches corresponding to one or more eigenvalues cross
for some value of A\ and for the quasi degenerate case it is very likely that they
cross for some value of A. Said crossing consequently defines the radius of the
disk of convergence since the individual branches are not analytic at this point.
The perturbation of the considered degenerate or quasi degenerate eigenvalue of
H yields the characterization of a subspace that is spanned by the eigenvectors
corresponding to the eigenvalues of H that collapse or nearly collapse to that
particular eigenvalue for A = 0. The key observation, for the degenerate, quasi-
degenerate and nondegenerate perturbation, is that the resolvent of H(\) has
poles in the eigenvalues of H(\). The residual theorem yields a characterization
of the projection operator onto the eigenspace that corresponds to the poles
enclosed by the closed curve I' along which the contour integral is performed,
i.e.,
1 1

Pi=— [ ——— .
Y omi Jpe— Hy AV (3.30)

Expanding the resolvent of H(\) as

1 o0

— = A"G VG ", 3.31
iy v = 2 NG (331)
where Gy is the resolvent of the zeroth-order Hamiltonian [IT6], yields

oo 1 o)
_ n n _ n g(n)
PA—HZ:OA %/FGo(Z)(VGo(z)) dz=Py+ 3 AmA™, (3.32)

n=1

where the last equality defines the A). We emphasize that there is a number
of caveats that are important in the rigorous treatment of degenerate and
quasi-degenerate perturbations of eigenvalues—already in the finite dimensional
case [27]. We here refrain from listing them and refer the interested reader Kato’s
famous book [27]. Since the individual perturbation of eigenvalues is not possible

LA function f is (complex) analytic on an open set D C C if for any 2o € D one can write

oo

f@) = an (@ —w0)"

n=0

in which the coefficients a; € C and the series is convergent to f(z) for  in a neighborhood of
z0.
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in the degenerate or quasi-degenerate case, one may think of an approach that
uses an effective Hamiltonian that only acts on the subspace spanned by the
perturbed degenerate eigenstate and for which a direct diagonalization yields a
subset of exact energies. This is the general idea behind the Jeziorski-Monkhorst
ansatz [38] described in the following section. Note that a perturbation theory can
also be formulated for linear operators acting on an infinite dimensional vector
space. Hence, the above discussion is potentially transferable to the general
infinite dimensional case but requires a very careful treatment as outlined in
Ref. [27]. We finalize this section by pointing out that the degenerate case is
rather rare in quantum chemical calculations. In fact, in most cases the Hartree—
Fock solutions become quasi degenerate in some region along the potential energy
surface.

3.5 Multireference Coupled-Cluster Theory

In this section we follow the structure of Lyakh et al., and Bartlett and
Shavitt [37,[I17] to present an overview of different multireference coupled-cluster
approaches and to put the tailored coupled-cluster method into perspective. For
a more detailed description we refer to review literature on this topic describing
different levels of theory and numerical applications [37, 104, 117, 118]. The
multireference coupled-cluster approach consists of three subcategories: the
Hilbert-space multireference coupled-cluster theory, the Fock-space multireference
coupled-cluster theory [IT9HIZ21] and alternative approaches. We will start the
following discussion to state-universal Hilbert-space multireference coupled-
cluster theory [37], which is motivated by the above described degenerate and
quasi-degenerate perturbation theory, and finalize this section by giving an
overview of alternative approaches to which the tailored coupled-cluster methods
belong.

All Hilbert-space multireference coupled-cluster methods can be derived from
the Jeziorski-Monkhorst ansatz [38]. The Jeziorski-Monkhorst ansatz can be
motivated from the degenerate/quasi-degenerate perturbation theory point of
view discussed above; recall that we are here considering Hamiltonians on finite
dimensional vector spaces. We note that

QrH(A\) P, =0, (3.33)

where @ the L?-orthogonal projection to Py. Expanding Py according to
Eq. and diagonalizing P; H P, therefore yields the subset of eigenvalues
that are degenerate or quasi-degenerate for Hy. Since the full expansion of Py
according to Eq. can be a painstaking undertaking, we will introduce an
alternative approach. We seek a similarity transformed Hamiltonian, i.e.,

H =e SHe?, (3.34)
such that the model space is an invariant subspace, i.e.,

QoA Py = 0. (3.35)
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We refer to Eq. as Bloch equation. This implies that the effective
Hamiltonian g = Py P, is diagonalizable and its eigenvalues are the
subset of the exact eigenvalues of H that cannot be treated with nondegenerate
perturbation theory. Subsequently, we will set P = Py and Q = @)¢. One possible
choice is S = QQP, where 2 fulfills

i) PQ=P, and ii) QP =Q. (3.36)

Note that we will later choose 2 to be the multireference coupled-cluster
waveoperator, however, other choices are in principle possible since the following
derivation does not depend on the particular choice of 2 but on its properties 7)
and i7) in Eq. . By construction S is nilpotent and therefore e = I + S
and e~ = I — S. For the zeroth-order Hamiltonian Hy = H — V, we find that

Qe ®Hpe® P = (Q — S)Ho(P + S) = —SHoP + QHyS = [Hy, Q| P,
and similarily for the electronic-potential part

Qe Ve P =(Q—-S)V(P+S)=QV(P+S)—SV(P+S5)
=VQP — (P +S)VQP =VQP — QPVQP.

Hence,
QAP =0« [Q,Hy|P=VQP - QPVQP, (3.37)

which is known as the generalized Bloch equation [117, 120}, 122]. This shows
that € fulfills the generalized Bloch equation if and only if Eq. is fulfilled.

The Jeziorski-Monkhorst ansatz uses a set of L reference Slater determinants,
ie, {®,}petoa Where Tioq C Z with [Zioa| = L, to form a model space. The
reference state ®( in Sec. [3.3]is now replaced by a linear combination of the
Slater determinants in the model space, i.e.,

po= Y curly 1<k<I, (3.38)

Mezmod

where k describes the targeted eigenstate. The Jeziorski-Monkhorst ansatz
generalizes the single-reference coupled-cluster waveoperator by considering one
cluster operator per reference state, i.e.,

Q=3 o0, ), (3.39)

HELmod

where ®,(®,,, ) is the projection onto the reference determinant ®,. Note
that each cluster operator T is defined with respect to a different reference
state ®,,, which allows to include higher cluster excitations with respect to the
formal reference but results in a more delicate theory with potential caveats
such as redundancies in the cluster amplitudes, intruder states or the break
down of the energy size extensivity [123]. Characterizing the exact conditions
under which some of these feature appear in methods derived from the Jeziorski—
Monkhorstz goes beyond the scope of this thesis. We refer the reader to works
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by Paldus, Piecuch, Jeziorski and coworkers as well as Bartlett and coworkers
from the 1990s [124HI32] and to works by Piecuch and Kowalski from the
early 2000s [I33HI37]. We also want to note that intruder states, which can
be seen as a finite dimensional analog to spurious eigenvalues, i.e., a spectral
pollution in mathematics [I38], can be circumvented by using the generalized-
model-space state-universal multireference coupled-cluster approach [139] [140].
Furthermore, different cluster operators do not necessarily commute, which
makes the derivation of the working equations significantly more evolved. In
the single-reference case, the exponential parametrization of the wavefunction
requires the intermediate normalization with respect to the reference state.
Recall that in the derivation of the generalized Bloch equation we imposed that
P = P. This yields the following normalization constraints in the multireference
coupled-cluster setting, i.e.,

(B10,Up) = (1o, Wp o) =6 V1< k<L (3.40)

As shown above, the governing equation for the waveoperator € is given by
the generalized Bloch equation, which is equivalent to

HQP = QHQP. (3.41)

The amplitudes involved in the waveoperator 2 are computed by solving
Eq. (3.41)). In the original formulation of the Jeziroski-Monkhorst ansatz,
the energy values are then computed by diagonalizing the effective Hamiltonian

H.g = Pe HeSP = PHQP. (3.42)

As the above outline shows, this approach is arguably more complicated than
single-reference coupled-cluster methods. The aforementioned computational
caveats in combination with the increased number of cluster amplitudes in
multireference coupled-cluster methods furthermore prohibit a universally
applicable multireference coupled-cluster method. However, to overcome
the computational and conceptual difficulties arising from this ansatz, many
variations have been introduced yielding a large variety of state-universal and
state-specific Hilbert-space multireference coupled-cluster methods. A detailed
description of state-of-the-art methods can be found in [37].

Alternatively, there have been many attempts to correct the single-
reference coupled-cluster formulation to yield accurate calculations for strongly
nondynamically correlated systems. Such approaches are called alternative
multireference coupled-cluster approaches. The motivation for these approaches is
that the single-reference coupled-cluster theory is exact in the limit of untruncated
cluster operators, i.e., the addition of higher excited clusters will eventually solve
any multirefernce problem. However, the brute force addition of higher cluster
terms will quickly become numerically intractable [I123]. Nonetheless, higher
cluster amplitudes like triples, quadruples, etc., are not directly coupled to the
imposed reference determinant via the Hamiltonian (see Eq. (3.22))) [141HI43]. It
therefore appears unreasonable to explicitly include all of the higher amplitudes
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in the single-reference coupled-cluster ansatz, especially since it is numerically
well established that typical multireference correlations involve relatively small
subsets of active orbitals around the Fermi level. This leads to the state-selective
multireference coupled-cluster theory or, using today’s language, the active-space
coupled-cluster framework, where one uses active occupied and active unoccupied
orbitals (in practice, small subsets of all occupied and unoccupied orbitals) to
select higher than two-body cluster amplitudes. The initial ideas of this type
were put forth by Oliphant and Adamowicz [I44] (the case of two reference
determinants) and [I45] (active orbitals used to select the three-body cluster
amplitudes) and by Piecuch, Oliphant, and Adamowicz [146]. The latter paper
presents the generalization of the active-space coupled-cluster ideas to arbitrary
truncations in the cluster operator, comparisons with the Jeziorski-Monkhorst
ansatz, and the detailed analysis of the key theory level in such considerations
including the three- and four-body clusters. This has then been followed by
a series of papers reporting further developments, such as [I47HI52]. In this
approach, a complete-active space model is employed yielding the exponential

form [146]
‘\I/> = eT‘“"“’ @Tint |¢0> = eTEXt (I + Cint)l(I)0>7 (343)

where the complete-active space part is supposed to cover the static electron
correlation sufficiently well. In this context ®q is called the formal reference, and
Uint = (I 4+ Cint) Do is the internal reference, which is in the active space. The
external cluster operator Toy; excites out of the model space and is supposed
to describe the dynamic electron correlation. The central difference to the
aforementioned Jeziorski-Monkhorst ansatz is that all excitations are defined with
respect to the formal reference Slater determinant. Consequently, all excitation
operators involved in Eq. commute. We see that given an adequate
complete-active space and a high precision Cj,t, this approach describes selected
higher order excitation. However, the choice of T, can be rather arbitrary,
which yields a variety of implementations of this approach[IT4], [123] [143], 146l
[I73]. We emphasize that extensions to excited states are typically accomplished
using equation-of-motion ansétze [[74HI84]. Ome of the more severe caveats
of this approach is that it is in general not invariant under the active space
choice [I506, [158], [I85], which can lead to exceedingly different results. This
drawback was overcome by Shen and Piecuch who introduced the CC(P, Q)
formalism [167) [169] [I73]. We also want to highlight that the idea of externally-
corrected schemes has recently re-emerged in the form of the semi-stochastic
cluster-analysis-driven full configuration interaction quantum Monte Carlo
method, which aims at converging to the exact fully-correlated state energies [186].
For an overview on active space coupled-cluster methods we refer the reader
furthermore to [187].

3.6 Tailored Coupled-Cluster Approach

Tailored coupled-cluster methods [I6HI8| 188 [189] are externally-corrected
coupled-cluster methods. The original idea of the externally corrected coupled-
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cluster approaches goes back to Paldus, Cizek [T90], and the following works by
Paldus and coworkers [T9THI96]. Li and Paldus exploited the single-reference
coupled-cluster approach further as corrections to a complete-active space
multireference wavefunction in order to account for dynamical electron-correlation
effects [I97H2006]. Externally-corrected coupled-cluster methods are alternative
multireference coupled-cluster methods, i.e., methods that arise from a partition
of the cluster operator

T=> t,Xy= Y tuXu+ > t,X,="Toas+ Text, (3.44)

10 HEZcAs PELext

where Toag describes the active-space part and Tuy the external or nonactive-
space part. Note that Eq. is defacto the same as Eq. described
in [146]. The approach suggested by Li and Paldus uses single-reference coupled-
cluster calculations as corrections for a fized active-space part that has been
precomputed. The externally corrected coupled-cluster methods formulated with
the multireference configuration interaction method on the active space, i.e. the
reduced multireference coupled-cluster methods [197H200] 202} 207] are not energy
size extensive nor size consistent [123)].

In contrast, tailored coupled-cluster methods employ a full configuration
interaction wavefunction in the complete-active space ¥cag = eTcas®;. This
makes the method energy size extensive and size consistent [123] [I88]. The use
of the full configuration interaction method imposes, however, severe restrictions
to the size of the active space. Another caveat of tailored coupled-cluster
methods is the sensitivity with respect to the active-space choice [123] [208]. In
order to overcome these drawbacks the tailored coupled-cluster approach was
recently combined with the density matriz renormalization group method [209+
[211], where the active space choice is automated (see below). This is known as
the DMRG-TCC method [16H20] 208].

The choice of the active space is crucial for the success of tailored coupled-
cluster methods [59, [123] [I88, [208]. Here two major issues arise. First, the
dimensionality of the active space scales factorial limiting the computations
due to the curse of dimensionality. However, the active space needs to be
large enough to cover all static and nondynamic electron-correlation effects
since the tailored coupled-cluster method is based on a single-reference ansatz.
At the same time, it needs to be small enough such that high accuracy
calculations, like full configuration interaction calculations, remain numerically
tractable. Second, the set of orbitals forming the active space needs to
contain the statically and nondynamically correlated orbitals. Hence, to make
the method universally applicable, a quantitative description of the electron
correlation is needed. Both caveats can be circumvented by means of the density
matrix renormalization group method. We highlight that the density matrix
renormalization group method is well-suited for static electron-correlation effects,
but requires large computational resources when describing dynamical electron-
correlation effects [208, 2T0H2T2]. Although this potential lack of dynamical
electron-correlation through the density matrix renormalization group method

28



Tailored Coupled-Cluster Approach

introduces an error, it is reasonable to assign the dynamical electron correlation a
secondary role in the active space calculation in return for a larger dimensionality
of the active space and therewith for a more precise description of the static
correlation effects. This motivates the use of the density matrix renormalization
group method on the active space, which yields low rank matriz product state
approximations to the fully correlated wavefunction Weag. Note that the
use of matrix product states is due to the popularity of the density matrix
renormalization group method in quantum chemistry; however, tailoring the
coupled-cluster method with other more general tensor network states [213H216]
is also possible. This is subject of ongoing research on TNS-TCC methods.
Regarding the choice of the active space, quantum information theory provides a
framework that enables an automatized active-space choice up to a numerical
threshold [217H220]. To that end, the electron correlation is measured by means
of the information flow between two orbitals, i.e., the mutual information. The
general idea of choosing the active space based on the mutual information is
subsequently described. Given a wavefunction ¥ € C2X | i.e., the tensor product
form in the Fock space using the spin-orbital basis {¢;}X, (see also Jordan—
Wigner transformation [221]), we can compute the mutual information as follows
via the von Neumann entropy. For a given set of indices M = {my,, m;,, ..., m;, }
with n < K we can define the corresponding von Neumann entropy as

s(M) = =Tr(p(M)In p(M)), (3.45)

where p(M) is the density matrix obtained by partially tracing out all indices
not contained in M, i.e.,

p(M) = U IM|TT[M] € CFnx2n, (3.46)

and W[M] is the matrizisation of ¥ that corresponds to M, i.e.,

\I/[M] = <\P[M](m1,,%,%%,mk),(mll ,miz,.“,min))

my,....,mg€{1,2}

The mutual information for two orbitals ¢, j is then given by

I(i,7) = s(i) + s(j) — s(i, 7). (3.47)

The mutual information profile, i.e., I(i,7) as a function of the compound
index (7,7), quantifies the electron correlations between the orbital as they
are embedded in the system [217]. Large values of I(i,j) describe static and
nondynamic electron-correlation effects while small values describe dynamic
electron-correlation effects. Note that the single-site von Neumann entropy
s(4) is consequently a good proxy for the electron-correlation effect of the
i-th orbital. In practice, a numerical threshold for the characterization of
statically and nondynamically correlated orbitals needs to be chosen, for details
see [220]. Numerical experiments have shown that the mutual-information profile
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is qualitatively robust with respect to the bond dimensionsﬂ of ¥ [208], i.e., a
sufficiently good active-space choice can be based on a low-rank approximation of
the targeted state. Note that the information profile is state specific and needs to
be recomputed when different states are targeted. For a more detailed description
of the tailored coupled-cluster method we refer the reader to [16] [59] [I88]. For
more details on the active-space choice see [217H220] and in the context of
DMRG-TCC see [208].

?Bond dimensions can been seen as a conceptual generalization of the matrix rank to
tensors. A low bond-dimension approximation of a tensor is similar to a low rank approximation
of a matrix and is consequently numerically more accessible than high bond-dimension
approximations.
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Chapter 4

Introduction to the Articles

The presented thesis contains three articles that address mathematical aspects
of coupled cluster methods. We attached the articles in an order that aligns
with the introductory chapters.

Article 1

The article The coupled-cluster formalism—a mathematical perspective [9],
written in collaboration with Andre Laestadius, addresses mathematical aspects
of coupled-cluster theory presented in a quantum-chemistry framework. As a
conference proceeding of the 58th Sanibel Symposium, we intended to promote
the mathematical viewpoint in coupled-cluster theory to the theoretical-chemistry
community.

We introduce the concept of weak formulation and operator equations
in order to present a priori error estimates via the Aubin—Nitsche duality
method and the flipped gradient approach [6, 8, (9, 222]. We furthermore
elaborate on Garding’s inequality for the electronic Hamiltonian and for the
Fock operator. Since Garding’s inequality is an important factor in error
estimations in the setting of abstract eigenvalue problems of noncoercive bilinear
forms (see Sec. , it provides a promising approach to a coupled-cluster
diagnostic, i.e., a mathematically-sound condition that indicates a sufficiently
well approximation via (singele-reference) coupled-cluster methods, after the
calculations were performed. Gardings inequality furthermore enters in the proof
of strong monotonicity of the coupled-cluster function [6] [7, 59, 222], which
further highlights its importance. In order to provide a sophisticated error
diagnostic for coupled-cluster methods, good estimates for the constants involved
in Garding’s inequality are needed. Since sharp bounds for the constants in
Garding’s inequality for the Schrédinger form are hard to derive, we present
improved bounds compared to previous work [6H8], 59 222].
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Article 11

The article Analysis of the Tailored Coupled-Cluster Method in Quantum
Chemistry, written in collaboration with Andre Laestadius, Ors Legeza, Reinhold
Schneider and Simen Kvaal, addresses a first mathematical analysis of the
tailored coupled-cluster method. The coupled-cluster method tailored by matrix
product states, called the DMRG-TCC method, has gained recent attention by
combining the density matrix renormalization group method as an active-space
approximation method with the tailored coupled-cluster method. This approach
uses an automated active-space choice, based on quantum-information theory, in
order to circumvent the caveat of an appropriate active-space choice [T6H20].

We provide a functional-analysis framework that aligns with previous
mathematical works [6H9], yielding a characterization of the tailored coupled-
cluster method by means of a nonlinear Galekin method. The difference of
tailored coupled-cluster methods compared to single-reference coupled-cluster
methods studied in [6HI] is the use a complete active space that contains
the degenerate part of the considered system. Hence, we cannot impose a
HOMO-LUMO gap, which appears to be a crucial assumption in the analyses
presented in [6H9]. Instead we perform the analysis for to two different gap
assumptions: First, between the highest molecular orbital in the complete
active space and the lowest molecular orbital in the external space. Second,
between the highest occupied molecular orbital and the lowest molecular orbital
in the external space. In both cases we refer to the gap as CAS-ext gap. In
order to prove strong monotonicity of the tailored coupled-cluster function, we
assume that the fluctuation potential is small outside of the active space. This
assumption is motivated from a degenerate perturbation theory viewpoint similar
to the arguments discussed in Section [3.4] We then apply a local version of
Zarantonello’s lemma showing that the tailored coupled-cluster method attains
a unique and quasi-optimal solution. We furthermore perform an error analysis
based on the Aubin—Nitsche duality method. The framework is here provided by
Bangerth and Rannacher [223]. We were able to derive quadratic bounds for most
error terms, however, this analysis showed that imposing a fixed active-space
component, results in a methodological error.

We have shown that, aside from the methodological error, the tailored
coupled-cluster method will converge on the external space. The methodological
error, however, needs to be further studied. A numerically-accessible bound
could yield useful information of the successful approximation via the coupled-
cluster corrections as well as about the quality of the imposed active space. The
analysis has further shown that given an appropriate active space, the tailored
coupled-cluster method can be used to approximate excited states with similar
quality. This is particular useful in combination with the DMRG method since
approximating excited states and ground state simultaneously via DMRG does
not change the method’s complexity. A numerical study of DMRG-TCCSD
applied to excited states is part of ongoing research.
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Article 111

The last article in this thesis, which was written in collaboration with Mihaly
Maté, Andre Laestadius, Mihdly Andréds Csirik, Libor Veis, Andrej Antalik, Jit{
Brabec, Reinhold Schneider, Jifi Pittner, Simen Kvaal and Ors Legeza, addresses
a numerical investigation of the DMRG-TCCSD method applied to the nitrogen
dimer.

We present the error analysis of [208] in a quantum chemical framework,
highlighting the dependence of the error on the active space size and the
mathematical difficulties that come with it. We complement this by a numerical
study of the energy error for the nitrogen dimer. We find that already a small
active space yields a noticeable improvement over the CCSD results. Furthermore,
we observe a nonmonotonic behaviour of the energy error of the DMRG-TCCSD
method. To a certain extent this agrees with our expectation for low rank matrix
product state approximations on the complete-active space. However, we observe
significant peaks in the error function, which remain unexplained. In order
to explain the particular behaviour we extract a numerically accessible error
bound from [59], which was unfortunately inconclusive. However, generalizing
the analysis of Article IT in a way that includes different sizes of the active space
is not straightforward, since this yields a varying vector space structure, which is
difficult to describe. We furthermore study the robustness of the single-particle
entropy and mutual-information profile with respect to the bond dimensions
of the used matrix product state approximation. The calculations show that a
qualitative description of electronic-correlation effects are very robust, hence,
the mutual-information profile based on a low-rank approximation on the full
configuration interaction space is good measure for electronic-correlation effects
and which spin-orbitals to include in the active space.
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ABSTRACT

The Coupled-Cluster (CC) theory is one of the most successful high precision methods used to solve
the stationary Schroédinger equation. In this article, we address the mathematical foundation of this
theory with focus on the advances made in the past decade. Rather than solely relying on spectral
gap assumptions (non-degeneracy of the ground state), we highlight the importance of coerciv-
ity assumptions — Garding type inequalities - for the local uniqueness of the CC solution. Based on
local strong monotonicity, different sufficient conditions for a local unique solution are suggested.
One of the criteria assumes the relative smallness of the total cluster amplitudes (after possibly
removing the single amplitudes) compared to the Gérding constants. In the extended CC theory the
Lagrange multipliers are wave function parameters and, by means of the bivariational principle, we
here derive a connection between the exact cluster amplitudes and the Lagrange multipliers. This
relation might prove useful when determining the quality of a CC solution. Furthermore, the use of
an Aubin-Nitsche duality type method in different CC approaches is discussed and contrasted with
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1. Introduction

One of the most successful high accuracy ab initio
computational schemes is the Coupled-Cluster (CC)
approach [1]. It goes back to Coester [2], who in 1958
suggested using an exponential parametrisation of the
wave function. This parametrisation was derived inde-
pendently by Hubbard [3] and Hugenholtz [4] in 1957
as an alternative to summing many-body perturbation
theory (MBPT) contributions order by order. At that
time, Coester was not able to come up with working
equations that one might try to solve. Those were pre-
sented by Cizek [5] after the relevant concepts had been
introduced in the context of quantum chemistry. In this
work, Cizek mentioned the projective approach of the
equations, which is exploited in all conventional CC
methods until today. Firstly, in [5] the working ampli-
tudes and energy equations were derived when the cluster
operator is approximated by merely double excitations
(CCD). Secondly, the CC theory was compared with

67TH€T‘¢U> )
(bule THeT|go) = 0

MBPT, configuration interaction (CI), and the pair clus-
ter expansions of Sinanoglu [6]. Thirdly, the first ever
CCD and linearised CCD computations were reported
for nitrogen and a model of benzene. For a more detailed
description of the CC history, we refer to reviews by pio-
neers of the theory. For example, Kiimmel [7] and Cizek
[8] wrote such articles within the workshop ‘Coupled
Cluster Theory of Electron Correlation’ Furthermore, see
the articles by Bartlett [9], Paldus [10], Arponen [11] and
Bishop [12].

Unlike the CI method, the CC formalism does not
arise from the Rayleigh-Ritz variational principle and is
therefore said to be non-variational in that sense. This
yields the well-known fact that the CC energy is in gen-
eral not equal to the expectation value of the Hamiltonian
and in general not an upper bound to the ground-state
energy. The reliability of quantum chemical methods is
in most cases based on benchmarking, and the results’
physical and chemical consistency with existing theory.
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The gold standard of quantum chemistry — the CCSD(T)
method [13,14] - is no exception of this. It is the impor-
tance of sharp statements of an ab initio method’s reliabil-
ity that is the motivation of this work. Here, we build on a
local analysis [15] of the CC theory that also holds in the
exact, so-called continuous, formulation with infinitely
many one-particle basis functions [16,17].

There is a rich history of mathematical investigations
addressing CC methods prior to the local analyses in
[15-17]. To give a complete historical account is beyond
the scope of this article. We therefore limit ourselves and
mention only a few important results. As a system of
polynomial equations, the CC equations can have real
or if the cluster operator is truncated, complex solutions.
Furthermore, using quasi-Newton-Raphson methods to
compute solutions of non-linear equations can lead to
divergence since the approximated Jacobian may become
singular. This is, in particular, the case when strongly cor-
related systems are considered. These and other related
aspects of the CC theory have been addressed by Zivkovi¢
and Monkhorst [18,19] and Piecuch et al. [20]. Sig-
nificant advances in the understanding of the nature
of multiple solutions of single-reference CC have been
made by Zivkovi¢ and Monkhorst [19], Kowalski and
Jankowski [21], and by Piecuch and Kowalski [22]. An
interesting attempt to address the existence of a clus-
ter operator and cluster expansion in the open-shell case
was done by Jeziorski and Paldus [23]. We would also
like to mention the coupled-electron pair approxima-
tion (CEPA) [24-27]. This approach was introduced as
a size-consistent alternative to the CISD method that was
achieved by modifying (through topological factors [28])
the CI equations to account for higher excitations. This
makes CEPA non-variational (for an adapted variational
formulation of CEPA see [29]). CEPA can be regarded
as an approximation of the CC method and does not
form a truncation hierarchy that converges to the full-CI
limit [30].

Mathematical analysis is a well-established part of
many natural sciences. Plenty examples show how vari-
ous fields benefit from mathematical rigor and that math-
ematical analysis can define a framework of the method’s
applicability. This work takes off from recent develop-
ments of local analyses of CC methods, including the
single-reference CC, the extended CC, the tailored CC
(TCC) and its special case the CC method tailored by
tensor network states (TNS-TCC) [15-17,31,32]. In the
spirit of Robert Parr’s fundamental approach to quan-
tum chemistry, which was honored during the 58th Sani-
bel Symposium, we here present some mathematical
concepts used to analyse CC methods in a functional ana-
lytic framework. These yield rigorous analytical results
that are independent of benchmarks and interpretations
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but rather based on mathematical assumptions. Adapting
these assumptions to cover the computations performed
in practice remains a challenge and is subject of future
work. The local analysis puts as a sufficient - but not nec-
essary — condition that the cluster amplitudes are small
relative to other constants. We discuss a possible way out
of this restriction motivated by the fact that CC calcu-
lations are known to work for large (single) amplitudes
as well. We furthermore address the ¢;-diagnostic [33]
and mathematically derive a more sophisticated strategy
that includes all cluster amplitudes and offers a sufficient
condition of a locally unique and quasi-optimal solution
(after possibly rotating out the single amplitudes) rather
than rejection based on just large single amplitudes. We
furthermore complement the literature by a detailed dis-
cussion on spectral gap assumptions. In this context,
spectrum refers to the point spectrum, i.e. the eigen-
values of relevant operators. Although a gap between
the highest occupied molecular orbital and the lowest
unoccupied molecular orbital (HOMO-LUMO gap), or a
spectral gap of the exact Hamiltonian H (non-degenerate
ground state), is crucial for the analysis, we highlight the
importance of coercivity conditions, either for H or the
Fock operator F. Additionally, we derive an optimal con-
stant in the monotonicity proof of the CC function for
the finite dimensional case, i.e. the projected CC theory.
Comparing the CC Lagrangian with the extended CC for-
mulation [31], we propose by means of the bivariational
principle an alternative to measure the quality of the
Lagrange multipliers, here interpreted as wave function
parameters.

This article is structured as follows: In Section 2, a brief
summary of the CC theory is presented. We introduce
the set of admissible wave functions and moreover define
cluster operators, the CC function, and the CC energy
(for a full scope treatment of the mathematical formula-
tion of CC theory presented here we refer to [16,17]). In
Section 3, we discuss the use of local analysis within dif-
ferent CC methods. Key concepts here are (see Section 3.1
for definitions) local strong monotonicity and local Lips-
chitz continuity of the CC function f, which - if fulfilled
- are sufficient conditions for a locally unique solution of
f=0Dby Zarantonello’s theorem. In particular, the impor-
tance of so-called Gérding inequalities is demonstrated.
This is done both for the Hamiltonian, Section 3.2.1,
and for the Fock operator, Section 3.2.2. We conclude
in Section 3.3 with an overview of the Aubin-Nitsche
method and the bivariational principle as they are used
in CC methods for estimating the truncation error of the
energy.
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Sanibel Symposium under which many ideas presented
here took form. Moreover, the anonymous referee greatly
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No. 639508, and furthermore supported by the Norwe-
gian Research Council through the CoE Hylleraas Cen-
tre for Quantum Molecular Sciences Grant No. 262695.
AL and FMF thank Simen Kvaal and Thomas Bondo
Pedersen for useful comments and discussions.

2. Wave functions on an exponential manifold

The aim of electronic many-body methods, such as the
CC approach, is to solve the electronic Schrodinger
equation (SE) Ay = Eyy of an N-electron system. Here,
Ep is the ground-state energy and H the self-adjoint
Coulomb Hamiltonian. In this work, we restrict our
attention to real Hamiltonians and wave functions. We
emphasise that the mathematical framework of Hermi-
tian operators is not sufficient to support the necessary
spectral theory for quantum mechanics. Thirring exem-
plified this with the radial momentum operator P, =
—ih(8/0r) on D(P,) = {¢ € L*((0,00)) : Y(r = 0) =
0and P,y € L2((0,00))} [34].

From a mathematical viewpoint the Coulomb Hamil-
tonian, like most differential operators, is studied in its
weak form to allow a larger variety of solutions. Set Q2 =
R? x {:I:%} (or any other appropriate region in space and
number of spin states) and let fQN dt denote both inte-
gration and summation over spatial and spin degrees of
freedom. Multiplying the SE on both sides with a smooth
and compactly supported function ¢ € C°(QN), a so-
called test function, and integrating by parts yields (V =
(Vi o5 Vi)

1/ w.v¢dr+/ ¥ Vepdr :EO/ Yo dr,
2 Jon QN QN

) M
where V¢ denotes the Coulomb operator (containing
both the Coulomb attraction and repulsion) and ¢ a
solution of the SE. It follows immediately that the Lh.s. of
Equation (1) defines a bilinear form a(-, -) : C&° x C° —
K with K being the underlying algebraic field. Bound-
edness and ellipticity of this bilinear form, however, are
non-trivial consequences that go back to Hardy-Rellich
inequalities proving that V¢ : C° — L? is bounded (for
a general introduction see [35]). Note that this treatment
of the SE extends the set of admissible wave functions to
the set of antisymmetric L>-functions ¥ of finite kinetic
energy (), i.e.

nwﬁ:/'wﬁa<+w
QN
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and
| N
N 2
K@) = 5 ;:1 /;)N Vi |~ dt < 4o00.

We denote this space H! (V) and impose the norm

-1 H = Rey = (JIW113 + 2K ).

In this topology CSO(QN ) € HY(QN) is dense. Hence,
the bilinear form a(-,-) is continuously extendable to
HY(QN). We define the operator

I"\IW H I‘I1 — (Hl)/;"/f = I:\Iww = a(l/f> '))

where (H') is dual space of H', which we shall denote
H™! from now on. Note that H, maps indeed into
H™! since boundedness and ellipticity are preserved
under continuous extensions. Furthermore, the r.h.s. of
Equation (1) can be generalised to the dual pairing allow-
ing to reformulate the SE as an operator equation: Find
¥ € H' such that A,y = Eyy/, with ¢’ being the Riesz
representation of . This general approach to the SE
was to the best of our knowledge not considered in the
mathematical analyses of CC theory prior to the work
of Schneider and Rohwedder [15-17]. Subsequently, we
consider this weak formulation and for simplicity write
A, =A.

Different parameterisations of ¥ lead to different
approximation schemes, subject of this article is the CC
scheme, i.e. we parameterise 1/ on an exponential man-
ifold. We assume that the solution v, can be written
Y = ¢o + W1, where ¢y is a reference determinant of
N one-electron functions and ] is an element of {¢h} ",
the L2-orthogonal complement of ¢. We denote the L2-
inner product by (-|-) and follow the quantum chemistry
notation for expectation values of operators, i.e. ({ |A [¥r).
In particular, assuming that H supports a ground state,
which is always the case for Coulomb systems [36], the
Rayleigh-Ritz variational principle reads

(WIHlY)

Ey = min ———— =: min

R®),
y#0 (YY) Y#0 W)

with ¥ € H'. Note that although we assume v/ to be nor-
malisable (L?-summable), we do not impose |2 = 1,
but rather |[¢oll2 = 1. Furthermore, by construction of
the solution 1, we assume intermediate normalisation
(golyy) = 1.

Next, let {xx} € H'(Q) be an L?(2)-orthonormal
one-electron basis of the space of admissible one-electron
wave functions. Unless we explicitly write { Xk}kK=1 we
refer to the infinite dimensional setting. We construct
from this set an L2(QN)-orthonormal Slater basis in the



usual fashion denoted {¢,}. Note that the N-particle
basis functions {¢,,} span the infinite dimensional space
of all possible excitations with respect to the reference
determinant ¢,. In this notation we have ¥ = ¢ +
v = ¢+ Zu sy, where {s,} are the L%-weights of
¥ in the given Slater basis, i.e. s, = (¢, |¥). We formally
define the cluster operators by $ = 3 " s, X, where X,
excites the reference state ¢y to the state ¢,,. We obtain
v = ad+ §)¢0 with 1 denoting the identity operator.
The coeflicients s;, are called cluster amplitudes and we
say that s = {s,} is a set of admissible cluster ampli-
tudes if S¢pp € L2 and K(S¢pp) < +00. Due to the one-
to-one relationship between cluster amplitudes and lin-
early parametrised wave functions, a natural choice for a
norm on the space of admissible cluster amplitudes is the
corresponding wave function norm of Sq&o [15,16], i.e.

s = 1180ll* = 1130113 + K (Spo)-

2.1. The exponential ansatz

The CC theory is based on an exponential parametrisa-
tion of wave functions. This is an alternative and, assum-
ing full excitation rank (explained below) of the cluster
operators, equivalent description of the full CI (FCI)
wave function. Since its introduction by Hubbard [3] and,
independently, Hugenholtz [4], the unique parametri-
sation of a wave function ¥ by the exponential ¥ =
eTpy was assumed to be true and motivated from for-
mal manipulations. However, the unique representation
of functions in a Hilbert space is by nature a mathematical
problem and was rigorously proven for the exponen-
tial parametrisation in the infinite dimensional case by
Rohwedder [16].

A key element in deriving the exponential parameteri-
sation from the mathematical viewpoint is the well-
definedness of the exponential of 7 (or equivalently the
logarithm of I+ 8), which is subject of functional cal-
culus. We emphasise that the applicability of functional
calculus depends strongly on the operator’s domain since
different domains may imply different properties of the
operator, e.g. boundedness, essential self-adjointness,
sectorial spectrum, etc. By the fact that Rohwedder [16]
showed the H!-continuity of cluster operators in a con-
tinuous setting, the functional calculus for bounded
operators was proven to be applicable.

In the finite dimensional case this result was known
in the quantum chemistry community, see, e.g. Zivkovié
and Monkhorst [19]. However, this result was revisited
by Schneider [15] using the Cauchy-Dunford calculus.
To the best of our knowledge, the subtleties addressed
in [15,16] have not been part of previous considerations
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in mathematical analysis of CC theory. These impor-
tant results demonstrate how quantum chemistry bene-
fits from mathematics on a very fundamental level. The
continuous CC theory amounts to the exact formulation
where the set {x;} forms a basis (in the strict math-
ematical sense) of the one particle space H'(2). In a
for this article appropriate form, we recall Rohwedder’s
result [16]:

(i) Let ¢o denote a reference determinant, e.g. the
Hartree-Fock solution. Given a wave function | €
{po}r N L2, ie. (Y1 o) = 0,5etS = Sy, whereSy, o=
Y1 and note that S € B(L% L?), i.e. a bounded linear
operator from L? into L2, Then, ¥, € H' if and only if
S € B(H', H'). Furthermore, there exists a constant C
independent of v\ such that

Il < ISI < Cllrll.

An equivalent statement holds for the L>-adjoint of S.

(ii) The exponential map T+ el is a C® isomor-

phism between C := (T:TeBH,HYY and T+ C =
(+7T:T e BH', H")}. In particular, for any ¥ € H'
with (¢o|) =1 there exists a unique T such that v =
eT¢0.

Note that this result holds for any orthonormal set of
N-particle basis functions spanning the space of selected
excitations with respect to the reference determinant ¢.
However, it is required that the excitation rank of the
cluster operators remains untruncated, i.e. T= ZkN=1 Tk,
where ) corresponds to single excitations, T to double

excitations, . . ., Ti to N-fold excitations. Consequently,
we have
¥ =exp(Ty+ -+ Tw)do @

in the case of full excitation rank.

The usual identification between the linear and expo-
nential parametrisation holds [37]: Write S =8 + - +
Sy and suppose that the linear parametrisation is given
by

Y=>0+8+ -+ 3. 3)

Expanding the exponential in Equation (2), and compar-
ing with Equation (3), then yields

O P
Ty =S, T2=32—55,
and for the amplitudes

b b b b 2
1 = cf/co, t;; :c;/co—(cfcj—c}?ci)/co, e,

where cq is the FCI coeflicient of the reference determi-
nant (here cg = 1). This shows a one-to-one relation for
untruncated linear and exponential parameterisations.
Restricting the parametrisation on the sub-manifold of
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excitation rank k < N, this one-to-one relationship is in
general not true (see Remark 2 in [31]): Consider CCSD
for N >2 particles, i.e. ¥ = e/'*2¢. Expanding the
exponential yields

(T + T)? g (I + )N

=8,
2 N!

Tl + Tz +
which is not a CISD parametrisation, unless for the trivial
case Ty = T, = 0.

2.2. The CC energy

Being able to express any wave function in H! on an expo-
nential manifold, it is straightforward to derive the linked
CC equations [37]:

E(t) = (gol e THeTIgy),
)y = Gule THel|go) =0, forallg,. (4)

Here, ¢ and all the (visavi ¢) excited determinants ¢,
are assumed to form a basis of the anti-symmetric part
of H'. Note that the above equation defines the CC func-
tion f and the CC energy function £. Theorem 5.3 from
[16] demonstrates that the CC theory provides a wave
function that satisfies R(¥) = Eg = £ (t):

The continuous (and with full excitation rank) CC
amplitudes t, solve f(t,) = 0 fulfilling £(t) = Eo if and
only if the corresponding function yr, = eT*¢y solves the
SE Hyr,. = Eg..

By this fact and with Eg = E(¢,), if t, solves f (t,) = 0
the SE yields

(Wl HIYs) = Eo(ral ).

Hence, the CC amplitudes describe a function ¥, that
provides the system’s energy in the usual quantum
mechanical setting, i.e. R(¥) = E(ty).

In practice, computations are carried out using a finite
basis { Xk}kK=1 and furthermore with a truncated excita-
tion rank T = ’Tl + - ’Tn, n < N. The total truncation
level can then be denoted by d = (K, n), and where we
solve f=0 on V@ to obtain f(t7) = 0, Eg = E(t). We
note the following from the literature:

(i) Given a finite one-electron basis { Xk}kK=1» we
denote the span of the corresponding Slater basis by
H11<. With full excitation rank (n=N) Proposition 4.7
in [15] gives: f(t;) = 0 and Ex = E(ty) if ¥g = eTdgy
solves the SE on H}<, ie. Heligy = Ex eldgy. By the
argument of Monkhorst in [38] we can establish the
reverse: Assume f (t5) = 0 and set Ex = £(t4), then since
T = |¢o) (ol + X_,, ) (@] we obtain (Equation (38)
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in [38])

(g0l eTd eT4|go) R (eT1gp)
= (o eTi €Tl e Tufy T goy)

= (goleTa T g0 E(ta) + Y (ol el el f(ta) -
n

From this we can conclude R(eT4¢) = £(t;) = Ex, i.e.
the CC wave function gives the energy when inserted into
the Rayleigh-Ritz quotient. Furthermore, we have (where
C,4 denotes the truncated version of C)

inf(ROY) : ¥ = e g, T € Ca)
= inf(R(W) : ¥
=1+ 3¢0,8 € Ca) = Ex,

by the equivalence between linear and exponential
parametrisation as long as full excitation rank is kept.
Consequently, ¥4 = e4@y solves the SE on Hj, which
establishes the reversed implication in Proposition 4.7
in [15].

(ii) However, for n <N we have in general (see for
instance Remark 4.9 in [15])

ES = inf(R(y): ¢ = elgo, T €Cal #Esy n <N,

which gives the well-known result that the computed E4
is not an upper bound to Ex. Hence, E; # ReTagy)
where f(t;) = 0 and Eg = £(t,).

(iii) By (ii), strictly speaking, CC methods do not com-
pute wave functions, as 174 does not provide the system’s
energy and therewith does not fulfill the Copenhagen
interpretation’s first principle [39]. However, as math-
ematical analyses in [15-17,31,32] have demonstrated,
CC methods do provide approximate wave functions that
converge to the solution of the SE (as K — oo, n —
N). The Copenhagen interpretation is formulated for full
systems, which correspond to the continuous CC formu-
lation, and does not contain any statement about approxi-
mative solutions. This raises the fundamental question of
what properties should be demanded for approximative
solutions.

(iv) To contrast with the next section, we would also
like to point out the work [19] where, for a finite basis, the
CC equations were analysed in a perturbational setting.
Writing

T =T T4 T A(Tarr ) + Tria (),

where we followed the notation in [19] (see Equa-
tions (A9) and (A10)), the CI equations are obtained at



A =0and A =1 corresponds to the CC case. From this
and under the assumption of a finite one-electron basis,
both the reality and multiplicity of the CC solutions were
investigated with respect to pole and branch cut singu-
larities in the complex plane. The emergence of multi-
ple solutions is certainly interesting and worth pursuing,
however, the local analysis studied here instead deals with
the establishment of a locally unique solution under cer-
tain assumptions. Note that the local behaviour of a solu-
tion is important for the applicability and convergence of
Newton-Rhapson and quasi-Newton methods.

3. Local analysis in CC theory

The CC equations (linked and unlinked) can be for-
mulated as a non-linear Galerkin scheme, which is a
well-established framework in numerical analysis to con-
vert the continuous Schrédinger equation to a discrete
problem. Instead of solving the full problem, Galerkin
methods solve the CC equations in a finite dimen-
sional subspace Hy C H!. Note that the CC equations
remain the same, only the space spanned by the con-
sidered {¢,} has changed. Reducing the problem to a
finite-dimensional vector subspace allows to numerically
compute an approximate solution via Newton-Rhapson
or quasi-Newton methods. Galerkin methods allow a
local analysis, which is useful for CC theory due to
the manifold of solutions [18-23] and the use of quasi-
Newton methods that require certain local behaviour of
the solutions. Local analysis furthermore allows reliable
statements about the existence and local uniqueness of
Galerkin solutions as well as quantitative statements on
the basis-truncation error. Its backbone is formed by a
local version of Zarantonellos theorem [40]:

Let f:X — X' be a map between a Hilbert space
X, () || - ) and its dual X', and let x, € Bs be a root,
f(x4) =0, where Bs is an open ball of radius § around
Xy. Assume that f is Lipschitz continuous and strongly
monotone in Bs with constants L>0 and y > 0, respec-
tively. Then the root x, is unique in Bs. Indeed, there is
a ball C; C X' with 0 € C; such that the solution map
f71: Ce — X exists and is Lipschitz continuous, imply-
ing that the equation f (xy + x) = y has a unique solution
x = f~Y(y) — xy, depending continuously on y, with norm
lx]l < 8. Moreover, let X C X be a closed subspace such
that x,. can be approximated sufficiently well, i.e. the dis-
tance d(x,, XD) is small. Then, the projected problem
fa(xg) = 0 has a unique solution x4 € X N Bs and

L
Wfﬂﬂf;ﬂﬁjwﬁ

i.e. x4 is a quasi-optimal solution.
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The concept of quasi optimality was introduced in
Jean Céa’s dissertation [41] in 1964 for linear Galerkin
schemes and got extended over the years to the non-
linear case. It ensures that the Galerkin solution in a fixed
approximative space is, up to a multiplicative constant,
the closest element to the exact solution. For obvious rea-
sons this is a desired property for CC schemes. The differ-
ent CC methods vary, however, in more than just minor
details, which makes this property a conceptual different
and challenging task to establish for each method.

3.1. Local unique solutions and quasi-optimality

We start by elaborating on the assumptions of Zaran-
tonello’s theorem in a more demonstrative way. Here, the
notation (s, ) = Y 1 Suty is used for sequences s = {s,,}
and t = {t,}. In the context of the CC theory, the CC
function f from Equation (4) is said to be strongly mono-
tone if for sets of cluster amplitudes t = {t,}and ¢’ = {t//L}
there exists a y > 0 such that

fO —fEt—t)y = ylt—1|> (5)

If this inequality is true for all ¢, ¢’ € Bs(#,) then f is said
to be locally strongly monotone. The CC function f is
further said to be Lipschitz continuous if there exists a
constant L > 0 such that

If ) —fEHI < Liit — 7]l (6)

In direct analogy with local strong monotonicity, we
define local Lipschitz continuity if Equation (6) is fulfilled
for all cluster amplitudes ¢, ¢’ inside some ball.

To exemplify these concepts in a simple way we con-
sider a smooth function f : R — R. By the Cauchy-
Schwarz inequality, the strong monotonicity implies that
the derivative f'(t) > y, ie. f is a strictly monotoni-
cally increasing function. Note that strictly monotone
functions are injective (one-to-one), which implies local
invertibility. Hence, this already ensures local uniqueness
of the function’s root t,, if supported. Lipschitz conti-
nuity on the other hand implies that —L < f'(¢) < L.
Hence, the assumptions in Zarantonellos theorem are
restrictions to the function’s slope, namely

0<y<f=<L

By introducing normed operator spaces, these restric-
tions can be generalised to vector valued and even infinite
dimensional functions f.

Returning to the general case, the Lipschitz continuity
is key to derive the quasi-optimality in case of Galerkin
solutions. We assume that X C X is the considered
approximation space supporting the Galerkin solution ¢4,
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ie. (f(tg),s) =0 for all s € X@_ Then, f(t) —f(tp) €
XDy e (f(te) — f(t), u) = 0forallu € X, in par-
ticular for u = t4. Starting from the strong monotonicity,
we deduce for any u € X@ that

Yl — tall® < (F(t) — F(ta) b — ta)
= (f(t) — f(ta), ts — u)
< Lity — tallllt. — ull.

Because u € X was chosen arbitrarily, the above esti-
mate holds for all u, which implies the quasi optimality:

llt« — tall < L/y min ||t — ull. 7
ueX@

To apply Zarantonello’s theorem to CC methods, the
main challenge is to demonstrate a strictly positive y in
Equation (5) such that strong monotonicity holds locally
around the solution that corresponds to the ground state.
The original idea in [15] to obtain such a result in
the finite-dimensional projected CC theory assumed the
existence of an HOMO-LUMO gap. Further, more tech-
nical assumptions on the Fock operator F (see Garding
inequality below) were needed to achieve a generalisa-
tion to the continuous CC setting [17], which also has a
counterpart for F. We refer the reader to [15-17,31,32]
for the detailed proofs and made assumptions, not only
within the traditional CC formalism, but also for the
TCC and extended CC methods. However, we remark
that these assumptions are sufficient conditions but not
necessary. One example is given by metals: Despite their
typically small or negligible HOMO-LUMO gaps, the
single-reference CC method can compute metallic effects
often quite well. This suggests that the HOMO-LOMO
gap assumption, which limits the results” applicability,
can be lifted in the case of non-multi-configuration sys-
tems [32]. See also [23] for a CC theory that considers
open-shell systems where no HOMO-LUMO gap exists.

Here, we extend the results in [15-17,31,32] by opti-
mising the strong monotonicity constant y, which yields
lesser restrictions on the solutions cluster amplitudes
t. = {(ts)u}. Further investigations need to be under-
taken before the presented analysis can lead to practical
results of the reliability of the CC approach. However, we
suggest an estimate on the CC amplitudes that is sufficient
to guarantee the existence of a locally unique CC solu-
tion (see Equation (13)) and contrast it with the single
amplitudes diagnostic of [33].

3.2. Local strong monotonicity of the CC function

In the literature there are two different proofs that
the infinite dimensional (continuous) CC function f
is locally strongly monotone [17] (see also [31] for
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the extended CC function). Even though spectral-gap
assumptions enter the arguments, it is the so-called Géard-
ing constants that give a sufficient condition for the local
strong monotonicity, as will be demonstrated below. This
fact emerges from the analysis in [17] but was noted
and elaborated within the analysis of the extended CC
method in [31]. We here furthermore improve the exist-
ing analysis by optimising the constants. We start by
defining the Gérding inequality that will be used exten-
sively in the sequel:

An operator A fulfills a Gérding inequality if there exists
a real constant e such that A + e is coercive, i.e. there
exists a constant ¢ > 0 that depends on e (we denote this
dependence by c(e)) such that

(WIA+ely) = c@Iy %

The coercivity above describes a particular growth
behaviour of A + e as the lower bound becomes large
when the wave function is at the extreme of the space, e.g.
wave functions with a large kinetic energy. Subsequently,
we denote the Lh.s. of Equation (5) by A, i.e. for two sets
of CC amplitudes t = {t,,} and ' = {t, } we have

A={f(t)—ft),t=1).

We further set AT = T — 17, which yields by the CC
equations in Equation (4) the equality

A= (ATgole The — e Thel|gp). (8

Next, we elaborate on Garding inequalities for two dif-
ferent operators that imply local strong monotonicity of
the CC function, by bounding the r.h.s. of Equation (8).
Interestingly, for the finite-dimensional (projected) CC
method, only the latter approach has a counterpart (using
the particular structure of the Fock operator F).

3.2.1. AGdrding inequality for the hamiltonian

We here assume a spectral gap ys of H, ie. for all ¥
that are L?-orthogonal to the ground state v, we have
Rr) — Ey > v, for some y, > 0, i.e. we assume a non-
degenerate ground state. We also assume that ¢ is a
good approximation of the exact wave function, i.e. £ =
|1« — oll2 is small. It then holds (see Lemma 11 in [31])

(TeolH — EolTo) = (&) Toll3, ©)

with ¥, (€) = yx(1 — 4e + O(£?)). Thus, y4 () is close to
v« and strictly positive, if ¢ is sufficiently close to zero.
Using the argument in [17,31] (see proof of Theorem 3.4
in [17], and also Equation (16) with Ay=0 together with



the proof of Theorem 16 in [31]), we obtain
A > (ATeo|H — Eol ATgho)

. o
— e =T+ e B e = Innatel®
(10)

In [17], the first term of Equation (10) was bounded by
a constant times IIAT(;SOHZ, achieved by combining the
Garding inequality with Equation (9).

From Lemma 11 in [31], it follows that

Vs (€)

RN g 2
}/*(8)+6+E0C(e)”AT¢0” .

(AT¢o|H — Eg| AT ) >

However, this can be further strengthened to
(ATgolH — Eol ATeo) = nopt(e) | ATeo |,
with the optimal constant

Nopt (€) := max y"i@)c(e}.
P e>0 py(e) + e+ Eg

From this we conclude
_i s
A= (nople) = 17T =1
_ At 7 A
— e e =)e- 12 a

which yields the following sufficient condition for the local
strong monotonicity of f, namely

nopt(8) > lle™ =TIl + e el =11 (12)

Given y, > 0, we observe that a sufficiently small & and
ts, such that ||T*|| is small enough relative to nopt(¢),
guarantees that Equation (12) is fulfilled. (Recall that ||¢]|
and || T|| are equivalent, see Section 2.1.)

To finalise this section, we offer the following inter-
pretation of Equation (11), providing a more descriptive
approach to Equation (12). We see as e tends to —Ey from
above, the quotient y,(g)/(y«(g) + e + Ep) goes to one
from below. Furthermore, assume that c(e) goes to zero
from above as e approaches —Ej from above. This suggest
an optimal value of egpy > —Ey. For instance, choosing
ey = —Eo + y«(€)/n implies

Y« (€) clen) =

Ve(€) + e+ Eo e

1
1+1/n

such that y,(e) is eliminated from the expression.
Assuming further that e corresponds to an ngpe 3> 1
yields nopt & c(eopt). In conclusion, as long as yx(e) >
0, the Girding constant c(eop) offers a direct estimate
of the monotonicity constant y ~ c(egpt) — 2||T* I+
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Ol T, I>). We therefore obtain the following (approxi-
mate) sufficient condition for local strong monotonicity

ceopt) > 2[| T |- (13)

Note that IITH > K||t]|, for some constant K. However,
a sharp estimate for this constant is object of current
research. Thus, for Zarantonello’s theorem to guarantee a
locally unique solution, the exact amplitudes t, = {(tx),.}
cannot be too large relative to c(eqpt). We remark that by
an appropriate choice of the reference determinant ¢,
the single amplitudes t; = {(t1),.} do not contribute to
(the overall) |¢||. Thus, if ||¢]| is too large then this is a
consequence of £, t3,... (doubles, triples, etc.). Numer-
ical investigations are left for future work but we can
already compare this mathematically derived sufficient
condition for locally unique CC solutions with the ;-
diagnostics of [33]. Given the truncation level n of the
excitation rank, here the proposed diagnostic uses all
cluster amplitudes fy,1,,...,t, and not just the single
amplitudes f;. This is a clear advantage since, as men-
tioned above, orbital rotations can be used to rotate out
the single amplitudes. However, our diagnostic offers
only a sufficient and not a necessary criterion for a local
unique solution, i.e. for large t»,t3, ... the current diag-
nostic is agnostic about local uniqueness and only states
that local strong monotonicity cannot be inferred from
this particular analysis. We hope that future work will
clarify the situation further.

3.2.2. AGarding inequality for the fock operator

On the other hand, assume an HOMO-LUMO gap
o > 0 of the Fock operator F and that ¢y is the
Hartree—Fock solution, i.e. Fgpg = Ao with

(WIE = Aoly) = pollwll3,  forallyr L gy

The HOMO-LUMO gap thus corresponds to a spectral
gap of the Fock operator and we regard A as the ground-
state energy of F.Let F = Zfilf(ri) and choose {xx} as
cigenbasis of f, i.e. fxx = Agxx for all k. We observe that
Ao = Zfil Ai» Yo = AN+1 — AN > 0 and ﬁqbﬂ = (Ao +
)¢y with &, = 37|, Aa) — A- The argument prov-
ing that the CC function f is locally strongly monotone
can then be outlined as follows.

The considered Fock operator is assumed to fulfill a
Garding inequality. Thus there exists a constant e such
that  + e s coercive, i.e.

(WIE +ely) = colly >

For the sake of simplicity we use the same symbols for
the Gérding constants of F as for the Hamiltonian. In
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complete analogy with H, the argument in [15,31] shows
that

(WIE = Aolyr) > max — > c(o)ly|*  (14)

e>0 Yo +e+ Ag
and we moreover define
0) Yo

=maxX ——C
nopt e>0 Yo +e+ Ao

(e). (15)

Following [17], for a fixed ¢y we define the map from
the space of cluster amplitudes into the space of wave
functions Oy, : t > é(t)(bo, with O : t > [[E, T], T] +
e Twel, Hence,

efTI:I eT¢0 = ejr(l:* + W) eT(bo
= (F+[F, TD¢o + O(t) o, (16)

where A = F + W, and assume that for some L > 0 (not
too large)

(ATgolO®) — O o) = —LIt— £ 1% (17)

As a technical remark, the assumption in [17] is the
stronger requirement that ¢ > O(f)¢y is Lipschitz con-
tinuous as a map from the space of cluster amplitudes
to H~!. However, we here note that Equation (17) is
sufficient to derive the CC function’s local strong mono-
tonicity, as will be evident shortly. Inserting the identity
(a consequence of Equation (16) and f:¢0 = Aooho)

e Thelgy = B+ (B = Ag) o + O o

into Equation (8), as well as using Equations (14)
and (17), we obtain

A = (ATgolF — Aol ATo)
+ (ATgolO®) — O(t)|¢o)

0
> (g — Dt — 112 (18)
Consequently, local strong monotonicity holds if n((,%)t >
L. Repeating the argument presented in the previous
section, with the obvious adaptations, we obtain

C(eopt) >L (19)

as a sufficient condition for f to be locally strongly mono-
tone. Here, no explicit assumption on ||t,|| enters. The
main drawback of the assumption in Equation (19) is
that the constant L of the inequality in Equation (17)
has to be determined. Further analysis of this constant
is postponed for later work.

Before we conclude this section we exemplify how the
Garding constant ¢ can be chosen in the finite dimen-
sional setting. In this case the commutator [F, f“] is an

66

excitation operator (which implies [[E,T],T] = 0) and
O(t) is simply the similarity transformation of the fluctu-

ation potential W. This offers the following insight into

(0)
opt

cated case. As in [15], we define the norm on {¢o}*
by

the optimal constant 7, in Equation (14) for the trun-

ITgoll} =" euts = litl}-
"
1t follows that

(ATgolF — Aol ATo) = ) e, (AD] = | ATgoll}
12

Using || Tqbo | instead of || T(bo | and making the assump-
tion in Equation (17) also for the truncated theory
(denoting the Lipschitz constant in this new topology by
L), we obtain

A= " (AD2 + (ATe|O(t) — O o)
N

= It — £} + (ATo|O®) — Ot') o)
> (1= L)t — I3 (20)

Comparing the local strong monotonicity estimates
Equations (18) and (20) suggests that the finite-
dimensional version of n(()%)t equals one. Furthermore, at
first glance it appears that the estimate in Equation (20)
is obtained without imposing a Garding inequality. A
key observation here is that the choice of the norm
makes F on {¢o} fulfill a Garding inequality with eqpr =
—Ag and c(eopt) = 1. Indeed, the inequality is saturated,
meaning that equality holds. It follows then immedi-
ately from Equation (15) that ng(;)t = c(eopt) = 1. Thus,
in agreement with Equation (19) we have obtained the
condition nf)?))t —-L'>o0.

To conclude this section, we note that we have formu-
lated an alternative to the diagnostic in Equation (13):
Assume a finite one-electron basis and suppose that o)
satisfies Equation (17) with the norm || - || and L' <
1 locally around the solution amplitudes. Then local
strong monotonicity implies a locally unique CC solu-
tion. Whether Equation (17) with L’ < 1 holds without
the assumption of a small |t is an interesting and
still open question. Furthermore, the above analysis can
be generalised to any single particle operator fulfilling
certain properties (see [15,32]).

3.3. The CC method'’s numerical analysis

As computational schemes, the convergence behaviour
of CC methods is one of the main objects of study. This



covers whether or not the method converges towards the
exact solution as well as how fast it converges. We note
that the quasi optimality as given in Equation (7) yields
ty — t, as d — oo (for increasing approximation spaces
X@). Furthermore, in the case of the CC method one
studies the CC-energy residual

1Et) — EMI.

A major difference between the CI and CC method is that
the CC formalism is not variational in the Rayleigh-Ritz
sense. Consequently, it is not evident that the CC energy
error decays quadratically with respect to the error of
the wave function or cluster amplitudes. In the sequel we
present two approaches that were used in previous math-
ematical analyses of different CC methods to derive such
quadratic error bounds [17,31,32].

3.3.1. The Aubin-Nitsche duality method

The Aubin-Nitsche duality method is a standard tool
for deriving a priori error estimates for finite element
methods. It was introduced independently by Aubin [42],
Nitsche [43] and Oganesyan-Ruchovets [44]. We here
elaborate the Aubin-Nitsche duality type method used
in [15,17,32] to derive a quadratic error bound for the
CC method and the closely related TNS-TCC method,
a special case of the tailored CC method [45]. This
approach exploits the mathematical framework intro-
duced by Bangerth and Rannacher [46]. The untruncated
Euler-Lagrange method gives the Lagrangian L(t,s) =
E@) — {f(t),s) with f and £ from Equation (4). The
corresponding Géteaux derivative in direction (u,v) is
denoted £'(-, ) (4, v) and we study (f, ) fulfilling

EN(tu — (f' (t)u, s4)
—{f(te), v)

for all pairs of CC amplitude vectors (u,v). Under the
assumption that f is locally strongly monotone inside
a ball around ¢, there exists a unique s, determined
by t. such that (t,,s,) solves Equation (21). Note, that
the assumptions imposed to ensure local strong mono-
tonicity are different for the single-reference CC method
[15,17] and the TNS-TCC method [32]. Moreover, there
exists a solution s, to the corresponding discretisation of
the problem that approximates s, quasi optimally [17,32].
Equipped with these so called dual solutions, the energy-
error characterisation given by Bangerth and Rannacher
[46] yields

L (t, s5) (W, v) = { } =0, (21)

R + plta)(se — va)
+ 0™ (tas sa) (b« — wa),

28 (k) —Eta)) =

with arbitrarily chosen discrete CC amplitudes vg, wy.
The given remainder term R?) is cubic in the primal and
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dual error, i.e. e = t, — tg and €* = s, — s4. Using this
energy-error characterisation, a quadratic energy-error
bound for the single-reference CC method [15,17] and
the TNS-TCC method [32] follows.

3.3.2. The bivariational approach

The extended version of the CC method rests on Arpo-
nen’s bivariational approach [47,48]. This unconven-
tional formulation of the CC method parametrises two
independent wave functions and thus makes use of
two sets of cluster amplitudes t = {t,,} and A = {A,}.
It gained recent attention in the study [31] and has a
major advantage as far as the error analysis is concerned,
namely, the energy itself is stationary, i.e. the solution
(s> Ax) is a critical point of the bivariational energy, see
Equation (22). Consequently, when the corresponding
Galerkin solution (4, A4) is close to the exact solution, a
quadratic error estimate is guaranteed. Subsequently, we
elaborate on this further.

Consider the Rayleigh-Ritz quotient, we write

= R(y2) = min R().

Hence, v, is a stationary point of R, i.e. R/ () = 0. By
Taylor expanding R around i, we obtain the quadratic
error estimation for the Rayleigh-Ritz quotient

1
IR = RWI| < SIR @Il = Vel

+ Oy — vl

As mentioned before, the CC formalism does not arise
from the Rayleigh-Ritz variational principle. However, it
can be described by Arponen’s bivariational approach, as
follows. Let the bivariate quotient be

IIIIHW)
B (22
(9 = (W1 :

Equation (22) can be seen as a generalisation of the
Rayleigh-Ritz quotient where a stationary point (., %)
is given by a left and right eigenvector of H with cor-
responding eigenvalue E = B(, ). Note that B is no
longer a below bounded functional, hence critical points
do not necessarily correspond to extremal points as
they do for R. In the extended CC theory, the bivari-
ational quotient is studied indirectly by means of the
so-called ﬂzpped gradient [31]. Following [47], we assume
(polyr) = (1//|1//) =1 and note that there exists T such
that —eT¢>0 (cf. Section 2.1). Then 1= (Y|¥) =

(ol eT |1/f ) and consequently there exists a cluster oper-
ator A so that el = eAdbo This defines a smooth
coordinate map & from cluster amplitudes (¢, 1) to wave
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functions (¥, ¥). The flipped gradient is then given by
F(t,A) := RVB(®(t, 1)), where we introduced the flip-

ping map
s (0 1
= (0 1).

Under certain assumptions, F is locally strongly mono-
tone [31]. By the extended CC approach [31], ¥, =
e~ Tiehs ¢o and ¥, = el solve the SE if and only if
F(ts, As) = 0. Note that F (£, A,) = 0 implies

VB(q)(t*, }\*)) =0

and therewith a quadratic energy error.
Furthermore, by identifying e® = 1+ S we obtain
from Equation (22) the CC Lagrangian, i.e.

Be gy, e T er ) = (gl e T eT|pg)

+ 3 suldule THE 190y = Lats). (23)
m

Introducing the Lagrangian is a general method for opti-
misation with constraints. In the special case of CC the-
ory with fixed orbitals, as in this article, Equation (23)
demonstrates the equivalence to Arponen’s bivariational
method [47]. In the context of obtaining an efficient
evaluation of CC energy gradient, the derivative of the
variational functional was obtained by Bartlett [49].
The functional itself (Equation (23)) was first used in
quantum chemistry by Helgaker and Jorgensen [50] to
derive CC energy derivatives. We would also like to
mention the related extended CC work of Piecuch and
Bartlett [51]. Note that their assumption that the ref-
erence determinant ¢y is both a left- and right eigen-
vector of the doubly similarity transformed H can be
rigorously proven in the continuous case (see Lemma 13
in [31]).

Denoting the dual solution s, = {(sx),.} as in Section
3.3.1, it can then be seen that s, also describes cluster
amplitudes parameterising the wave function ¥,. Indeed,
using the relation M =T+ §*, we obtain that 1ﬂ* =
eIk a+ S*)d)o together with ¥, = el solve the SE
corresponding to the same energy B(vs, V). Assuming
non-degeneracy and using the constraint (V7 |¥) = 1,
we arrive at the condition

_At A A 1 i
e (I + S)po = T *¢o
Il e™goll
for the primal and dual solutions ¢, and s,. Thus, from
the extended CC theory we have obtained a constraint
relating s, to t, for the traditional CC method.
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4. Conclusion

In this article, we have introduced the reader to a local
analysis of the CC method and its variations. In partic-
ular, we have demonstrated that the Garding inequali-
ties for ¥ and H are key as far as a better understand-
ing of the sufficient conditions for a locally unique and
quasi-optimal solution of the CC equations is concerned.
Moreover, these investigations are geared towards an a
posteriori criterion of assessing the CC amplitudes from
a given computation. This is a mathematical approach
that is alternative to the controversial diagnostic sug-
gested in [33]. Indeed, the mathematically derived cri-
teria in Equations (12) and (13) use the total ||f|| and
not just the single amplitudes #;. Since the single ampli-
tudes could be removed by an appropriate choice of the
reference determinant (i.e. an ideal choice of the basis
functions), the sufficient condition for a locally unique
solution given by Equation (13) puts constraints on the
remaining amplitudes (t2, t3, . ..). However, it is not yet
a rejection criterion since it only implies locally unique
and quasi-optimal solutions under certain conditions. As
outlined, the upper bound in Equation (13) is funda-
mentally different from previous heuristic and potentially
misleading diagnostics [33] since the former is derived
in a rigorous mathematical framework, where not just
the singles amplitudes are taken into consideration. We
have also shown that the condition on the two particle
operator in Equation (17) implies a locally unique CC
solution. Here, the condition does not explicitly depend
on the amplitude norm and might offer a broader under-
standing of the reliability of a CC solution. Moreover,
the derived condition is independent of the chosen sin-
gle particle operator. In connection with the extended CC
formalism, we have set up a constraint for the exact CC
Lagrange multipliers s, = {(s«),}, relating them to the
exact CC amplitudes ¢, = {(¢),}. Numerical investiga-
tions are left for future work.
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Abstract. In quantum chemistry, one of the most important challenges is the static correlation
problem when solving the electronic Schrodinger equation for molecules in the Born-Oppenheimer
approximation. In this article, we analyze the tailored coupled-cluster method (TCC), one particular
and promising method for treating molecular electronic-structure problems with static correlation.
The TCC method combines the single-reference coupled-cluster (CC) approach with an approximate
reference calculation in a subspace (complete active space (CAS)) of the considered Hilbert space
that covers the static correlation. A one-particle spectral gap assumption is introduced, separating
the CAS from the remaining Hilbert space. This replaces the nonexisting or nearly nonexisting gap
between the highest occupied molecular orbital and the lowest unoccupied molecular orbital usually
encountered in standard single-reference quantum chemistry. The analysis covers, in particular, CC
methods tailored by tensor-network states (TNS-TCC methods). The problem is formulated in a
nonlinear functional analysis framework, and, under certain conditions such as the aforementioned
gap, local uniqueness and existence are proved using Zarantonello’s lemma. From the Aubin—Nitsche-
duality method, a quadratic error bound valid for TNS-TCC methods is derived, e.g., for linear-
tensor-network TCC schemes using the density matrix renormalization group method.

Key words. multireference coupled-cluster method, tailored coupled-cluster method, density
matrix renormalization group method, tensor network states, error estimates, existence and unique-
ness
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1. Introduction. In this article, we present an analysis of the coupled-cluster
(CC) method tailored by tensor-network states (TNS) for statically correlated elec-
tronic systems in quantum chemistry, thereby providing one of the first mathemat-
ically rigorous analyses of a multireference CC (MRCC) method. The CC method
is today the most popular wavefunction-based computational method in quantum
chemistry [4]. The CCSD(T) scheme, the CC approach with single, double, and
perturbative triple excitations [33, 5], is referred to as the gold standard of quantum
chemistry, as it yields computational results within error bars of practical experiments
for small- and medium-sized molecules at a reasonable cost [23]. However, a severe
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disadvantage of conventional CC theory is that it fails dramatically for multirefer-
ence systems, that is, systems whose wavefunction cannot be well approximated by a
single Slater determinant reference function [13]. Such systems are said to be stati-
cally correlated, as opposed to systems that are well approximated by a single Slater
determinant, which are said to be dynamically correlated only.

Even if most molecules are single-reference systems in their equilibrium config-
uration, a multireference character arises even in the simplest of chemical reactions,
e.g., dissociation of Na. Yet, the static correlation problem is a long-lasting challenge
in quantum chemistry. Many different MRCC approaches have been formulated to
deal with the problem of static correlation. However, aside from formal difficulties
and implementational complications, none of these methods have become a widely
applicable tool. A review of different MRCC approaches is beyond the scope of this
article, and we refer to Lyakh et al. [26] for a detailed description of the different
benefits and disadvantages.

We are here concerned with an MRCC method that is based on the single-reference
methodology (also called an externally corrected ansatz): The tailored CC (TCC)
method extends a precomputed solution for a chosen subsystem of the full system by
including further electron correlations via CC theory. We refer to the subsystem as
the complete active space (CAS) and to the remaining system as the external space.
Given the single-reference CC method’s major drawback, this subsystem needs to
contain the static correlations. Consequently, the TCC method can be seen as a spe-
cial type of an embedding method. Mathematically this corresponds to a division
of excitation operators in two disjoint subalgebras [19]. Nevertheless, in comparison
with other “genuine” MRCC schemes, the TCC method suffers from the drawback
that it is based on a single-reference theory and therewith introduces a certain bias
toward a particular reference determinant. A possible remedy for this drawback is a
large CAS covering the static correlations. The exponential scaling of the CAS makes
an efficient approximation scheme for statically correlated systems indispensable for
a TCC implementation of practical significance. To that end, the TCC method was
recently combined with the density matrix renormalization group (DMRG) method.
The DMRG method [45] is a high accuracy tool for statically correlated systems [7];
nonetheless, for dynamically correlated problems it requires high computational re-
sources, making a wide-ranging application—at this time—intractable. Hence, it is
the symbiosis of the DMRG and the CC method that creates a high efficiency scheme
suitable for multireference systems [42, 43, 44, 10, 2, 22]. Granted that the DMRG-
TCCSD method is the major motivation for the following analysis, we highlight that
the applicability of this article’s results exceeds the DMRG-TCCSD method and,
more generally, the TNS-TCC method.

This paper is organized as follows. We start by giving a short mathematical in-
troduction to quantum chemistry. In section 3, we introduce the TCC method with
its major caveat: the CAS choice. Our main results—presented in section 4—rest on
certain assumptions that are connected to the structure of the one-particle basis from
which the N-electron wavefunctions are constructed. Generalizing the concept of a
HOMO-LUMO gap (see section 4.1), we introduce a gap between the CAS and the
external space (Assumption (A)). This allows us to derive various norm equivalences
that can be used to establish continuity of the considered cluster operators with re-
spect to different topologies. Moreover, a more technical constraint (Assumption (B))
enters our analysis when we assume that the fluctuation potential, i.e., an operator
that models a part of the electron-electron interaction, cannot be too large when re-
stricted to the external space. This manifests the importance of a well-chosen CAS
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as mentioned above. Also, as far as the multireference character of systems included
in our treatment is concerned, we have to assume that those determinants that con-
tribute the most in the N-electron CAS have energies very similar to the reference
determinant. Other determinants can contribute too, but their weight must become
smaller the larger the energy difference with respect to the reference determinant be-
comes. We then use Zarantonello’s lemma to derive local existence and uniqueness
of TCC solutions under Assumptions (A) and (B). In section 4.2, we perform an en-
ergy error analysis and present major differences to the single-reference CC method.
Via the Aubin—Nitsche-duality method we are able to derive a quadratic energy error
bound valid for TCC schemes like the TNS-TCC method.

2. The electronic Schréodinger equation. In general, a Hamilton operator is
an elliptic differential operator, formally defined by

(1) Hip = —%Aw—&-Vw.

The function V' : R™ — R is called the potential of the operator. Such differential
operators are in general well studied [9, 11, 12, 34]. However, the numerical treatment
of physical systems, especially electronic systems, is still challenging. In the spirit of
mathematical rigor, we summarize the weak formulation of the Hamilton operator in
(1):  The Hamilton operator induces a bilinear form Ay : C3°(R™) x C°(R™) by

) Av(§,9) = (T, Voo + (0 Ve pagary |

where C°(R™) is the space of smooth functions on R™ with finite support. Assuming
boundedness of V(z)(-) : C°(R") — L*(R"), the Cauchy-Schwarz inequality yields
Av (0,¢) < CllYl g @y 1€ 1 @ny for all o, € C2(R™). Since C2°(R™) is dense in
HY(R™), we can extend Ay to a bounded and symmetric bilinear form on H'(R") x
HY(R™).

Subsequently we omit the domain of the function space whenever it is clear from
context. In this article, we assume that H satisfies Garding’s inequality [34], i.e.,
there exist ¢,e € R with ¢ > 0 such that

(3) Av (¥, %) + e(w, )2 > cl|vl|3n

We furthermore define the Rayleigh-Ritz quotient Ry (v)) = Ay (¥, 1)/ {1, ) 12 for all
¢ € H'\{0}. Then Ey = infyecpi (0} Rv () is well defined even though the infimum
need not be attained. However, if such a minimizer exists it is called a ground state.
Under the assumption that H attains a ground state o € H ! we can recast the
Schrédinger equation Ay (¥, 10) = Eo(1), o) 2 for all » € H (i.e., Hio = Eoi) by
means of the Rayleigh-Ritz variational principle:

4) Ry (9) -

0= min
peH\{0}

Note, whenever v = inf{Ry (¢) : v € H ¢ # 0, (tbo, %)z = 0} — Ep > 0, ¢ is (up
to a phase) the unique ground state of H and v is called the spectral gap.

This article focuses on the electronic Schrédinger equation obtained from the
Born-Oppenheimer approximation [40, 6]. In Hartree atomic units, the Hamilton
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operator of a Coulomb system that consists of N electrons and Ny, nuclei reads

N N N
Hw(r):*;:;2 P(x) + ;;\“—Tﬂ ;;M o ()

=Vo

with Vi the Coulomb potential. Here ¢ (z) = t(x1,...,zn), where the argument
x; = (ri,s;) for i € {1,...,N} is associated with the position of the ith electron
r; € R3 and its spin s € {£1/2}. As aresult of the Born-Oppenheimer approximation,
the nuclei positions R; € R3 and charges Z; >0, j € {1,...,M}, enter as fixed
parameters. This general formulation is so far independent of spin as an explicit
variable. Moreover, solutions to the above Hamiltonian do not naturally fulfill Pauli’s
principle, i.e., fermionic state functions need to be antisymmetric with respect to
permutations of the coordinates x;. Considering these further constraints, the set of
admissible wavefunctions is given by

8 e ((R . {i;}>N> mZ\le (me (1))

where A is the antisymmetric tensor product that guarantees Pauli’s principle. We
conclude that the minimization problem equation (4) corresponding to electronic
structure calculations is given by

6 Ey= min R .

O b=, min Rec(v)

Remark 1. The Hamilton operator is here a map H : H' D H — H~!, where
H~1' is the dual space of H'. In particular, this means that instead of the L2-inner
product we need to consider the dual pairing (-,-) g1 g-1. To justify the use of the
inner product we recall that H' is continuously embedded in L? and that H' is dense

in L2, i.e, H' is densely embedded in L? and we write H' <i> L?. For such a Hilbert

space structure, we define the Gelfand triple H'! Lop2 gt (also called rigged
Hilbert space), identifying L? ~ (L?)". Note that as a consequence we are no longer
allowed to identify H' ~ H~!. One advantage of the Gelfand triple is that the use of
the L? inner product instead of the dual pairing (-, -) g1 -1 becomes meaningful [46]:

Given the Gelfand triple H' i) L? ‘i H~" and the scalar product {-,-)z2 on L2 x L2,
we find (2,y)r2 = (2,9) iy for all z € H! and y € L? since H* C L? and
L? C H™!'. By the Hahn-Banach theorem we can therefore continuously extend
(x,)p2 from L? to H~! for arbitrary but fixed z € H'.

Remark 1 becomes important when considering quantum molecular systems on
the infinite-dimensional Hilbert space H. We subsequently make use of the inner
product notation, emphasizing that the reader should keep this detail in mind. More-
over, henceforth we use the short notation (-, -) rather than (-,-)r2 or (-,);z2 whenever
the meaning is clear from context.

3. Approximate solutions of the Schréodinger equation. The high dimen-
sionality of (6) makes a direct minimization in general intractable. The variety of
possible approximations, depending on the chemical problem and required accuracy,
is rich [13, 27, 14]. However, most wavefunction based schemes rely on an antisym-
metrized product ansatz. The factors of this exterior product are called spin-orbitals
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and the functions spanning the solution space are denoted Slater determinants. Sub-
sequently, we denote the spin-orbitals by x and Slater determinants by ¢. For an
N-electron problem, let N < K and # = {x1,...,xx} € H'(R® x {+1}) denote
an L2(R? x {+1})-orthonormal set of functions, called spin-orbitals. An N-particle
wavefunction fulfilling Pauli’s exclusion principle is obtained by forming the exterior
product of N spin-orbitals {x,,. - Xuy }

(7
1 K 1 N
¢[H17"'7NN]($1V"13:N) = = X!M‘(Ih'"#xN) = 7det(xﬂ1(mj)>i,j=1 )
VNI VN!
where the indices p1,...,un € {1,..., K} are in canonical order, i.e., pg < -+ < fin.

We see immediately that Slater determinants inherit L2-orthonormality from the spin-
orbital basis. The corresponding Galerkin space Hy is then spanned by all possible
exterior products of length N in 2. This construction yields a combinatorial scaling
of H x—also called the full configuration-interaction (FCI) space. An L?-orthonormal
basis Bx of Hx is obtained by imposing a canonical ordering of the spin-orbitals in
the exterior products, i.e.,

Bx ={¢lu1,--,pun] i €{1,... K} <~ < pn}.

Subsequently we use the notation ¢, = @[u1, ..., pn] and without loss of generality
define the reference determinant ¢g = @[1,. .., N]. Furthermore, we use the standard
terminology of quantum chemistry and call spin-orbitals defining ¢y occupied and the
remaining ones virtual. Indices I, J, K,... are assumed to be occupied (i.e., smaller
than or equal to N) while 4, B, C, ... are assumed to be virtual (i.e., greater than V).

Essential to the CC theory is the L?-bounded commutative algebra of cluster
operators Cg, defined via single-excitation operators. We define a single-excitation
operator XIA as follows: X{‘(j)u replaces xr by xa for any ¢, if p; = I for some
i and p; # A for all j, and otherwise X{1¢, = 0. Since Slater determinants are
normalized, this defines X f‘ as an L?-bounded operator. Higher order excitation
operators are then defined as a product of single-excitation operators, e.g., the dou-
ble excitation operator X7 = X{XP. The fermionic commutation relations, i.e.,
(a;, a}h =d;; and [a;(, a}]Jr = [a,, aj]+ = 0, yield that excitation operators commute.
The set of excitation operators is then trivially an L2-bounded and commutative al-
gebra. Furthermore we define the rank of an excitation operator as the length of the
product, when written as product of single-excitation operators. Note that by the
antisymmetry of Slater determinants, the product Xﬁf"_'_‘;}’:" is antisymmetric under
permutations of {Iy,...,I,} and {Ay,..., A,}, respectively. Similar to H, a basis
of Ck is obtained by imposing a canonical ordering of the product of single-excitation
operators with respect to the orbital indices.

PROPOSITION 2. We can induce a norm on Cx via || X,llc,e = | Xu¢ollmr. Then
Cx is isometrically isomorphic to span{¢o}*, where L denotes L*-orthogonal com-
plement in Hy.

Proof. For any ¢, € Bg, there exists a unique excitation operator such that
¢, = X, ¢0 up to a sign factor, i.e., ¢, is generated from ¢o by repeated substitution
of occupied spin-orbitals. Conversely, for any excitation operator X,, there is a unique
¢, € By such that ¢, = X, ¢o up to a sign factor. Hence, we can define a bijective
homomorphism between Cx and span{¢o}* , where we impose canonical vector-space
operations on the respective spaces, i.e., vector addition and scalar multiplication. By
construction this map is trivially an isometry, which proves the claim. O
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Subsequently, we refer to the basis index p as an excitation index and switch
to the more common multi-index notation, i.e., u = (’L}lfr) with occupied indices
{I1,...,I.} and virtual indices {41, ..., A,}. The set of all possible excitation indices
is denoted 7, where we dropped the dependence on K and the reference state due to
notational simplicity. Using the canonical ordering, the number of possible excitation
indices up to a certain excitation rank n < N is given by

=2 ()"

In practice the spin-orbitals in 4 and thus the reference wavefunction ¢y come

from a preliminary Hartree-Fock calculation [13, 24, 25]: In a nutshell, starting with

an initial spin-orbital basis {XEO)}¢:1 we minimize (6) with a mean-field potential.

This yields a nonlinear K-dimensional eigenvalue problem F(x1,...,xn)Xi = AiXi
for i = 1,..., N, where the Fock matrix F depends on the N occupied spin-orbitals.
The Fock matrix is symmetric, implying that the N eigenvectors can be completed
with K — N additional eigenvectors. It is these eigenfunctions that form 2.

We observe that the Hartree-Fock calculation depends on the dimension K in a
manner which is not entirely controlled: In general, it is unclear whether the {x;}<,
form a global minimum of the Rayleigh-Ritz minimization problem and whether the
solution converges as K — oo. Such questions are beyond the scope of the present
article but are relevant in the context of the X' — oo limit of the TCC method (see Re-
mark 16). The Hartree—Fock calculation induces a splitting of the Hamilton operator
H=F+W with F' = 27]\;1 F(i), where F(i) = [®-- ~®I®F(i>®f®- --®1, indicating
by F(;) that I appears on the ith position in the Kronecker product. Subsequently,
we will refer to F' as the Fock operator and to W as the fluctuation potential.

We define for any multi-index p of excitation rank n < N the number

n

Eu = Z(/\AJ - )\I]) ’

Jj=1

i.e., the sum of the single-particle Hartree-Fock energy differences of the occupied
and virtual spin-orbitals in p. Defining Ay = vazl Ai—the sum over the N first
single-particle Hartree-Fock energies—we see that the Slater determinants By, formed
by the single-particle Hartree-Fock eigenfunctions, are the N-particle Hartree-Fock
eigenfunctions with F¢, = (Ao +€,)dp.

Returning to the Schrodinger equation, the L?-normalization constraint on 1) €
Hk is subsequently replaced by the intermediate normalization (¢o,1) = 1. Hence,
¥ = (I + S)¢o holds for an operator S = 3° ¢ 7 5,X, € Cx and we denote the basis
coefficients (s,)ueg = ((du, V) e excitation amplitudes. Inserting this parameteri-
zation of wavefunctions into the Schrédinger equation, we find that (6) is equivalent
to the linear problem

(8) {E[(]FCI) _ <¢Q,H1/1(()FCI)> ,
0= (¢ (H — EF Yy vuedg,

which is known as the FCI scheme. For a derivation of the corresponding amplitude
equations we refer the reader to [13].

3.1. Projected single-reference coupled-cluster method. The previously
described FCI approach suffers from the curse of dimensionality since Hg grows ex-
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ponentially with the number of particles, i.e., dim(Hg) € O(KY). Furthermore,
truncating the operator S € Cx at rank-n excitations reduces the computational cost
but yields CI methods that are no longer energy size-extensive nor size-consistent
[13], that is, quantum chemical concepts relating to the correct energy behavior with
respect to the system’s size and dissociation [39]. Alternatively to the linear manifold
used in (8), an exponential parameterization of wavefunctions can be used [15, 16]:
Let ¢ € Hx be intermediately normalized, i.e., ¢ = (I +5)¢p for some S € Cx. Then
there exists a unique 7' € B(H', H™!) with ¢ = ¢ [38] (for the result in the limit
K — oo see [36]), where

©) T=> t,X, and T=log(I+5).
neJ

This exponential parameterization has the benefit that it is multiplicatively separable
with respect to subsystems that are separated by distance, thereby regaining size-
extensivity and consistency under mild assumptions on the reference determinant [39].

To solve the Schrodinger equation, it remains to determine the cluster amplitudes
(ty)pes- This is the pursuit of the CC method. The linked CC equations describing
the cluster amplitudes are given by [13]:

{Eécc) = (¢o, e THeT o)

10
(10) 0= (¢, THeTdo) VpeJ .

The equivalence to the Schrédinger equation (6) is straightforwardly established [13]:
Given an intermediately normalized minimizer of (6) 1) = e? ¢y, we obtain

Ey = (¢o,e"THeT¢y) |

EpeT¢o = HeT g = Eogp = e THeT ¢g =
o€ o ®o 0%0 Po 0= (gpeTHE go) Ve J.

Conversely, given a solution ¢ = €T ¢ fulfilling (10), we find

He gy =eTe THe g0 = Y " $u(du e He do) + ¢ poldo, e~ He' ¢y)
neJ

— BT, .

Note that this equivalence does in general not hold true under truncations of T', e.g.,
considering only single- and double-excitations in T (the CCSD method). In this case,
the CC method is no longer variational. For a more detailed discussion on this topic
see [20].

We emphasize that there exists a one-to-one relation between cluster amplitudes
(tu)nes and the therewith defined cluster operators T'= 3" . ; ¢, X, [36]. Therefore,
we shall denote cluster amplitudes with small letters and the corresponding cluster
operators with the respective capital letter. Let V&CC) ={teRVIl: Ht”v;(CC) < +o0}

be the (Hilbert) space of cluster amplitudes, where

- o < RIVE =10, 400l £ fitllycor = [ D enltul? -
neJ

We see that || - Hv(c@ is a norm if ¢, > 0 for all u € J. We then refer to || - Hv(cc) as
K K

the cluster amplitude norm. This is guaranteed by assuming a HOMO-LUMO gap,

ie., g0 =Any1 —An > 0.
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Although a HOMO-LUMO gap is very common in electronic structure analysis,
it limits the results to a subset of systems. For statically correlated systems the Fock
operator usually has a degenerate or almost degenerate spectrum, i.e., there exists no
HOMO-LUMO gap or it is negligibly small. In either case, this yields divergence of
the used quasi-Newton method since the HOMO-LUMO gap enters inversely in the
approximate Jacobian.

Formally, the linked CC equations can be defined using the CC function

fCC : V;?C) — (ngm)l; t— (<¢;L76_TH6T¢O>)/IEJ

with the energy functional Ecc : VI((CC) = R; t s (¢o,e " THeTpp). Consequently,
we can write (10) as

{E(()CC) = 5cc(t) s
0= (v, fec(t)) VoveVk.

This shows that the projected CC method is a nonlinear Galerkin scheme. A corre-
sponding analysis can be found in [38].

3.2. The tailored coupled-cluster method. A major drawback of the pro-
jected CC theory is the intractability of statically correlated systems. Many at-
tempts have been taken to remedy this impediment but so far no panacea has been
found [4]. The TCC method, as an externally corrected CC method, is not based on
the Jeziorski-Monkhorst ansatz [4, 26, 18], but it is still able to compute statically
correlated systems with comparable accuracy [42, 43, 44, 10, 2]. Using a basis splitting
approach [32, 31, 1, 30] it is possible to combine the single-reference CC method with
CAS computations [17]. To that end, the wavefunction is split into two parts: a fixed
part imported from a prior CAS calculation and an external part, which is adjusted
in the presence of that fixed CAS part. We use the following basis splitting.

DEFINITION 3. Let {x1,-..,Xxx} C H' be a set of L*>-orthonormal spin-orbitals
with K > N and ¢ the considered reference Slater determinant. We define

Beas = {X1s- - XN XN+1s -5 Xk} 5 Bext = {Xb+1, -5 XK}
—_— —_—
occupied unoccupied external

and furthermore Beas = {olu1, ... pn] 2 i € {1, kY, p1 < -+ < un}. The
corresponding FCI space Hcoas is then defined as the span of Boas. We define Hext
to be the L?-orthogonal space of Hcas, i-e., Hrx = Hcoas ® Hexe. Analogously, we
split the set of excitation-indices J describing the set of possible excitations, i.e.,
Jeas ={p €T : Xudo € Heas} and Joxe = {p € T : Xudo ¢ Heas)-

Remark 4. We note that J.xt does not only contain excitations into states purely
excited in PBexy but also into mixed states, i.e., for p = (A
onel e {l,...,n} such that 4, e {k+1,...,K}.

‘We highlight that the basis splitting in practice cannot be arbitrary. For the
correctness of the TCC method it is of utmost importance that %cas covers all
statically correlated spin-orbitals. Moreover, eyt should only consist of spin-orbitals
with dynamic electron correlation. A well-chosen basis splitting can be obtained using
concepts of quantum information theory as have been introduced in [41]. This caveat
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will be further discussed in section 3.3. We also refer to [10] for a case study on the
N2 molecule illustrating the TCC method’s sensitivity to the CAS choice.
Given an intermediately normalized approximate CAS-solution ¢cas, we can

write ¢cas = eTCASQBO R wCFACSI . The TCC solution is then given by w(TCC

ext CAS
ET ET

¢o, where T°** is obtained by solving the linked TCC equations:
(lCC) — (dore TCASeiTexLHeTCAS eTexl. o)
(11) TCAS pext TCAS Tcxt
0={(pu,e”" e~ He e o), u¢Jcas-
We emphazise that for the TCC method, the CAS-solution ¢cag and therewith 7CAS
is fixed. Similar to the analysis in [38], a useful measure for the dynamical correction
is a weighted /2-norm of the external cluster amplitudes. Let

Vexe = {t € RIZ=! 2 ey, < +oo}

be the space of external cluster amplitudes, where

I v R = 0,00 il = [ D cultul?
HE Text
The map | - [|v,,, is a norm if €, > 0 for all y € Jexs. Assumptions on the considered

systems to ensure such a structure will be elaborated in section 4.1. Using this
framework we can define the N-electron TCC function as follows.

DEFINITION 5. Let K, N € N with K > N be fived, = {x1,---,xx} C H!
be a set of L%-orthonormal spin-orbitals, and be ¢g € Hy the considered reference
state. Further assume the splitting B = BoasUBexs of B and the CAS-solution
dcas = el (j)o with corresponding amplitudes tC4S = (tCAS)jCAS We define the
TCC function

f(<;tCAS) * Vext — (Vext)/; t— f(t;tCAs) ,
where (f(t;t°"9)), = <¢M7G_TCA56_TH6T6TCAS¢O> for p € Jexs. In addition, let the
TCC-energy functional be given by

TCAS

E(H1908) = (o, e T e THET ™ )

Using the TCC function, the linked TCC equations (11) become

E[(JTCC) = (11918
0= (v, f(1t9%9)) Vv € Ve -

This formulation resembles the single-reference CC method. Indeed, f(t;t%4%) =
Py, foc(t @ tAS) with the orthogonal projection Py, onto Ve relates the TCC
function to the classical CC function in (10). Note that the CAS-part of the cluster
amplitudes is still fixed. Despite this close connection to the CC method, we shall
see that the TCC scheme differs heavily from the single-reference CC method in its
computational performance and analysis.
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3.3. Entropy based CAS choice. We start this section by noting that any
Slater determinant can be uniquely described by an occupation tensor e™ ® - ®
e™< where e* = (1, 0)T,e! = (0, 1) € R2. This identification is part of the
second quantization [13] and is in fact an isometric isomorphism (see the Jordan—
Wigner transformation [29]). Consequently, we can interpret any real wavefunction
as an element in the 2-dimensional linear space Wy = ®f<:1 R? with given bais
{pm =M@ ---@e™ : m; € {0,1}}. Given a low-rank DMRG solution ¥pymraG
on Wk, i.e., Ypmre = an(:l Cm®m, we introduce the quantum information the-
ory concepts used to chose a CAS. We start by considering the i-mode matriciza-
tion Ufi] € R2“7'%2 of the solution tensor YDMRG, 1-e., the matrix obtained form
Ypumrc by transforming the basis elements ¢, by taking m; as a row index and all
remaining indices as a compound column index. We introduce the elementwise no-
tation Uli](m,...., i omic), (i) where m7 means that m; is removed from the binary
string m and all remaining indices are combined to one compound index. We then
compute the single-orbital entropy for the i-mode matricization denoted s(i), i.e.,
s(i) = —Tr(D[i]lnD[i]) € [0,In(2)], where D[i] = U[i]TU[i] € R**? is the single-
orbital density matrix. Based on Szalay et al. [41], the single-orbital entropy can
be used to describe the degree of electron correlation, i.e., a large value of s(i) in-
dicates static correlations. However, since the electron correlation is a two parti-
cle effect, we need to measure the information flow for all possible electron pairs.
This is done via the mutual information: We start by computing the two-orbital
entropy s(i,j). Similarly to the single-orbital entropy s(i), the two-orbital entropy
s(i,7) = —Tr(D[i, j]nD[i, j]) € [0,1n(4)], where D[i, j] € R*** is the two-orbital den-
sity matrix obtained from U[i,j](mi1m7)(ml cothisethy..myc)- Given the single- and two-
orbital entropies, we can compute the mutual information, I(i, j) = s(¢)+s(j) —s(¢, j)
for i,57 € 1,..., K. This quantifies the electron correlations between orbital ¢ and j
as they are embedded in the whole system [35]. The large values of I(¢,5) describe
static correlations while the small matrix elements stand for the dynamic correlation.
In certain cases, the decreasingly ordered values of I(i,j) show a jump, which clearly
distinguishes a set of statically correlated orbitals and suggests a basis splitting at
this jump. However, general mutual information profiles do not need to show such
behavior. Then the a priori thresholds s and n are introduced to identify orbitals
with s(7) > s and I(4,7) > n. It is these orbitals that are then used to define Boas
and therewith the basis splitting. In practice, s and n are systematically lowered until
convergence of the DMRG-TCC method is reached. This approach is heuristic but
provides an efficient tool for obtaining well-chosen Zcas and HBext, which is essential
for the TCC method’s success. We highlight that the above procedure is feasible for
larger systems since the used quantities are qualitatively very robust with respect to
the bond-dimension, i.e., a CAS choice can be obtained from a low rank calculation
on H [10]. For more details and numerical investigations on the CAS choice we refer
the reader to [10].

4. Analysis of the TCC method. We focus here on the mathematical analysis
of the TCC method for a finite spin-orbital set, i.e., K < oo. Several caveats of the
limit process K — oo are subsequently addressed, but a full investigation is relegated
to future work. First, we show the consistency of the TCC method, in the sense that
exact solutions of the Schrodinger equation are reproduced. We denote 1, = e+ qbg
the exact solution on Hx. We split the amplitudes such that TFCl = TCAS 4 Text
with 45 € Voag and ¢ € Vey.
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THEOREM 6. Let E be any eigenvalue of H and assume 1. satisfies the
Schrédinger equation. Then f(tS%tCAS) = 0 and E = (155 1549).

Proof. Let p € Jext and choose 9" = e’(T*EXL)ie’(T*CASi)QBU € Hx. By assumption
CAS ext ext CAS 3
0= (¢, (H = E)) = ($ue” ™ ™™ (H = E)e™ ™ go) = (F(#71579)),0 .

Inserting instead ¢ = e~ (™) e (TN gy € My gives B = £(194;1049), O

Remark 7. An important observation is that tailoring the CC method with an
FCI solution on the CAS, i.e., a solution that corresponds to t<4f, does not neces-
sarily reproduce the FCI solution on Hg. More precisely, let f(¢t*; tgéls) =0, and
then iTCC) = T eTier ¢o is not necessarily a minimizer of (6) and does there-
with in general not fulfill the Schrédinger equation. However, Theorem 6 shows
that f(t%¢CAS) = 0 is a necessary condition for ¢ = T T 4y to solve the
Schrédinger equation on Hg. In the continuous formulation of the traditional CC
theory, equivalence has been proven in [36, Theorem 5.3]. Equivalence for the pro-
jected CC method has been shown in [20, section 2.2], using [28].

We emphasize that the CAS part T.°S of the exact cluster operator TFC! is
not equal to the cluster operator that corresponds to the FCI solution on Hcas. The
CAS amplitudes ((t$25),,) se7oas o0 Hic are solutions of equations that depend on the
external amplitudes. The FCI solution Q/J(CI;C;) = eIrér ¢o on Hcas, however, depends
on the Hamilton operator projected onto the CAS. Hence, in general TPQCAIS = TCAS,

Remark 8. Theorem 6 does not imply local uniqueness of t, € Veys, even if tEC!
is locally unique.

Throughout subsection 4.1 we consider a fixed and sufficiently good CAS solution,
ie., pcas ~ w(cljg) R Pyo,s¥«. As a consequence we will simplify the notation by
neglecting the parametric dependency of f and £ on t®AS. We also highlight that the
following analysis holds for any TCC scheme, but in particular for TNS-TCC schemes
like the DMRG-TCCSD method.

4.1. Local uniqueness and residual bounds. The single-reference CC method
as well as the considered TCC method are formulated as nonlinear Galerkin schemes.
This suggests using Zarantonello’s lemma [48] to characterize local uniqueness and
residual bounds. This is in line with previous studies on single-reference CC methods
(38, 37, 21]. We state without proof the following.

LEMMA 9 (local version of Zarantonello’s lemma [48]). Let g : X — X' be a
map between a Hilbert space (X, (-,-), || - ||) and its dual X', and let z. € Bs be a
root, g(x.) = 0, where Bs is an open ball of radius 6 around w.. Assume that g is
Lipschitz continuous and locally strongly monotone in Bs with constants L > 0 and
v > 0, respectively.

Then the root x, is unique in Bs. Indeed, there is a ball C. C X' with 0 €
C. such that the solution map g~' : C. — X ewists and is Lipschitz continuous,
implying that the equation g(x. + x) = y has a unique solution © = g~ (y) — .,
depending continuously on y, with norm ||| < d. Moreover, let Xq C X be a closed
subspace such that z. can be approzimated sufficiently well, i.e., the distance d(x., Xq)
is sufficiently small. Then, the projected problem gq(xq) = 0 has a unique solution
zq € XqgN Bs and

L
v — zall < ;d(w*,Xd) .
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We emphasize that the above theorem depends strongly on the topology of the
considered Hilbert space. We already made the particular choice of ||-||y,,, to measure
the dynamical correction. This is motivated by the fact that (¢,).e7.., is computa-
tionally accessible. A major difference between the presented analysis and the single-
reference CC case [38, 36, 37] is that the assumption of an HOMO-LUMO gap is no
longer reasonable. In the context of the TCC method it is assumed that PBcas and
Pext are chosen such that Agy; — A > 0. We therefore introduce the CAS-ext gap
between A\r and Ary1. In analogy to previous literature on analysis of the CC theory,
we denote the CAS-ext gap by €9 = A\g41 — Ax. The assumption of a CAS-ext gap is
reasonable under the assumption that Hcag captures all strong correlation such that
the (one-particle) Fock operator’s degenerate eigenstates are in the CAS.

Besides the single-particle spectral gap condition, we note that the Fock oper-
ator F' corresponds to a Hamilton operator with a particular potential Vg in (1).
Consequently, with V' = Vr in (3) we assume

(12) W, (F+ey) >l Ve H" .

For a further discussion on spectral gap and Garding inequalities in CC theories we
refer to [20]. Moreover, in agreement with section 2, we suppose

(13) (&, FO)| < Clldllms [l Vb, € HY

One of the main assumption of this article can then be summarized.

Assumption (A). For the Fock operator F, (12) and (13) hold and there exists a
CAS-ext gap €9 = A(g41) — Ak > 0.

Remark 10. Note that a gap assumption between Ay and A\g41 is also possible,
ie., €0 = Ag+1 — An. We shall refer to this as the extended CAS-ext gap. The
difference to g¢ is that &y is directly proportional to the size of the CAS, i.e., choosing
a large CAS yields a large A\p41 and therewith a large value of £). Consequently,
this connects the following norm estimates with the CAS. We point out that every
following statement holds true for either gap condition, but the constants involved
may differ.

The main argument for considering eq (or &p) is that the following analysis holds
not only for ground-state approximation schemes but also for excited state approx-
imations, which is a major difference from the previous analyses of single-reference
CC methods [38, 36, 37, 21]. In the TCC scheme, the single-reference CC method
is used to add a dynamical correction to ¢cas € Hcas on the external space Hexg,

e., it captures dynamical correlations between orbitals in Hext as well as dynamical
correlations between orbitals in Hcas and Hext. This correction can be done for any
wavefunction ¢cas € Heas, in particular also for approximations of excited states
in Hceas. We emphasize that correlations between orbitals in Beyy and Bcoas are
not considered when computing ¢cas, which introduces a methodological error to the
method [10].

Note that Assumption (A) is an assumption on the single-particle spectrum. This
allows us to establish €, > ¢ for all i € Jexs, but it does not necessarily imply e, < ¢,
for o € Jeoas and p € Joxs. Thus, under Assumption (A) we might not have a spectral
gap in the N-particle space.

Next, we introduce the Fock norm on Hey.

DEFINITION 11. The map || - |F : Hext — Ry is given by ¢ — /(&, (F — Ao)9).
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LEMMA 12. Suppose Assumption (A); then ||¢||lr = \/{¢, (F — Ag)¢) is a norm
on Hext and

(14) (Too, (F — 8o)Tdo) = nl|Thollzn ¥t € Ve

where n1 > 0 is defined in the proof. Moreover, || - || is equivalent to || - | g1 on Hexs-

Proof. The assumption of a Garding inequality of the Fock operator and a spectral
gap (equation (13)) imply (14). The derivation is given by [21, Lemma 11] and is here
included to highlight the importance of a CAS-ext gap. Before starting the proof, we
note that (12) implies e > Ay, since A is the smallest eigenvalue of F' in Hg. Then
we set ¢ = g9/(g0 + Ao + ¢) > 0 and n = qc, where e, ¢ are the constants from the
Géarding inequality (12). Assumption (A) yields (T¢o, (F —Ao)T o) > 0| Tol|%2 for
t € Vext- The Garding inequality (12) implies

(T'¢o, (F' — Ao)T o)
= q(Tho, (F + €)T¢o) — q(Tdo, (Ao + €)T¢o) + (1 — ¢)(T'do, (F — Ao)T'¢ho)
> qe|Teoll 7 + (1= @)z0 — g(Ao + €) [T oI 72 = nllTol|7 -
Therefore ||¢||p = 0 if and only if ¢ = 0. The self-adjointness of F' gives the triangle
inequality and the homogeneity follows immediately. Hence, ||¢||F is a norm. The

proof is completed by noting that (14) and the boundedness of F' (13) yield the
equivalence of || - || and || - || g1 on Hext- O

PROPOSITION 13. For t € Vex [[t|[ve., = | Tdollr, and in particular ||t|y,,, ~
1T ol -
Remark 14. Note that the spectral (CAS-ext) gap assumption of F' gives

IT¢oll7 = (T¢o, (F — Ao)T o) > eol| Tbol 7

eut? > eollt||3. This makes

which is the same as the direct estimate [[t]|3,_ = > ty >

the Fock norm natural in the following analysis.

HELext

Two useful facts regarding the Fock operator and excitation operators are stated
in the following lemma (for a proof see [13]).

LEMMA 15. Let F' be the Fock operator, p = (“}1?5!), and T =3 7t Xy
Then
||
[F, X, =Y (A4, = Ar)X,=c,X, and e "Fe' =F+[FT].
j=1
Proof of Proposition 13. Letting ¢t € Veyt, we find by means of Lemma 15
IToll% = (Tdo, (F = Ao)Tdo) = D> tutu(dp, (F = Ao)dy)
1,V E Jext
= > tut(dw [FXg0) = Y thew =t - o
MV E Texct HEText

Remark 16. The first formula of Lemma 15 uses the fact that F' is diagonal, i.e.,
a finite K. However, the fact that [F, X,] is a cluster operator can be proven using
only the F-orthogonality of an occupied x; and an unoccupied x4. Thus, while in
the infinite-dimensional case the first statement certainly fails due to the continuous
spectrum, it is reasonable to expect that the second statement still stands.
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THEOREM 17. Under Assumption (A) the norm equivalence ||T|| g1y ~ |tV
holds for t € Vexy -

To show this we first prove the following lemma.

LEMMA 18. Let v € Joxy and o, pp € J with |, |p| < |v], and (¢, Xa¢u) # 0.

Then there exists a constant C' > 0 such that
. > . .. .
@) ?" < Ceu if o, € Toxt, (i) ey < Ceq if a € Joxt and pu € Joas -
I3

Proof. Set § = (Ar1+Ak)/2 and define A, = max{A4, : j=1,...,|v|}—6, which
is well-defined since K is finite. We first demonstrate, following [38, Lemma 4.14], for
all v € Joxt there exists a C' > 0 such that

(15) Cle, <\, <e,.
Let v € Jexs. It is immediate that e 1> ;1. From the definition of A, we conclude

v

Ev = Z(/\A] - )‘1]) < N(Xu — (/\1 — (5)) .

J=1

Since A, > A\gy1 — d it follows that A, > €0/2, which is equivalent to (2),)~! < 50_1.
This implies [A; — 8] < 2|A\; — |\, /eo. Thus,

N7e, <2+ A — 6] < (1+2M = 6]/20)hs

which proves the first inequality of (15). For the second inequality we define Aa;, =
max{Aa; : j =1,...,|v|} and note that &, > Aa, — Ar;, > Aa;, — 0 =\,. We now
prove the lemma considering three cases: B B
(i) Let o, p € Jext and Aq > Ao Then A, = A, and we estimate
& cx,  C~ C

=—Aa < —€4 -
EM €0 €o €o

(i) Let a, st € Joxr and Ay < Xu. Then A, = A, and using (2X,)~* < 50_1 we
obtain B -
G O g X,

e T Ay 20 €0

(iii) Let a € Joxt and p € Joas. Then Ay = A, and e, < CX, = CA\, < Ce,. O

Proof of Theorem 17. Proposition 13 implies the inequality ||¢||v,,, < [|[T¢ollgr <
1T\l sy lldoll e Consequently, it remains to show that [T g1 < Cllt|lv,., ||¥] a
for ¢ € span{go}* (in the L2-sense). Let 1) = Euej Supy = Soo € Hig, T =
Y e T taXa, and s = (sp)uesg, where we assume without loss of generality that
(sp)ueg = ((Su)neTu» (Su)pegeas)- Note that the product T'S is an excitation oper-
ator with cluster amplitudes in Vey. Hence, Proposition 13 yields

T = ITS¢ollzn ~ (80, TSG0) e Tuns P = 1({b0s T e Turs P

2
Z 511,/2 Z ZtQS}L((ﬁmXaqsu)

VE Jext a€Jext HET

(16)
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We now define A = (¢, 76),cs. pes: D = diag(er/*)ves., and D =
diag(D, I). The operator inequality [|T'S¢ol%: < 1S5 g1y 1T ¢oll7: yields with (16)
that ||t||3 ~ || DAD~'Ds|j3. We estimate | DAD~!|2 by means of Lemma 18:

(i) Let pt € Jext- Then

1/2
:<*> D taldn Xab) S D tazk/ 200, Xady)

s QE Text QE Text,

(ii) Let u € Jcas. Then

a‘u“u = 5,1,/2 Z ta<¢u~,Xu¢u> S, Z tusz)/2<¢an¢u> .

a€Jext @€ Jext

Hence, |DADY|3 < CYweq. toea = Clltl}. ., and [T|suy < Cll¢lf3,,,. The
norm equivalence follows since [|t[|v.,, ~ |T%|lar ~ Tl gty u]

We show the applicability of Lemma 9 by establishing the Lipschitz continuity of
the TCC function.

THEOREM 19. The function f : Vexs — Vi, given in Definition 5, is differen-
tiable at t € Vext. Furthermore, the derivative is Lipschitz continuous as well as all
higher derivatives. In particular, for any ball B, (t.) C Vext there exists a Lipschitz
constant L depending on r and t, such that

(17) [1£(t1) = f(t2)llvr,, < Lllt1 — t2llve,

for t1, ta € By(ty).

Proof. For the derivative of f we find
CAS CAS
Df(t) : Vet = Vg 55+ (due Tle™D  HeT , SleT¢o) .

Note that Theorem 17 yields Tt € B (H~1) for any cluster amplitude vector ¢ € Veys.
Then, using H : H' — H~! we obtain [(Df(t)s,u)| < C||s|lv.. ||ullv.., for given s,u €
Vext. This shows the boundedness of f/(t) : Vext — Viy, and hence, f : Vexs — Vi
is differentiable at ¢t € Vex. The continuity of the Coulomb potential [47] and the
fluctuation potential W = H — F [24] further implies the continuity of ¢t — f’(¢).
Hence f is local Lipschitz continuous on B,.(t.). Higher order derivatives are treated
in the same way. O

To prove that f is locally strongly monotone, we use the decomposition

(18) H=F+PWP+ (W —-PWP),
where W is the fluctuation operator and P is the orthogonal projection onto the CAS.
The decomposition is motivated from a perturbation theory point of view as follows:
Suppose A = ||[W — PW P||g(g1,z-1y = 0. Then it is straightforward to see that Hcas
is an invariant subspace for H, and hence the CAS FCI problem is exact. Therefore,
t, = 0 is a solution in this case, as can easily be checked. Also, the CAS-ext gap at
least intuitively indicates that the TCC function f is locally strongly monotone at
t. = 0. (This can also be checked.) Now, suppose A = |[W — PW P||g(g1 g1y is finite
and sufficiently small. It is reasonable to expect that ¢.()\) is correspondingly small,
i.e., a small perturbation of the case W — PWP = 0, staying within the domain of
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strong monotonicity. In conclusion, we expect that under some smallness assumption

on W — PWP it is achievable to demonstrate local strong monotonicity of the TCC

function f. We also note that by enlarging the CAS, W — PW P becomes smaller, so

that tuning the CAS can be an important tool to achieve proper smallness in practice.
For a fixed TCA8| we define the map

O Vexy = H'y t = (67T (Weas — PWeasP)e? — (Woas — PWeasP)) o

where Weas = exp(—TCAS)W exp(TCAS). Similarly to Theorem 19, we find that
O(+) is differentiable with

DO(8) : Vewr = H™Y;  t— [e75(Woas — PWeoasP)e®, T)¢o

which implies locally Lipschitz continuity. For technical reasons, we will make use
of a Lipschitz condition with respect to the i2-norm, which is no restriction since all
norms are equivalent in finite dimensions.

Assumption (B). There exists a ball Bs(t.) C Vexy such that for ¢1,¢y € Bs(t.)
we have
10(t1) = Ot2)llr2 < Lullts — t2f2

where the Lipschitz constant L, > 0 fulfills
(19) €0 — wo — Qcas > Lu

with Qcas = Zoejc,\s [tS48¢e,|, wo = (o, Weaso), and ¢ the previously defined
CAS-ext gap.

Remark 20. We note that the assumption of Lipschitz continuity of O(-) in As-
sumption (B) is more than actually needed. The crucial requirement is

[((Ty — T2)¢0, O(t1) — O(ta))| < Cillts — 213

for some relatively small C,. However, this constant C, can be bounded from above
in terms of the Lipschitz constant L. > 0 of O(-) since C, < CL,, where by Proposi-
tion 13 a constant C exists fulfilling ||t||y,,, < C||T¢ol . Furthermore,

1DO(s)lI5(22) ~ dweas = Weas — PWeasPlls(z2)
1
(20) <D W = PWP. T llsre)
— Il

such that L. ~ dw,,s and C, fulfills (19) under the assumption that W — PWP is
sufficiently small related to TCAS as displayed in the right-hand side (r.h.s.) of (20).
The latter aligns with a perturbational viewpoint of the TCC method as outlined
above. Note that we do not impose a norm restriction on W itself but an ideal CAS,
meaning that the multireference character is captured within the CAS, i.e., PWP.
The norm restriction on W — PW P then becomes a natural consequence of the optimal
CAS choice.

Remark 21. Note that since ¢pcas = eI ¢p is an approximate solution on the
CAS, wp accounts for the nontrivial energy correction (vis-a-vis ¢) and thus is
negative for quantum-molecular systems. Typically then, wy < 0 and the CAS-ext
gap £o together with |wp| have to be large enough such that ¢ + |wo| > Qcas.
Furthermore, Assumption (B) allows tgAS to be relatively large for o € Joas with €,
small. A not too big Qcag can be guaranteed if {); };?:1 is densely confined because
les] < Nk — A1).
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‘We are now able to prove that f is locally strongly monotone.

THEOREM 22. Under Assumptions (A) and (B), the TCC function f is locally
strongly monotone on Bs(t.) for some § > 0.

Proof. Let t1,ts € Bs(ti) C Vext and write the Hamiltonian as in (18). With

the notation 6; = (f(t1) — f(t2),t1 — t2), 67 = Ty — T, and Hy, = e~ T HeT'| the
definition of the TCC function f and Lemma 15 yield

35 = (6160, T (Hyy — Hy)e™ ™ o)

= (510, e T [F,67e™ 7 go) + (0T 0, (e PWeas P — =™ PWoas P) o)
+ (0rdo, O(t1) — O(tz))
=01+ 02+ 3,

where the last equality defines d1, d2, and d3.
To bound §; from below, we first note that Lemma 15 implies

N
TcAs 1 n
[F.e E ) E fcﬁs)uXu =5.

n=1 HETcAs

. . cAS .
Since S commutes with e£7 and 7, we obtain

S

(S + e F)or — 60(S + €T F)) = For — 67 F

7TCAS TCAS 7TCAS

[F’dr]e

and consequently 61 = (dr¢o, (F — Ao)drpo) = Zp,e.]m et — tg)i.
Next we find

8y = (0T¢o, (e ' PWeps — e’T2PWCAs)¢U>

) (0T o, (T3 — TF) PWeaseo)

—(0T ¢o, 0T PWcasdo) + Z
=- Z (ty — t2)%{¢o, PWoaseo)
(21) PEText
— Z (t1 — t2)u(t1 — t2)v(Puew, PWcasdo)

HFVE Text
neveCAS

> (1) i
> C 600, (T — 1) PWeasso)
=2

We now define 0¥ = ¢cas — 1/;(CFACSI> with poas = exp(TC48)¢y ~ éFACSD, where

PHPU} g = ES VW2 . We know that

CAS CAS CAS
PWcasPoo = Pe T Hopcas — Pe T e Jon
= ES D Pe T 0 g + Pe T HSW — P(F + [F, 7)),
= BESD ¢o + P (H — EEGD)6W — P(F + [F, TS)gg

Since we are merely interested in the projections onto ¢, with o € Jcas, we set
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_CAS

R = (¢o, Pe (H - E'(CFACSI))5lII> and obtain

(60, PWoasdo) = (6o, PeT" (H = ESE)00) — (00, [F, TS g5)
=R+ (b, T Feo) — (¢, FT )
22
( ) :R+ZtSASAO<¢m¢u> _Ztu(A0+5o)<¢a»¢u>
n n
=R+t,Ag—to(Aog+65) =R —toes .
The quantity R ~ ||0¥|| .2 is directly steerable by the used CAS method. Hence,

assuming ¢cas ~ wéFACSI) to be a sufficiently good approximation eliminates the above
R dependence. Inserting (22) into the second term of (21), we find

Z (b = t2)u(ts — t2)ultuevlepen]

PFEVE Text
neveCAS
2 2
(23)
< Z (tl - t2)i|tu0u5uOV X Z (tl - t2)3|tuOV5,uOV
PFVE Text PAVE Text
noveCAS noveCAS

< Qeaslits —tafl5
where we recall that Qcas = ), cz.,q [to€s| as defined in Assumption (B). Since
wo = (do, Woasgo) and ||TF —T%|| 12 € O(||t1 —t2]|5), we conclude with Proposition 13
that
(24) 82 > —(wo + Qcas)llts — tall3 + O([t — t2f,,) -
For the last term, Assumption (B) implies that

83 > —[17¢0llz20(t1) = O(t2) |2 > —Lufltr — t2]5 -

Combining the different bounds above and assuming that g, wo, Qcas, and L, fulfill
(19), we conclude the existence of a A € (0,1) such that

52 AN Eults— )2+ 37 [(1= N —wo — (o + Qoas ) | (11 — 122

+O(lt — tal3,,)
2 Al =t + D [(1 = Neo = wo = (Lo + Qoas) | (4 — t2)2

14
+O([t —t2%,,.)
> At = t2},, + O(ltr = t213,,) > vlitr = 23, ~ 67 0llr -

In the last step we have assumed 4 to be sufficiently small such that O(|[t; — t2]3,_)
can be absorbed.

Coléybright © by SIAM. Unauthorized reproduction of this article is prohibited.



Downloaded 11/26/19 to 193.157.171.200. Redistribution subject to SIAM license or copyright; see http://www.siam.org/journa s/ojsa.php

ANALYSIS OF THE TCC METHOD IN QUANTUM CHEMISTRY 2597

Remark 23. We note that (23) is a pessimistic estimation, since we neglect the
conditions of the excitation indices, i.e., 4 # v such that pSv € Jcag. This restriction
means that the excitation rank of the CC method dictates which CAS amplitudes are
considered. In particular, considering the DMRG-TCCSD method we find

Z ‘tMeVEMSIJ'S Z toes!

VSJLxc ”6\78\)5
noveCAS

where the superscripted Jék)s means that only single-excitations on the CAS are
considered—which correspond to orbital rotations. Moreover, without loss of gener-
ality one can assume Brueckner type orbitals, implying that this term vanishes.

By Theorems 19 and 22, we can apply Lemma 9 to the TCC function f ensuring a
locally unique and quasi-optimal approximate solutions. Next, we will show quadratic
convergence of tailored coupled-cluster methods which aligns the nonvariational TCC
approach with any variational method in terms of convergence speed.

4.2. Error estimate. In this section we present an estimate for the energy error
introduced by truncating the TCC method, e.g., the DMRG-TCCSD approach. In
comparison to the single-reference CC method, the error is divided into different parts
as a consequence of the basis splitting. The TCC function is typically parameterized

by an approximation TCA8 of the FCI solution TPQCAIS on Heas. We emphasize that

TEAS s in itself an approximation of the inaccessible T4 (cf. Theorem 6 and the

following discussion). This, of course, influences the error and is here accounted for.
On top of that, the truncation error of the CC method applied to ¢pcas = eTCAS¢)0
enters. For this part of the error we follow the analysis of the single-reference CC
methods and use the Aubin—Nitsche-duality method for nonlinear Galerkin schemes
(see [37]). We consider d-dimensional approximation spaces ngg, d < |TJ|, of the

external amplitude space Vey;. For a given TC45 we denote t4 € vé,’f@ the solution of

Pif(- ;tCAS)|V(d) =0, where Py is the [?-orthogonal projection onto (Vc(fg)'. Thus, tg4
ext

is an approximation of the full solution t, € Ve, where t, solves f(-;t“*S) = 0 on

Vext .

Remark 24. In practice, the space vﬁ;’g is constructed by restricting the CC am-
plitudes to a particular subspace, e.g., allowing excitations from the reference ¢, into
the external space of rank less than a fixed number, say, including up to single and
double excitations. This choice is practical (the dimension d is fairly low); however,
the alternative truncation that allows excitations from any CAS determinant ¢, into
the external space of rank less than a fixed number yields what is called the first order
interaction space [26]. While the dimension can be much higher than the previous
choice, it gives external correlation energies guaranteed to be correct through second
order in Hy = W — PWP. In other words, all CAS determinants are treated on
equal footing, which is essential for an optimal multireference treatment. The first
truncation scheme puts special significance on the reference ¢q.

We will here derive a general error estimate valid for every choice of method used
on Hcas potentially introducing an additional error on the CAS denoted d Ecas. In
notational consistency with the introduction of section 4, let ¥, = =" eZ5" ¢y be
the exponential parameterization of the FCI solution on Hx. Then, the energy error
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is subsequently split as follows:
B = |E(ta19) — £ 1549
S [E(ta; t98%) = E(t 191 + |E (L t4%) — E(ts t5ED)]
1Bl 158) - 51

=: 0 + 0ecas + 0eCas »

(25)

where the last equality defines the different error terms.

The quantity de describes the error produced by truncating the TCC method
parameterized by ¢cas = el TN ¢o. The second term decas is connected to the usage
of an approximate solution ©¥cas = GTCASQZ)O on Hcas instead of the FCI solution
(;BE:FSSI = eTwer’ ¢o. We introduce £, € Voyy that solves f(f*,tgéls) = 0. Note that the
pair (t*7 tFCI ) € Voas X Vext is the best solution possible using a given basis splitting.
We emphasize, in comparison, that t, = (545 t%t) is a theoretical construct where
the basis splitting has been done after computing t..

The main result of this section is given below in Theorem 25. The idea is to
bound §F by means of the sphttmcg above. We introduce the error §Ecag in the
following way: The wavefunction e’¥cr ¢y is in general not an eigenfunction of H, but
it is an eigenfunction of PH P, where P is the orthogonal projection on Hcas. We
then define

(26) §Ecas = (g0, (677 PHPET™™ — e T8 PHPETE ) gy)| .

The energy difference § Ecas describes the error induced by an approximation to the
FCI solution on Hcas. We emphasize that this error depends on the approximation
method used. Using the DMRG method, which is variational, yields a quadratic error
bound.

The error d¢ is estimated using similar techniques as described in [37]. To that
end, we define the following Euler-Lagrange systems. For notational simplicity we
drop again the explicit parameterization by t©A5. We consider the functionals

(f(t) > Vext = Ry u— <U¢0’ _TCASG_THGTETCAS¢O>

and
o

E() : Vext = R; s (¢g, e T 'Ase_UHeUechASqﬁg) .

We note that (f(t),-) is a real-valued linear form whereas £(+) is a nonlinear functional.
The corresponding variational problem

(27) <f(t)¢u> =0 Vu€ Vext

describes the cluster equations. The associated Galerkin approximation on Ve(xg C Vext

determines t4 € Vc(xt such that
(28) (F(ta),ua) =0 Vug € VT

We use the Euler-Lagrange method to estimate the error £(t) —&(t4). Introducing
the dual variable z € Ve, we define the Lagrangian

(29) L Vexe X Vexe = Ry (£,2) = E(t) — (f(t), 2)
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and seck for stationary points (t., 24) € Vext X Vext of L(-,+), i.e.,

€'(t)u— <f’(t*)u7z*>} o

(30) L (e, 2) (u, 0) = { — (f(ts),v)

for all (u,v) € Vext X Vext- The Galerkin approximations (tq,zq) € Vézz x Ve(ig are

defined by the discrete Euler-Lagrange system

(31) L' (ta, za)(ud, va) = {g (td)?;(tdjfvgd)ud7zd>} =0

for all (uq,va) € VE(:ZZ x Véfz‘ We remark that in both situations (30) and (31), the
t-component, respectively, the t4-component, of any stationary point is a solution of
the cluster equations and the discrete cluster equations, respectively.

The main results of this section now read as follows.

THEOREM 25. Let B = {x1,...,xx} C H! be a set of L?-orthonormal spin-
orbitals that are split into Bceas and Bexy. We denote Hx and Hcoas the FCI space
corresponding to B, respectively, Boas. Let further tSAS € Voag be the projection of
the FCI amplitudes on Hxi onto Hcas, tgéls € Veas the FCI amplitudes on Hcas,

and t°48 € Voug an approzimation to tgéls. Let Ve(jg C Vext be a subspace fulfilling
0

32 (., V) < 1%

() (7VEXt)_"}/+L7

where v, L > 0 are the monotonicity and Lipschitz constants of f(-;t°S) on Bs(t.),
respectively. Then there is a unique solution tq € Ve(fz of Paf(-; tCAS)\VW = 0 that
oxct

approzimates the solution t, € Vexs of f(-;t45) =0 on Vexs. Let (24, 24) € Ve(fz X Vext
be the corresponding dual solutions of (ta,t.) € AR Vext. Further, set t, € Ve the

ext

solution of f(- ;tg&s) =0 0on Vext and t € Vot the projection of the FCI amplitudes
on Hy onto Hgag. It then follows that the energy error can be bounded as

0 < lIta = tillve (lta = tllvew + llza = 2llved) + 1t = 85013, + It = &I,

+EREP — (OS5 + LM —4REP 15+ Y eu(B)) +0Fcas -
PEText
[ul=1

Remark 26. The energy error estimate in Theorem 25 holds for any basis splitting
fulfilling the presented conditions. However, in the extremal cases of a minimal or
maximal basis splitting, i.e., K = N and k = K, the TCC method collapses to the CC
and CAS methods, respectively.

Remark 27. Since we do not have an equivalence of Theorem 17 for sequences
over Joas (€, are not guaranteed to be strictly greater than zero for p € Jcoas), we
instead bound the sequences over Jcag using the unweighted /2-norm.

‘We will prove Theorem 25 by first establishing a series of lemmas that relates to
the r.h.s. of (25). We start with the term de g = |E(t.; t8A5) — (L tCAS)|.

LEMMA 28. Under the assumptions of Theorem 25 the following bound holds:

degas < NIt — 2%, + IRE° — (94515 -
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Proof. Recall that ¢, = T TS ¢o corresponds to the FCI solution on ‘H g and
consequently DE(t5%;¢tCAS) = 0. Taylor expanding &(t.;t$45) around (£§4S,15x%)
yields
1
E(ts tRED) — E(T:4089) = S DPE@; 1929 ((e, ), (e,8) + R,

where é = t, — t&¢, and R®) describes the third order error term.
For Hy, 14, = e Tie T2 HeT2eTt with amplitudes t; € Vey and ta € Voas we compute

_ ,CAS _ 4CAS
e =tpor —ts

(D25(t1§t2))/1,,u = <¢0: [[Ht1+t21XV]ﬂX}J¢O> = <¢07Ht1+f,2XuXu¢O> .
Thus, with H, = Hyext cas and
57" = Z (t* - tiXt)uXu ’ op = Z (tgéls - tSAS)uXu
HE Text neJcas
we have
DPE(T5 1725 (e, €), (e,€)) = (o, He (37 + 01) o)
< 2(¢o, Hd3.60) + 2{0, H.(67) o) -

Using Theorem 17, as well as the boundedness of H, we obtain
(b0, H.0%.60) < CllgollE 1075y < Cllts —t23,.,, -

By direct computation, we bound the term (¢g, H,.(67)%¢o) using the 1*(Jcas) norm

(¢, H. (67)%¢0) < CH(STH?S(HU =0 Z (tFer — tSAS)uXuH%(HI)

HETcAs
<O Y (RS —tOIX By < CIREY — 1015 . O
HEJTcas
Next, we analyze the energy difference decas = |€(.;tCA8) — E(t.; tSE0)].
LEMMA 29. Under the assumptions of Theorem 25 the following bound holds:
dcas S 0Boas + It = Ll + 1T = &) gollfys + 3 eulle),
[ul=1
Proof. Starting from the definition of decag, we obtain straightforwardly
decas < |(¢o, (efTCAS HeT _ o Teds HeTF%\IS)(boH +R,
where R = [{o,[(e “TOS T o= TRE" HeTFC&S),eT*]¢0>|. Since ¢y, eTFC@éIS(ﬁo7 and

¢>0 are elements of Hcas, we find

TCAS TCAS

He P HeTFC&S)QBOH

PHPE™™ — ¢ T5° PHPETFE ) )|

T CAS

T TSP, Pl H PR )y

Secas — R < (o, (e~
< (g0, (e~
+ {0, ([T°4S, P|HPe

TCAS
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For any excitation operator X = ZHEJCAS cu Xy, we remark that X Py € Hcag for
all ¢ € Hx. By definition of Hcas we also find X Qv € Hexy for all ¢ € Hy, where
Q = I — P. Therefore X = (P+ Q)X (P + Q) = PXP 4+ (QXQ and consequently
[X,P] = [PXP,P]=0. Hence, [T945 P] = [TFA®, P] = 0. In particular,

TCAS TCAS

Seons < [(do, (T PHPET™ — T PHPE™E ) go)| + R = 6Ecas + R ,

where §Ecas is defined by (26). To estimate R we consider the splitting of the
Hamilton operator H = F + W. Note that [T°4S T,] = [T§&S,T.] = 0, which
implies together with Lemma 15 that the F-dependent terms in R vanish. The Baker—
Campbell-Hausdorff expansion and the fact that ((7.)™)¢o = 0 for all m > 1 then
yield

m=1 m=1

- '<¢ (Z ST = 3w, eTFC&S]m> > ,,11,<T*>"L¢o> :

Since W is a two-particle operator, the Slater—Condon rules imply that the nonzero
contributions in the above expansion are given for m = 1 and only by the single-
excitation parts of the respective operators. It then follows with ((7°48);)f¢y =
(TE&3)1) o = 0 that

= (o, W(T = T&®)1(Tu)1600)|

where (-); denotes the single-excitation part of the respective operator. We then
estimate

R < (g0, W(T4S — TE&®)1(To — T)160)| + [(do, W(TAS — TEE) 1 (T2)100)|

< (CUlIT. = Tullsr + Coll()allsm ) TS = TEAS ol
(@ ~ Co .\ = Cy 4+ Cy
< 7“71 — Tull3my + ?H(T*)lué(Hl) + TH(TCAS T ) ol -
Hence, R < Dy [t — .13, + Dol (T4 = TEE®)doll 31 + Ds 2 21 e (E0)5- O

For the remaining error de we use techniques that have been developed by Bangerth
and Rannacher for a general functional analytic framework [3]. Hence, under the as-
sumption that f is locally strongly monotone the following analysis holds also in the
K — oo limit. Nevertheless, before passing on to the error estimate of d¢ we charac-
terize the approximation space chft Let {b1,...,bp} be a basis of Vex, and without
loss of generality, {b1,...,bq} be the correspondmg subbasis of Véxz with d < D. A
key aspect for the analy51s is Ve(xt being a sufficiently good approximation of Vext.
Subsequently, we elaborate a sufficient condition for this to hold. Let ¢ > 0 be chosen
according to Assumption (B) such that Theorems 19 and 22 imply f being strongly
monotone and Lipschitz continuous on Bj(t.) with constants v and L. Further, we
define

Rd = d(t*, ext) = min th - t*HVth'
aevil
Equation (32) in Theorem 25 yields the assumption kg < 76/(y + L). Then, the
truncated cluster equation f\v@ = 0 has a locally unique solutlon on Ve(fz N Bys(ts).
We adapt the proof of [37, Theorem 4.1], which rests on the following consequence of
Brouwer’s fixed-point theorem [8].
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THEOREM 30 (Brouwer’s fixed-point theorem). Equip R with any norm || - |-
Let Bg be the closed ball of radius R centered at @ = 0 and let h : B — R¢ be
continuous. If (h(zx),z) > 0 on IBg, then h(z) =0 for some x € Bp.

Letting tope € Ve(){fg with kg = ||topt — ts|lven,, We define the continuous function
hq:R?* = RY: (yj)?zl, where y; = (f(topt +v),b;) and v = Z;l:l x;bj. We chose

lzlla = llvll,@ as a norm on R%. Then, h4(t) = 0 if and only if f(t)|,@ = 0. By
assumption  —kq > 0L/(y+L) > 0 and we set R = § —kq. Then v € Br(topt) implies
v € Bs(t,). Assuming further ||z|s = R, the monotonicity and Lipschitz continuity
of f then yield

d
(ha(@),@) = Y (f(tops + ), bj)a; = (f(topt +v) = f(topt), 0) + (f(topt) = F(t:),v)
Jj=1

Z ol + Lrallvllye = ROR + Lia)

Since yR— Lkq = 70 — kqa(y+ L) > 0, we conclude (hq4(z),z) = R(yR— Lkq) > 0. By
Theorem 30 this yields hg(z.) = 0 for some z, with ||z.||q4 < R, which is equivalent
to tg = topt + v« solving the projected problem f ‘v“” = 0. The uniqueness follows

from Theorem 9 applied to f|,w.
ext

In what follows, we assume that Ve(,(zt) is a sufficiently good approximation of Veys
as guaranteed by (32). We note that the Lagrangian (29) is nonsymmetric, and
consequently we cannot expect the error to be quadratic with respect to the error of
the wavefunction. However, we see that the dual variable z enters in (29). Indeed,
in the analysis that will follow, the solution z, of the dual problem enters the error
estimates. In the spirit of [37], we start the estimation of de with a lemma that

concerns the dual solution.

LEMMA 31. Let f be strongly monotone on Bs(t.); then there exists a unique
dual solution z, € Vexy determined by t. such that (t.,z.) is a stationary point of
the Lagrangian L(-,-), i.e., (t«, z«) solves (30). Additionally, there exists a corre-
sponding unique zq € Vc(:z such that (tq, zq) solves the discretized equation (31) and
approzimates the exact dual solution quasi-optimally in the sense that

(33) 2a = 24 [ < €104 + 203

with ©4 = max{d(t., Vsz) , d(zs, Ve(iz)}

Proof. By definition ¢, solves the second component of (30). Therefore it remains
to show the first equation. To that end we use the Lax-Milgram theorem [9], for which
we need to establish the boundedness and coercivity of f(t,)T. First, we note that
the boundedness of f’(t.) was shown in Theorem 19. Second, we expand f into a
Taylor series at t., i.e., f(t. +w) — f(t.) = f'(t)w + O(|Jwl3, ) with w € Bs(t.).
The strong monotonicity estimate then yields (f/(t.)w, w) > ~|lw|},_ — O(lw]$_ ).
For an arbitrary u we choose ¢ € R sufficiently large such that w = u/c € Bj(t.).
This implies the coercivity of f’(t.). Third, we remark that the boundedness and
coercivity of f'(t.) are transferred straightforwardly to the adjoint operator f’(t,).
We set a(zx,u) = (f'(t.)t 2., u) and apply the Lax-Milgram theorem to the equation
a(ze,u) = E'(t)(u) for all u € Vey. This yields the existence and uniqueness of
Ze € Veoxt-
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This argumentation holds whenever f is strongly monotone. Hence, the existence
and uniqueness of z; follows by the assumption that Ve(fz is a sufficiently good ap-
proximation to Vexi. To show (33) we decompose zq — 2z = zq — 24 + Z4 — 2+, where
Zq € vjﬁ@ solves

(34) (& (t))(ua) = {f'(t)ua,Za)  Vua € VG .

In the same manner as we previously defined a(-, -) we define a bilinear form from (34).
Because f’(t.) is a bounded and coercive linear map, Céa’s lemma [48] implies the
quasi-optimal approximation by Z4 to z, i.e., [|Zq — 24|y, < C d(zs, Ve(it))

To estimate ||zq — Z4||v.,, we use the coercivity of f’(tq). From (34) and (31) we
deduce

Yza = Zall3s,,, < (f'(ta)(za — Za), za — Za)
= (&'(ta) — E'(t))(za — 2a) + ((f'(t) — f'(ta))(2a — Za), Za)
< Lerlta = tillvellza = Zallves + Ly llta = tllveellza = Zallvee | Zallves
= (Le' + LyllZallvaa Ita — tellve 12a — Zallve., -

Using the quasi-optimality of ||Zq — 24|lv,,, we find that ||Z4|ly,,, is bounded by

2]l Vs, + Cd(2e, V) and therefore

- 1 d
lod = Zallvas < = [Ler+ Ly (Nl + € e, VD)t = v

Serd(te, VY + eqd(t,, V) d(z,, VY o

ext

In order to estimate the error de = |E(t.) — E(tq)| we define the primal residual
p(ta)() : Vc(fz — R; u = —(f(ta),u) and the dual residual p*(t4, zq)(-) : Vc(fz - R;
u &' (tq)(u) — (Df(ta)(w), zq). The following error characterization is based on the
results of Bangerth and Rannacher [3] formulated in a suitable way for this article.

THEOREM 32. For any solution of (27) and (28), we have the error representa-
tion
(35) 2E(t) — E(ta)) = RS + p(ta) (2 — va) + p*(ta: 2a) (b — wa)

)

with arbitrary vg, wq € Vé,‘fﬂ. The remainder term R((ig is cubic in the primal and

dual error e = t, —tq and €* = z, — 24,

1
Rfi‘ﬂ = / <5<3)(td + se)(e,e,e) — (f®(tq + se)(e, e,€), zq + se*)
0
—3(f@(tg + se)(e, e), e*)) s(s—1)ds .
Similarly to the approach in [37] we are able to conclude with the following error

estimates for the TCC energy.

THEOREM 33. Let V' be a sufficiently large subspace of Vexy in the sense that

ext
©4 < ¢ (see Lemma 31) for a suitable ¢ € (0,1), and denote by (t.,z) and (tq, zq)
the solutions of (30) and (31). If f is strongly monotone at t., we have

(36) 0 < lta = tllvew (e1llta — tallve, + c2llza — 2ellvee)
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and further
2
(37a) 02 S (dlte, V) + (22, VD))
(37b) e S l(e* — €™ )peas]lm (H(@T"' —e™)poasla + (7 - fﬁZ*)¢CAS|\H1)

2
.r " r Z.
(670) de 5 (inf v — T ocasli + inf [0 — e dcaslin )

Proof. Using (30) we can rewrite the dual residual as follows:
P (ta, 2a)(s) = (€' (ta))(s) — (f'(ta)(s), za)
= (&'(ta) = E'(0))(s) + (' (t) = ' (ta))(s), 24} + (f'(ta)(5), 2 — 2a)
for an arbitrary s € Vext. Using (35) in Theorem 32 we obtain
20 < [RY|+ [(£(ta) = f(£), 2 — va)| + (€' (ta) — €' (£)) (£ — wa)]
+ K () = f/(ta)) (b = wa), 2| + [(f (ta) (e — wa), 2 — za)] -
Exploiting the different Lipschitz continuities further implies
206 < IR+ Lyllta = tullvee 122 = Vallvew, + Levllta = tullveccllts = wallv..,

(38) + Lpllta = tullve 1t = wallve 124 veus
+ Cllts — wallvellze = 2l

Vext *

Vext) T \'R&S)\ for wg = t4

This yields 20e < ||tq — tx ||y, (c1l|ts — tallve. + callzs — 24l
and vqg = zq. By straightforward computations we estimate

IRP| < Lew It — tall},,. + Ly [t — tal

Vew F3L5@ 1t — tallvellze — Zallvin,

with ¢ = max,eo,1) |24 + s¢*||v,,,- Hence, by Lemma 31, \Rfig)| € 0(©3), ie., we
can control the remainder term R&S) by means of ©3. Since by assumption Vé:g is a
sufficiently large subspace of Veyt in the sense that ©,4 < ¢, this shows (36).

The bound in (37a) follows from inserting the optimal approximations topt, Zopt €

v§;’2 in (38) and applying Theorem 9, Lemma 31, and the fact that ©; < 1. Then

llza = 24|lvewe < O as the term in O(©3) becomes negligible. The inequalities (37b)
and (37c) follow from Proposition 13. 0

We remark that this error estimate derivation does not require the uniqueness
of the solution. In cases with nonunique solutions, the a priori assumption t; — t.
makes the result meaningful as then the remainder term can be assumed to be small.

We conclude this section by combining previous results to prove Theorem 25, the
main result of subsection 4.2.

Proof of Theorem 25. From (25), we recall that 0F < de + decas + defag. Then
using Lemmas 28 and 29 and (36) in Theorem 33, the desired result now follows. 0O

5. Concluding remarks and outlook. In this article, we presented a first
analysis of the TCC method, proving locally unique and quasi-optimal solutions in
Theorems 19 and 22, and a direct error estimate given by Theorem 25. The con-
ceptional change from the HOMO-LUMO gap to the CAS-ext gap ¢ is a key aspect
of this article. The definition of £ is tailored for existence, uniqueness, and error
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estimate results that are widely applicable, in particular also to excited state approxi-
mations. For merely ground-state studies, better bounds in section 4.1 are obtainable
by changing the considered CAS-ext gap to €. The extended CAS-ext gap &y is
larger and in general increases with the size of the CAS. Since the gap assumption
enters directly in the norm estimates, a connection between the constants involved in
the norm estimates in section 4.1 and the size of Zcas seems likely but remains to
be proven. Given the presented analysis, it appears reasonable to assume that the
results can be generalized to the continuous formulation of the Schrédinger equation,
without reference to a finite-dimensional single-particle basis for external space. This
corresponds to K — oo, in which case many of the concepts used in section 4.1 may
be generalized. Apparently, the main problem in this generalization is that several
properties of the Fock operator do not hold for K — oco. In particular, its spectrum
is not purely discrete. Even though it may appear that we use the Fock operator
and its properties excessively, the presented analysis may also be performed for a
different one-particle operator, i.e., not necessarily the Fock operator. Section 4.2
is based on achievements for general variational problems, implying the validity of
Theorem 25 for infinite dimensions. The currently most important application of our
analysis is the DMRG-TCCSD method [42, 43, 44, 2]. In a recent publication, we
investigated its numerical performance in light of the results in this article [10]. Using
tensor factorization methods—to obtain a well-chosen basis splitting and an approx-
imation to the FCI solution on Hcag—simplifies the error estimate in Theorem 25
since the methodological error becomes negligible and d Ecag is quadratically bound.
This yields a Galerkin-typical quadratic error estimate for the DMRG-TCC method.
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ABSTRACT: In this article, we investigate the numerical and
theoretical aspects of the coupled-cluster method tailored by
matrix-product states. We investigate formal properties of the
used method, such as energy size consistency and the
equivalence of linked and unlinked formulation. The existing
mathematical analysis is here elaborated in a quantum
chemical framework. In particular, we highlight the use of
what we have defined as a complete active space-external
space gap describing the basis splitting between the complete
active space and the external part generalizing the concept of a

DMRG-TCCSD

HOMO-LUMO gap. Furthermore, the behavior of the energy error for an optimal basis splitting, i.e., an active space choice
minimizing the density matrix renormalization group-tailored coupled-cluster singles doubles error, is discussed. We show
numerical investigations on the robustness with respect to the bond dimensions of the single orbital entropy and the mutual
information, which are quantities that are used to choose a complete active space. Moreover, the dependence of the ground-
state energy error on the complete active space has been analyzed numerically in order to find an optimal split between the
complete active space and external space by minimizing the density matrix renormalization group-tailored coupled-cluster error.

I. INTRODUCTION

The coupled-cluster (CC) theory has played a revolutionary role
in establishing a new level of high accuracy in electronic
structure calculations and quantum-chemical simulations.
Despite the immense progress made in the field, computational
schemes aiming at describing quasi-degenerate electronic
structures of chemical systems are still unreliable. These
multiconfiguration systems, also called strongly correlated
systems, form one of the most challenging computational
problems in quantum chemistry. Since these systems appear in
various research areas, a reliable computational scheme is of
major interest for the natural sciences. Recently, the computa-
tional advantages of the novel density matrix renormalization
group-tailored coupled-cluster (DMRG-TCC) method re-
stricted to single (S) and double (D) excitations were
demonstrated on large and statically correlated systems by
Veis et al. "> Furthermore, computations have shown that the use
of the DMRG-TCCSD method is indispensable for the DMRG
in order to determine the proper structure of the low lying

7 ACS Publications  ©2019 American Chemical Society 2206

energy spectrum in strongly correlated systems.” In addition to
these computational features, the DMRG-TCC approach is a
promising candidate for a black-box quasi multireference
scheme as considerable parts of the program already provide a
routine procedure up to a numerical threshold. This would
increase the accessibility for a broad class of researchers from
various fields of study.

Although DMRG implementations already allow high
precision multireference calculations on large complete active
spaces (CAS), covering the majority of strongly correlated
orbitals,® there is still a need for further analysis and
developments in order to achieve a multireference routine
procedure. In the setting of the DMRG-TCC method, a CAS
DMRG solution is improved by means of an additional CC
calculation performed on the remaining (external) orbital space.
This CC correction, improving the description of dynamical
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correlation by the approximate solution, leaves the CAS part, i.e.,
the DMRG solution, invariant. We emphasize, however, that the
presented implementation of the external CC corrections only
take correlations with a single reference determinant into
account, ie, the considered CC amplitude equations are
formulated with respect to one reference determinant. Despite
the method’s dependence on the reference determinant (in its
current version), we have noticed significant improvements for
systems with multireference character (~0.0SE,) via the CCSD
correction on the external part compared to the single reference
CCSD method on the full space. Nonetheless, the simplistic
approach of the DMRG-TCC method to the multireference
problem comes with a price. The DMRG-TCC, as a CAS
method, does not correlate external amplitudes with the CAS
amplitudes, i.e., contributions from the external part to excited
determinants within the CAS are not present. Furthermore, in
situations where the choice of a reference determinant becomes
unclear, e.g, strong open-shell systems, the DMRG-TCC
method could run into potential problems since it is based on
a single reference formulation. Although the total spin can be
fixed for the CAS part in the DMRG calculations (spin-adapted
DMRG*™”), for the full orbital space it cannot be controlled
through the external CC corrections presented in this work.

Common approaches to the strong correlation problem are
provided by the multireference coupled-cluster (MRCC) theory
based on the Jeziorski—Monkhorst ansatz.*~*° The underlying
idea of this ansatz is to include higher cluster excitations that are
physically relevant but often more difficult to access in the usual
single reference approach. To that end multiple determinants
are employed in the reference state.'' These multireference
approaches can be roughly divided into three categories:'” first,
valence-universal approaches'®™>" (often also called genuine
MRCC approaches); second, state-universal approaches;22_27
and third, state-specific approaches.”*™*’ Methods within the
first two categories commonly suffer from so-called intruder
states,”*~> which leads to divergent behavior. Such methods
furthermore require solving for a manifold of eigenstates,
including several solutions that are irrelevant to the problem.
These downsides can be overcome by state-specific approaches,
however, they rely on an explicit inclusion of higher excitations.
For a more detailed description of these active fields of research,
we refer the reader to ref 9 and the references therein. An
alternative multireference CC method that makes use of matrix
product states and a modified DMRG algorithm is the linearized
CCSD theory of Sharma and Alavi.** Furthermore, the pair
CCD (pCCD) method—a CCD approach preserving electron
pairs—Dbesides being computationally inexpensive, can describe
strong correlation, which the single reference CCD theory
cannot. Nonetheless, the pCCD scheme lacks adequate
dynamical correlation which was improved (by adding certain
amplitudes) based on seniority of a determinant (number of
unpaired electrons).>> However, pairing merely the double
excitations is not sufficient to describe the dissociation of the
triple bond in the nitrogen dimer,*® which is the content of this
article. Higher order pairing schemes, however, allow a more
effective treatment of strong correlations and are worth
mentioning at this point.”*~%>

The mathematical analysis of CC schemes is far from being
complete, especially with regard to multireference methods;
however, many important steps have already been taken. The list
of fundamental and mathematical chemistry articles aiming to
describe the existence and nature of solutions of CC equations is
too long to be summarized here. We will limit our discussion to a
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short selection of publications addressing such fundamental
issues of chemistry.

As a system of polynomial equations the CC equations can
have real or, if the cluster operator is truncated, complex
solutions.*>** A standard tool to compute a solution of these
nonlinear equations is the Newton—Raphson and the quasi-
Newton method. However, these methods may dlverge if the
Jacobian or the approximated Jacobian become singular.®> This
is in particular the case when strongly correlated systems are
considered. These and other related aspects of the CC theory
have been addressed by Zivkovié and Monkhorst®“° and
Piecuch et al.** Significant advances in the understanding of the
nature of multiple solutions of smgle -reference CC have been
made by Kowalslu and Jankowski®” and by Piecuch and
Kowalski.®® An interesting attempt to address the existence of
a cluster operator and cluster expansmn in the open-shell case
was done by Jeziorski and Paldus.*”

The first advances within the rigorous realm of local
functional analysis were performed by Schneider and
Rohwedder, providing analyses of the closed-shell CC method
for nonmulticonfiguration systems.”’~”* Since then, the local
analysis of CC schemes was extended by Laestadius and Kvaal
analyzing the extended CC method” and revisiting the
bivariational approach’*”® and Faulstich et al. providing the
first local mathematical analysis of a multireference scheme,
namely the CC method tailored by tensor network states (TNS-
TCC).”® As this mathematical branch of CC theory is very
young, channeling abstract mathematical results into the
quantum-chemistry community is a highly interdisciplinary
task merging both fields. A first attempt in this direction was
done by Laestadius and Faulstich linking the physical
assumption of a HOMO—LUMO gap to the somewhat abstract
Garding inequality and in that context presenting key aspects of
refs 70—73 from a more quantum chemical point of view.””

With this article, we aim to bridge the mathematical results in
ref 76 of the TNS-TCC method into the quantum-chemistry
community and extend these results with a numerical study on
the complete active space dependence of the DMRG-TCCSD
error. Furthermore, we derive formal properties of the TCC
method.

Il. DMRG-TCC METHOD

As a post-Hartree—Fock method, the TCC approach was
introduced by Kinoshita et al. in ref 28 as an alternative to other
multireference methods. It divides the cluster operator into a
complete active space part, denoted S, and an external (ext) part
T, i.e., the wave function is parametrized as

Wree) = exp(T)exp(S)IHyr)
Separating the cluster operator into several parts goes back to
Piecuch et al.”*”? Note that the operators S, T commute since
this separation is merely a partition of the overall cluster
operator. In this formulation the linked CC equations are given
by

ETO = (9 e S The e, )

0= (¥ le~Se T el S, ) 0
Computing Wc,s) = EEI‘PHF) first and keeping it fixed for the
dynamical correction via the CCSD method restricts the above
equations to ['¥,) not in the CAS, i.e., (‘VI¥,) = 0 for all ¥} in
the CAS (we say that [V, ) is in the L2 orthogonal complement of
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the CAS). We empbhasize that this includes mixed states, e.g.,
IW}}®) where I¥7) is an element of the CAS but ['¥}) is not. We
consider a CAS of N-electron Slater-determinants formed from
the set of spin-orbitals Bcyg = {4, -, 4 }. This is, in the
mathematical sense, a subspace of the full configuration
interaction (FCI) space, i.e., the space of all N-electron Slater-
determinants formed from the entire set of spin-orbitals
B={x, Xer o X }. We here assume the spin-orbitals to be
eigenfunctions of the system’s Fock operator. Note that the
following analysis can be applied to any single-particle operator
fulfilling the properties used in ref 76—not only the Fock
operator. This mathematical analysis, among other things, rests
on the structure of a one-particle operator with a distinct (and
furthermore steerable) CAS-ext gap. As described below (in
connection to Assumption A), choosing the Fock operator
might lead to the inclusion of diffuse functions in the CAS.
Based on the single reference approach, the TCC method
needs a large CAS to cover most of the static correlations. Since
the size of the CAS scales exponentially with respect to the

number of particles N, ie, dim(CAS) € o) (for more
details we refer the reader to ref 70), an efficient approximation
scheme for strongly correlated systems is indispensable for the
TCC method to have practical significance. One of the most
efficient schemes for static correlation is the DMRG method.*
Going back to the physicists White and Martin,® it was
introduced to quantum chemistry as an alternative to the CI
or CC approach. However, the major disadvantage of the
DMRG is that in order to compute dynamical correlation high
bond dimensions (tensor ranks) may be necessary, making the
DMRG a potentially costly method.”® Nevertheless, as a TNS-
TCC method, the DMRG-TCC approach is an efficient method
since the CAS is supposed to cover the statically correlated
orbitals of the system. This avoids the DMRG method’s weak
point and allows to employ a much larger CAS compared to the
traditional CI-TCC method. We remark here that some
terminology has different meaning in mathematics, physics,
and chemistry. The number of legs of a tensor is called the order
of the tensor in mathematics, while it is called the rank of the
tensor in physics. The rank of the matrix corresponds to the
number of nonzero singular values after matricization in
mathematics, i.e., the Schmidt number in physics.

A notable advantage of the TCC approach over some MRCC
methods is that all excitation operators commute by
construction. This is due to the fact that the Hartee—Fock
method yields a single reference solution [Wy5), which implies
that separating the cluster operator corresponds to a partition of
excitation operators. Hence, S and T commute. This makes the
DMRG-TCC method’s analysis much more accessible than
internally contracted MRCC methods and therewith facilitates
establishing sound mathematical results.”® We remark, however,
that the computationally most demanding step of the DMRG-
TCC calculation is the DMRG part, and its cost increases rapidly
with k. Alternative to the dynamical correction via the CC
approach, the DMRG-MRCI method in ref 81 utilizes an
internally contracted CI algorithm different from a conventional
CI calculation.

Ill. FORMAL PROPERTIES OF THE DMRG-TCC
METHOD

It is desired that quantum-chemical computations possess
certain features representing the system’s chemical and physical
behavior. Despite their similarity, the CC and TCC method
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have essentially different properties, which are here elaborated.
A basic property of the CC method is the equivalence of linked
and unlinked CC equations. We point out that this equivalence
is in general not true for the DMRG-TCCSD scheme. This is a
consequence of the CAS ansatz since it yields mixed states, i.e.,
two particle excitations with one excitation into the CAS. The
respective overlap integrals in the unlinked CC equations will
then not vanish unless the single excitation amplitudes are equal
to zero. Generalizing this result for rank complete truncations of
order n we find that all excitation amplitudes need to be zero but
for the nth one. This is somewhat surprising as the equivalence
of linked and unlinked CC equations holds for rank complete
truncations of the single-reference CC method.

For the sake of simplicity we show this results for the DMRG-
TCCSD method. The general case can be proven in similar a
fashlon We define the matrix representation T with elements

= (¥,le"1¥,) for y, v & CAS. Note that, as T increases the
exc1tatlon rank, T is an atomic lower triangular matrix and
therefore not singular. Assuming that the linked CC equations
hold, the nonsingularity of T yields

Ay = Z

vg€CAS

= > (e, le~He 1, )

vECAS

i T
T, (% le "He M)

=0

As the full projection manifold is complete under de-excitation,
we obtain that

AT 7 AT
A, = (BHe M) — Y0 (Pl 19 ) (Y IHe %)

y€CAS

@
Note that the first term on the r.h.s. in eq 2 together with the
Hartree—Fock contribution from the sum, ie., Eo(%¥,le'1¥yg),
describe the unlinked CC equations. To analyze the remaining
terms on the r.h.s. in eq 2 we expand the inner products, ie.,

(W) = (BI9) + (BITIY) + l(‘l’#lf‘zl‘l’y) + .
The first term in this expansion vanishes due to orthogonality.
The same holds true for all terms where T enters to the power of
two or higher since an excitation of order two or higher acting on
an at least singly excited Slater-determinant I'¥,) yields an at least
3-fold excited Slater-determinant. However, as the external
space contains mixed states, we find that (‘¥ ITI¥,) is not
necessarily zero, namely, for (VI = (¥ | A (¥4l and I¥,) = 1¥j)
with a € ext and # € CAS. This proves the claim.

Subsequently, we elaborate the size consistency of the
DMRG-TCCSD method. Let two DMRG-TCCSD wave
functions for the individual subsystems A and B be

|lllgil\)/[RG—TCC> =EXP(§A)3XP(fA)|lP<A)
Wrﬁvmc Tee) —eXP(SB)eXP(E)W(B)
The corresponding energies are given by
By = (PRIAIVED), By = (¥
and the amplitudes fulfill
0 = (PR,

Ey = (VU
0 = (PO
in terms of the effective, similarity-transformed Hamiltonians
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H, =exp(=$, - T)Hexp($, + 1)
Hy =exp(=S; — Ty)Hyexp(Sy + 1)

The Hamiltonian of the compound system of the noninteracting
subsystems can be written as Hyz = Hy + Hjp. Since the TCC
approach corresponds to a partitioning of the cluster amplitudes

we note that H,z = PLIA + H for
Hy= exP(_gA - §B - TA - ’fB)I:IAB
X exp(§y + Sg+ Ty + Tp)

With WEP) = (PE) A 1PE), the energy of the compound
systems can be written as

Ep = <lP§-?FB)|IfIABIlP§:?FB)>
= (i A (PR (H, + Hy) (WIR) A W)
= (PN + (PRI )
=E +E
It remains to show that
|T(I?1\2{G—ch = eXP(gA + ‘§B + TA + TA};)W(}?S))
solves the Schrodinger equation, i.e., for all (‘I‘},AB )l, it holds that
(‘P(;f‘B)lffIABl‘ng)) = 0. Splitting the argument into three cases,
we note that

(PRSP = (POE W) = 0

(P Y PRI = (PP = 0

(PP ONA ) = o

where (FOW®)| = (W] A (¥B)], This proves the energy size
consistency for the untruncated TCC method. From this we
conclude the energy size consistency for the DMRG-TCCSD
scheme, because the truncation only affects the product states
(‘I’LA)‘P,(AB) | and these are zero in the above projection.

Looking at TCC energy expression we observe that due to the
Slater—Condon rules, these equations are independent of CAS
excitations higher than order three, i.e., amplitudes of S, for n >
3. More precisely, due to the fact that in the TCCSD case
external space amplitudes can at most contain one virtual orbital
in the CAS, the TCCSD amplitude expressions become
independent of S, i.e.,

(P ALY = 0

where the primed variables a’, b’, ¢/, d’, ¢’ describe orbitals in the
CAS, the nonprimed variable a describes an orbital in the
external part and i, j, k, I, m, n are occupied orbitals. Note, this
does not imply that we can restrict the CAS computation to a
manifold characterizing excitations with rank less or equal to
three as for strongly correlated systems these can still be relevant.
However, it reduces the number of terms entering the DMRG-
TCCSD energy computations significantly.

This work aligns with the originally introduced CI-TCCSD
method taking only S, for n =1, 2 into account.”® We emphasize
that the additional consideration of S; corresponds to an exact
treatment of the CAS contributions to the energy. Furthermore,
this consideration does not change the TCC method’s
complexity, if the S; amplitudes are available. This is due to
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the fact that including the CAS triple excitation amplitudes will
not exceed the dominating complexities of the CCSD
approach®” nor of the DMRG method. However, the extraction
of the CI-triples from the DMRG wave function is costly and a
corresponding efficiency investigation is left for future work.

IV. ANALYSIS OF THE DMRG-TCC METHOD

In the sequel we discuss and elaborate mathematical properties
of the TCC approach and their influence on the DMRG-TCC
method. The presentation here is held brief and the interested
reader is referred to ref 76 and the references therein for further
mathematical details.

IV.A. Complete Active Space Choice. As pointed out in
the previous section, the TCC method relies on a well-chosen
CAS, i.e, a large enough CAS that covers the system’s static
correlation. Consequently, we require a quantitative measure-
ment for the quality of the CAS, which presents the first obstacle
for creating a nonempirical model since the chemical concept of
correlation is not well-defined.** In the DMRG-TCC method,
we use a quantum information theory approach to classify the
spin-orbital correlation. This classification is based on the
mutual-information

Ix'\j = S(f)ﬁ}) + S(,ﬂ(”) - S(p(,-‘}'))

This two particle entropy is defined via the von Neumann entrop,
S(p) = =Tr(p In p) of the reduced density operators p{x}.‘4
Note that the mutual-information describes two-particle
correlations. For a more general connection between multi-
particle correlations and &-correlations, we refer the reader to the
work of Szalay et al.** We emphasize that in practice this is a
basis dependent quantity, which is in a§reement with the
chemical definition of correlation concepts.”’ We identify pairs
of spin-orbitals contributing to a high mutual information value
as strongly correlated, the pairs contributing to the plateau
region, i.e,, a region in which the mutual information profile is
constant, as nondynamically correlated and the pairs contribu-
ting to the mutual information tail as dynamically correlated (see
Figure 3). The mutual-information profile can be well
approximated from a prior DMRG computation on the full
system. Due to the size of the full system we only compute a
DMRG solution of low bond dimension (also called tensor rank).
These low-accuracy calculations, however, already provide a
good qualitative entropy profile, ie., the shapes of profiles
obtained for low bond dimension, M, agree well with the ones
obtained in the FCI limit. Here, we refer to Figures 2 and 3
showing the single orbital entropy and mutual information
profiles, respectively, for various M values and for three different
geometries of the N, molecule. The orbitals with large entropies
can be identified from the low-M calculations providing a
routine procedure to form the CAS including the strongly
correlated orbitals.*>~* In practice this is achieved by using the
following dimension reduction protocol: We start with a very
low bond dimension calculation carried out on the full orbital
space. Based on the corresponding entropy profile and an a
priori defined numerical threshold, a smaller set of orbitals is
selected. In a subsequent step the same procedure is repeated on
the reduced orbital set but with a larger bond dimension. This
iterative dimension reduction protocol is a typical renormaliza-
tion group based approach to refine the entropy spectrum that is
also used in condensed matter physics.

A central observation is that, for Beyg = {4, - 4y } (ie, k=

N), the DMRG-TCCSD becomes the CCSD method and, for
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Beas = {4 (i.e., k = K), it is the DMRG method. We
recall that the CCSD method can not resolve static correlation
and the DMRG method needs high tensor ranks for dynamically
correlated systems. This suggests that the error obtains a
minimum for some k with N < k <K, i.e,, there exists an optimal
choice of k determining the basis splitting and therewith the
choice of the CAS. Note that this feature becomes important for
large systems since high bond dimensions become simply
impossible to compute with available methods.

IV.B. Local Analysis of the DMRG-TCC Method. The CC
method can be formulated as nonlinear Galerkin scheme,”® which
is a well-established framework in numerical analysis to convert
the continuous Schrodinger equation to a discrete problem. For
the DMRG-TCC method a first local analysis was performed in
ref 76. There, a quantitative error estimate with respect to the
basis truncation was established. Faulstich et al. showed under
certain assumptions (Assumption A and B in the sequel) that the
DMRG-TCC method possesses a locally unique and quasi-
optimal solution (cf. section 4.1 in ref 76). In case of the DMRG-
TCC method the latter means: On a fixed CAS, the CC method
tailored by a DMRG solution provides a truncation hierarchy
that converges to the best possible dynamical correction to the
given CAS. For a fixed basis set the CC solution tailored by a
DMRG solution on a fixed CAS is up to a multiplicative constant
the best possible solution in the approximation space defined by
the basis set. In other words, the CC method provides the best
possible dynamical correction for a given CAS solution such as a
DMRG solution.

Note that local uniqueness ensures that for a fixed basis set,
the computed DMRG-TCC solution is unique in a neighbor-
hood around the exact solution. We emphasize that this result is
derived under the assumption that the CAS solution is fixed.
Consequently, for different CAS solutions we obtain in general
different TCC solutions, i.e., different cluster amplitudes.

Subsequently, parts of the results in ref 76 are explained in a
setting adapted to the theoretical chemistry perspective. The
TCC function is given by f(; s) = (¥, le=Se _THeTebl\PHF), for
'W,) not in the CAS. Note that we use the convention where
small letters s, t correspond to cluster amplitudes, whereas
capital letters S, T describe cluster operators. The corresponding
TCC energy expression is given by

E(t;s) = (THF|67§87 He esl‘I‘HF>
Consequently, the linked TCC egs 1 then become
ET) = &(t; 5)
0=f(t;s)

Within this framework the locally unique and quasi-optimal
solutions of the TCC method were obtained under two
assumptions (see Assumption A and B in ref 76).

First, Assumption A requires that the Fock operator F s
bounded and satisfies a so-called Gdrding inequality. Note that
spectral gap assumptions (cf. HOMO—-LUMO gap) are
standard in the analysis of dynamically correlated systems, and
for a more detailed description of these properties in this
context, we refer readers to ref 77. Second, in the theoretical
framework’® it is assumed that there exists a CAS-ext gap in the
spectrum of the Fock operator, i.e., there is a gap between the kth
and the k + 1st orbital energies. The CAS-ext gap (although in
practice possibly very small) was sufficient for the analysis since
the main purpose was to remove the HOMO-LUMO gap
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assumption and allow for quasi-degeneracy, which makes the
general TCC approach applicable to multiconfiguration
systems. Intuitively, this gap assumption means that the CAS
captures the static correlation of the system.

However, in practice, an arbitrarily small gap is insufficient
and needs to be complemented by a more detailed discussion
(see Remark 10 in ref 76). The crucial stability constant is not
directly related to the CAS-ext gap &, — &, nor to the
HOMO-LUMO gap ey, — €y Due to the frozen CAS-
amplitudes this stability constant becomes much larger and is
roughly estimated by &, — &y. This improved stability provides
accurate CC amplitudes and the improved gap is not destroyed
e.g. by the existence of many diffuse functions around the
LUMO:-level (Fermi level). In this case, the CAS includes the
diffuse functions. This might not be optimal but is the simplest
choice and most importantly fulfills the stability condition. The
issue of basis set optimization is discussed briefly in the
conclusion but a more detailed discussion is left for future work.

Assumption B is concerned with the fluctuation operator W=
H — F. This operator describes the difference of the Hamiltonian
and a single particle operator, here chosen to be the Fock
operator. Using the similarity transformed W and fixing the CAS
amplitudes s, the map

t ﬁ’Te’SWPSﬁT\\IIHﬂ
is assumed to have a small enough Lipschitz-continuity constant
(see eq 20 in ref 76). The physical interpretation of this Lipschitz
condition is at the moment unclear.

IV.C. Error Estimates for the DMRG-TCC Method. A
major difference between the CI and CC method is that the CC
formalism is not variational. Hence, it is not evident that the CC
energy error decays quadratically with respect to the error of the
wave function or cluster amplitudes. Note that the TCC
approach represents merely a partition of the cluster operator;
however, its error analysis is more delicate than the traditional
CC method’s analysis. The TCC-energy error is measured as a
difference to the FCI energy. Let 'P*) describe the FCI solution
on the whole space, i.e,, H [¥*) = EI¥*). Using the exponential
parametrization and the above introduced separation of the
cluster operator, we have

1) = exp(T*)exp(§*) ) ®)
An important observation is that the TCC approach ignores the
coupling from the external space into the CAS. It follows that the
ECI solution on the CAS IWE&) = exp(SFCI)l‘l’HF) is an
approximation to the projection of I'¥*) onto the CAS

IWECH) ~ PIW*) = exp($*) M)

where P = > uccasl®,) (W, | is the L>-orthogonal prO]ectlon onto
the CAS. Fora reasonably sized CAS the FCI solution [PE25) is
rarely computationally accessible and we introduce the DMRG
solution on the CAS as an approximation of IW§A5)
\Fg?/lsRG) = exp(Spymra)Har) » Wgé?)

Tailoring the CC method with these different CAS solutions
leads in general to different TCC solutions. In the case of P5EY),
the TCC method yields the best possible solution with respect
to the chosen CAS, i.e., f(t&c;spcr) = 0. This solution is in general
different from tcc fulfilling f(tcc;spmrg) = O and its truncated
version fecsp_ satisfying Peuf(fccspispmre) = 0, where Pgy
denotes the I*-orthogonal projection onto the corresponding
Galerkin space. In the context of the DMRG-TCC theory, the
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Galerkin space represents a truncation in the excitation rank of
the cluster operator, e.g., DMRG-TCCD, DMRG-TCCSD, etc.
For the following argument, suppose that an appropriate CAS
has been fixed. The total DMRG-TCC energy error AE can be
estimated as’®
AE = — &(t%; s*)I

< Ae + Aegpg + Aelys

1E(tccss Somra)
4)

where each term on the rhs. in eq 4 is now discussed. As a
technical remark, the norms on either the Hilbert space of
cluster amplitudes or wave functions are here simply denoted as
[I-|l. These norms are not just the - or L*-norm, respectively,
but also measure the kinetic energy. It should be clear from
context which Hilbert space is in question and we refer to ref 71
for formal definitions. The first term is defined as

Ae = 18(tcesps spmra) — Eltecs Spwra)!

which describes the truncation error of the CCSD method
tailored by IWShikg). We emphasize that the dynamical
corrections via the CCSD and the untruncated CC method
are here tailored by the same CAS solution. Hence, the energy
error Ae corresponds to a single reference CC energy error,
which suggests an analysis similar to that of refs 70 and 72.
Indeed, the Aubin—Nitsche duality method®*™° yields a
quadratic a priori error estimate in ||tccsp — fecll (and in
terms of the Lagrange mulitpliers; see Theorem 29 in ref 76).
Second, we discuss the term

Aecps = 16(tccs spwrg) — Eltecs spep)!

Here, different CAS solutions with fixed external solutions are
used to compute the energies. This suggests that Aec,g is
connected with the error

6 sas Senris S
AEpyrg = (Wyple PMmsPAPe ™ — ¢~SiciPRPe ™\ Y
)

describing the approximation error of the DMRG solution on
the CAS (see Lemma 27 in ref 76). Indeed

x 2
Aecps S AEpypg + lltee — tecll

+ H(S\DMRG - §FCI)|‘IJHF>”2 + Z g”(tgc)i
lul=1

(6)
with &, = 81,'1 "= 2 ii(Aa = Ap), for 1 <n <k, where 4; are the
orbltal energies. The ¢, are the (translated) Fock energies, more
precisely, FI‘I‘M) (Ao ¢ £,)I%,), with Ay = YN, 1, Note that the
wave function [WE2) is in general not an eigenfunction of jag
however, it is an eigenfunction of the projected Hamiltonian
PHP. Equation S involves the exponential parametrization. This
can be estimated by the energy error of the DMRG wave
function, denoted A&y rg, namely

AEpyrg < 288pyg + 1AW Byire) — R 12
(7
In section V the energy error of the DMRG wave function is
controlled by the threshold value Ser,, ie, AEpyra(Sety)-
Hence, for well chosen CAS the difference |[[¥Sang) —
IPEESY ||, is sufficiently small such that AEp e S 2A8pyra
holds. This again shows the importance of a well-chosen CAS.
Furthermore, the last term in eq 6 can be eliminated via orbital
rotations, as it is a sum of single excitation amplitudes.
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Finally, we consider

Aelys = 18(tec sper) — E(t%5 %) (8)
Since (#*,5*) is a stationary point of & we have DE(t*; s*) = 0.
A calculation involving Taylor expanding & around (t*, s*) (see
Lemma 26 in ref 76) yields

Aecps S Nltec — t*”Z + llspcr — 5%”122 9)
Note that the above error is caused by the assumed basis
splitting, namely, the correlation from the external part into the
CAS is ignored. Therefore, the best possible solution for a given
basis splitting (¢, sgc;) differs in general from the FCI solution
(%, s%).

Combining now the three quadratic bounds gives an overall
quadratic a priori energy error estimate for the DMRG-TCC
method. The interested reader is referred to ref 76 for a more
detailed treatment of the above analysis.

IV.D. On the k-Dependence of the Error Estimates. The
error estimate outlined above is for a fixed CAS, i.e., a particular
basis, splitting and bounds the energy error in terms of truncated
amplitudes. Because the TCC solution depends strongly on the
choice of the CAS, it is motivated to further investigate the k-
dependence of the error AE. However, the above derived error
bound has a highly complicated k-dependence since not only the
amplitudes but also the implicit constants (in <) and norms
depend on k. Therefore, the analysis in ref 76 is not directly
applicable to take the full k-dependence into account.

In the limit where spyrg — Spcr we obtain that toc — t&c since
the TCC method is numerically stable, i.e., a small perturbation
in s corresponds to a small perturbation in the solution t.
Furthermore, if we assume that tccgp ® ¢, which is reasonable
for the equilibrium bond length of N,, the error can be bound as

AE, < G Z (teesp)y + Iltcesps soma) — (£ 5*)“,21
lul=1

(10)
Here the subscript k on AE; and C; highlights the k-dependence.
We remark that we here used the less accurate [-structure on the
amplitude space compared to the H'-structure in eq 9. This
yields k-independent vectors (fccsp, Spurg) and (£, s*), as well
as an k-independent -norm. The k-depenence of C; will be
investigated numerically in more detail in section B.S.

V. SPLITTING ERROR FOR N,

Including the k-dependence in the above performed error
analysis explicitly is a highly nontrivial task involving many
mathematical obstacles and is part of our current research.
Therefore, we here extend the mathematical results from section
IV with a numerical investigation on this k-dependence. Our
study is presented for the N, molecule using the cc-pVDZ basis,
which is a common basis for benchmark computations
developed by Dunning and co-workers.”' Here we remark that
in our calculations all electrons are correlated as opposed to the
typical frozen-core calculation, where the two 1s orbitals are
omitted from the full orbital space. We investigate three different
geometries of the nitrogen dimer by stretching the molecule,
thus the performance of DMRG-TCCSD method is assessed
against DMRG and single reference CC methods for bond
lengths r = 2.118ay, 2.7004y, and 3.6004,. In the equilibrium
geometry the system is weakly correlated implying that single
reference CC methods yield reliable results. For increasing bond
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length r the system shows multireference character, i.e., static
correlations become more dominant. For r > 3.54, this results in
the breakdown of single reference CC methods.”> This
breakdown can be overcome with the DMRG-TCCSD method
once alarge and well chosen CAS is formed, we therefore refer to
the DMRG-TCCSD method as numerically stable with respect
to the bond length along the potential energy surface (PES).

As mentioned before, the DMRG method is in general less
efficient to recover dynamic correlations since it requires large
computational resources. However, due to the specific CAS
choice the computational resource for the DMRG part of the
TCC scheme is expected to be significantly lower than a pure
DMRG calculation for the same level of accuracy.

V.A. Computational Details. In practice, a routine
application of the TCC method to strongly correlated molecular
systems, i.e., to multireference problems, became possible only
recently since it requires a very accurate solution in a large CAS
including all static correlations. Tensor network state methods
fulfill such a high accuracy criterion, but the efficiency of the
TNS-TCCSD method strongly depends on various parameters
of the involved algorithms. Some of these are defined rigorously
while others are more heuristic from the mathematical point of
view. In this section we present the optimization steps for the
most important parameters of the DMRG-TCCSD method and
outline how the numerical error study in section V.B is
performed.

As elaborated in sections II and IV.A, the CAS choice is
essential for the computational success of TNS-TCC methods.
In addition, the error of the TNS method used to approximate
the CAS part depends on various approximations. These include
the proper choice of a finite dimensional basis to describe the
chemical compound, the tensor network structure, and the
mapping of the molecular orbitals onto the given network.”
Fortunately, all these can be optimized by utilizing concepts of
quantum information theory, introduced in section IV.A (see
also the included references). In the following, we restrict the
numerical study to the DMRG-TCCSD method but the results
presented here should also hold for other TNS approaches.‘)s_97

In the DMRG-TCCSD case, the tensor network topology in
the CAS corresponds to a single branched tensor tree, i.e., a one-
dimensional topology. Thus, permutations of orbitals along such
an artificial chain effect the convergence for a given CAS
choice.””” This orbital-ordering optimization can be carried
out based on spectral §raph theory'*>'*" by minimizing the
entanglement distance,"” defined as I, = 2Ll — ji*. In order
to speed up the convergence of the DMRG procedure the
configuration interaction based dynamically extended active
space (CI-DEAS) method is applied.”>*” In the course of these
optimization steps, the single orbital entropy (S; = S(p(;)) and
the two-orbital mutual information (I”]) are calculated iteratively
until convergence is reached. The size of the active space is
systematically increased by including orbitals with the largest
single site entropy values, which at the same time correspond to
orbitals contributing to the largest matrix elements of the mutual
information. Thus, the decreasingly ordered values of S; define
the so-called CAS vector, which provides a guide in what order
to extend the CAS by including additional orbitals. The bond
dimensions M (tensor rank) in the DMRG method can be kept
fixed or adapted dynamically (dynamic block state selection
(DBSS) approach) in order to fulfill an a priori defined error
margin.“B'104 Accurate extrapolation to the truncation free limit
is possible as a function of the truncation error Ser,.'*>'%°
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In our DMRG implementation'® we use a spatial orbital

basis, i.e., the local tensor space of a single orbital is d = 4
dimensional. In this C*-representation an orbital can be empty,
singly occupied with either a spin up or spin down electron, or
doubly occupied with opposite spins. Note, in contrast to
section IV we need N/2 spatial orbitals to describe an N-electron
wave function and similar changes apply to the size of the basis
set so that we use K = K/2 from here on. The single orbital
entropy therefore varies between 0 and In d = In 4, while the two-
orbital mutual information varies between 0 and In d® = In 16.

Next we provide a short description how to perform DMRG-
TCCSD calculations in practice. Note that we leave the
discussion on the optimal choice of k for the following sections.

(1) First the CAS is formed from the full orbital space by
setting k = K. DMRG calculations are performed
iteratively with fixed low bond dimension (or with a
large error margin) in order to determine the optimal
ordering and the CAS vector as described above. Thus,
the corresponding single-orbital entropy and mutual
information are also calculated. These calculations already
provide a good qualitative description of the entropy
profiles with respect to the exact solution, i.e., strongly
correlated orbitals can be identified.

Using a given N/2 < k < K we form the CAS from the
Hartree—Fock orbitals and the first k — N/2 virtual
orbitals from the CAS vector, i.e., orbitals with the largest
single orbital entropy values. We emphasize that these
orbitals contribute to the largest matrix elements in I;;. We
carry out the orbital ordering optimization on the given
CAS and perform a large-scale DMRG calculation with a
low error threshold margin in order to get an accurate
approximation of the I¥§2). Note that the DMRG
method yields a normalized wave function, ie., the
overlap with the reference determinant |Wyg) is not
necessarily equal to one.

2

~

(3

=

Using the matrix product state representation of 'Whiirg)
obtained by the DMRG method we determine the zero
reference overlap, single and double CI coefficients of the
full tensor representation of the wave function. Next,
these are used to calculate the S; and S, amplitudes, which
form the input of the forthcoming CCSD calculation.

(4

=

In the following step the cluster amplitudes for the
external part, i.e., T} and T), are calculated in the course of
the DMRG-TCCSD scheme.

(5) As we discus in the next section, finding the optimal CAS,
i.e., k-splitting, is a highly nontrivial problem, and at the
present stage we can only present a solution that is
considered as a heuristic approach in terms of rigorous
mathematics. In practice, we repeat steps 2—4 for a large
DMRG-truncation error as a function of N/2 < k < K, thus
we find local energy minima (see Figure 4) using a
relatively cheap DMRG-TCCSD scheme. Around such a
local minimum we perform more accurate DMRG-
TCCSD calculations by lowering the DMRG-truncation
error in order to refine the optimal k. We also monitor the
maximum number of DMRG block states required to
reach the a priori defined DMRG-error margin as a
function of k. Since it can happen that several k values lead
to low error DMRG-TCCSD energies, while the
computational effort increases significantly with increas-
ing k we select the optimal k that leads to low DMRG-
TCCSD energy but also minimizes the required DMRG
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block states. Using the optimal k value we perform large-
scale DMRG-TCCSD calculation using a relatively tight
error bound for the DMRG-truncation error.

We close this section with a brief summary of the numerically
accessible error terms and relate them to equations presented in
section IV. Note that the error analysis in section IV is presented
for a given k, thus here the k dependence is also omitted.

For a given k split, the accuracy of [¥Sag) depends on the
DMRG truncation error, er,. As has been shown in refs 103 and
105, the relative error, AE, = (Eﬁﬁ,fm(,;gn) — ERX)/ERY is a
linear function of der, on a logarithmic scale. Therefore,
extrapolation to the FCI limit can be carried out as a function of
Sér,. In addition, the error term

CAS CAS
ASDMRG(5ETr) = EDMRG(&:T,) — Epcr

appearing in eq 7 can be controlled.

Note that terms appearing in eqs 6 and 7 include FCI
solutions of the considered system. However, for small enough
and dynamically correlated systems, these FCI solutions can be
well approximated. This is in particular the case for the nitrogen
dimer near the equilibrium geometry with the here chosen basis
set. The Cl-coeflicients are then extractable from the matrix
product state representation of a wave function, e.g., I'5airg) or
IWEAS). Note that calculating all Cl-coefficients scales
exponentially with the size of the CAS. However, since the
system is dynamically correlated zeroth order, single and double
excitation coefficients are suAfﬁcientA. Hence, the error terms
I¥5htre) — WEED 12 and || (Sper — SDMRG(&sT,))l\FHF>|| ineqs 6
and 7, respectively, can be well approximated. We remark that
this exponential scaling with the CAS size also effects the
computational costs of the CAS Cl-triples, which are needed for
an exact treatment of the TCCSD energy equation. However,
investigations of the influence of the CAS Cl-triples on the
computed energies are left for future work.

V.B. Results and Discussion. In this section, we investigate
the overall error dependence of DMRG-TCCSD as a function of
k and as a function of the DMRG-truncation error 8ér,. For our
numerical error study we perform steps 1—4 discussed in section
V.A for each N/2 < k < K. For each geometry r = 2.118a,,
2.700ay, and 3.6004,, we also carry out very high accuracy
DMRG calculations on the full orbital space, i.e., by setting the
truncation error to ey, = 107 and k = K. This data is used as a
reference for the FCI solution.

B.1. Entropy Study on the Full Orbital Space. We start our
investigation by showing DMRG results for the full orbital space,
i.e., the CAS is formed from k = K = 28 orbitals, and for various
fixed M values and for Ser, = 1075 In the latter case the
maximum bond dimension was set to M = 10 000. In Figure 1 a,
we show the relative error of the ground-state energy as a
function of the DMRG-truncation error on a logarithmic scale.
For the FCI energy, Egc;, the CCSDTQPH reference energy is
used given in ref 107. It is visible that the relative error is a linear
function of the truncation error on a logarithmic scale, thus
extrapolation to the truncation free solution can be carried out
according to refs 103 and 105.

In Figures 2 and 3, we present the sorted values of the single
orbital entropy and of the mutual information obtained for fixed
M = 64, 256, 512 and with Ser, = 107 for the three geometries.
As can be seen in the figures, the entropy profiles obtained with
low-rank DMRG calculations already resemble the main
characteristics of the exact profile (M =~ 10000). Therefore,
orbitals with large single orbital entropies, also contributing to
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Figure 1. (a) Relative error of the ground-state energy as a function of
the DMRG-truncation error on a logarithmic scale obtained for the full
orbital space (k = K) with r = 2.1184,. (b) Maximum number of block
states as a function of k for the a priori defined truncation error der, =
107® with r = 2.118a, (blue), 2.700a, (green), and 3.600a, (red).
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Figure 2. Single orbital entropy for r = 2.118a, (blue), 2.700a, (green),
3.600a, (red) obtained for the full orbital space (k = 28) with DMRG
for fixed M = 64, 256, 512 and for deg, = 1075, M, = 10 000.
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Figure 3. Mutual information for r = 2.1184, (blue), 2.700a, (green),
3.600a, (red) obtained for the full orbital space (k = 28) with DMRG

for fixed M = 64, 256, 512 and for ey, = 1075, M, = 10 000.

large matrix elements of I, can easily be identified from a low-

rank computation. The ordered orbital indices define the CAS
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vector, and the CAS for the DMRG-TCCSD can be formed
accordingly as discussed in section V.A.

Taking a look at Figure 2, it becomes apparent that S; shifts
upward for increasing r indicating the higher contribution of
static correlations for the stretched geometries. Similarly the first
50—100 matrix elements of I, also take larger values for larger r
while the exponential tail, corresponding to dynamic correla-
tions, is less effected. The gap between large and small values of
the orbital entropies gets larger and its position shifts rightward
for larger r. Thus, for the stretched geometries more orbitals
must be included in the CAS during the TCC scheme in order to
determine the static correlations accurately. We remark here that
the orbitals contributing to the high values of the single orbital
entropy and mutual information matrix elements change for the
different geometries according to chemical bond forming and
breaking processes.lox

B.2. Numerical Investigation of the Error’s k-Dependence.
In order to obtain |¥*) in the FCI limit, we perform high-
accuracy DMRG calculations with Sep, = 1075 The CAS was
formed by including all Hartee—Fock orbitals and its size was
increased systematically by including orbitals with the largest
entropies according to the CAS vector. Orbitals with degenerate
single orbital entropies, due to symmetry considerations, are
added to the CAS at the same time. Thus, there are some missing
k points in the following figures. For each restricted CAS we
carry our the usual optimization steps of a DMRG scheme as
discussed in section V.A, with low bond dimension followed by a
high-accuracy calculation with Se, = 107 using eight sweeps.”?
Our DMRG ground-state energies for 7 < k < 28 together with
the CCSD (corresponding to a DMRG-TCCSD calculation
where k= N/2 =7) and CCSDTQ reference energies, are shown
in Figure 4 near the equilibrium bond length, r = 2.1184a,. The
single-reference coupled cluster calculations were performed in
NWChem,'” we employed the cc-pVDZ basis set in the
spherical representation. For k = K = 28 the CCSDTQPH
energy was taken as a reference for the FCI energy.'"’

4 By ]
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Figure 4. Ground-state energy of the N, molecule near the equilibrium
geometry, r = 2.118a,, obtained with DMRG-TCCSD for 7 < k <28
and for various DMRG truncation errors der,. The CCSD, CCSDT,
and CCSDTQ reference energies are shown by dotted, dashed, and
dashed—dotted lines, respectively. The CCSDTPQH energy (k =28) is
taken as a reference for the FCI energy. For Ser, = 107° the CAS was
additionally formed by taking k orbitals according to increasing values
of the single-orbital entropy values, ie., inverse to the other CAS
extensions. This is labeled by CAS' (see also Sec. V.B.3).
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The DMRG energy starts from the Hartree—Fock energy for k
=7 and decreases monotonically with increasing k until the full
orbital solution with k = 28 is reached. It is remarkable, however,
that the DMRG-TCCSD energy is significantly below the
CCSD energy for all CAS choices, even for a very small k = 9.
The error, however, shows an irregular behavior taking small
values for several different k values. This is due to the fact that
the DMRG-TCCSD approach suffers from a methodological
error, i.e., certain fraction of the correlations are lost, since the
CAS is frozen in the CCSD correction. This supports the
hypothesis of a k-dependent constant as discussed in section
IV.D. Therefore, whether orbital k is part of the CAS or external
part provides a different methodological error. This is clearly
seen as the error increases between k = 10 and 15 although the
CAS covers more of the system’s static correlation with
increasing k. This is investigated in more detail in section B.4.

Since several k-splits lead to small DMRG-TCCSD errors, the
optimal k value from the computational point of view, is
determined not only by the error minimum but also by the
minimal computational time, ie., we need to take the
computational requirements of the DMRG into account. Note
that the size of the DMRG block states contributes significantly
to the computational cost of the DMRG calculation. The
connection of the block size to the CAS choice is shown in
Figure 1b, where the maximal number of DMRG block states is
depicted as a function of k for the a priori defined truncation
error margin Ser, = 1075, Note that max(M) increases rapidly for
10 < k < 20. The optimal CAS is therefore chosen such that the
DMRG block states are not too large and the DMRG-TCCSD
provides a low error, i.e., is a local minimum in the residual with
respect to k.

It is important to note that based on Figure 4 the DMRG-
TCCSD energy got very close to, or even dropped below, the
CCSDT energy for several k values. Since close to the
equilibrium geometry the wave function is dominated by a
single reference character, it is expected that DMRG-TCCSD
leads to even more robust improvements for the stretched
geometries, i.e,, when the multireference character of the wave
function is more pronounced. Our results for the stretched
geometries, r = 2.700a, and 3.6004,, are shown in Figures 2, 3, S,
and 6. As mentioned in section B.1, for larger r values static
correlations gain importance signaled by the increase in the
single orbital entropy in Figure 2. Thus, the multireference
character of the wave function becomes apparent through the
entropy profiles. According to Figure 5 the DMRG-TCCSD
energy for all k > 7 values is again below the CCSD computation
and for k > 15 it is even below the CCSDT reference energy. For
r = 3.600a, the CC computation fluctuates with increasing
excitation ranks and CCSDT is even far below the FCI reference
energy, revealing the variational breakdown of the single-
reference CC method for multireference problems. In contrast
to this, the DMRG-TCCSD energy is again below the CCSD
energy for all k > 7, but above the CCSDT energy. The error
furthermore shows a local minimum around k = 19. For the
stretched geometries static correlations are more pronounced,
there are more orbitals with large entropies, thus the maximum
number of DMRG block states increases more rapidly with k
compared to the situation near the equilibrium geometry (see
Figure 1b). Thus, obtaining an error margin within 1 yE; for k =
19 < 28 leads to a significant save in computational time and
resources. Here we remark that DMRG-TCCSD is a single-
reference multireference method thus the choice of the
reference determinant can effect its performance. In the our
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Figure 5. Ground-state energy of the N, molecule with bond length r =
2.7a,, obtained with DMRG-TCCSD for 7 < k < 28 and for various
DMRG truncation errors déep,. The CCSD, CCSDT, and CCSDTQ
reference energies are shown by dotted, dashed, and dashed—dotted
lines, respectively. The DMRG energy with Sey, = 10™° on the full
space, i.e., k = 28, is taken as a reference for the FCI energy. For der, =
1075, the CAS was additionally formed by taking k orbitals according to
increasing values of the single-orbital entropy, i.e., inverse to the other
CAS extensions. This is labeled by CAS' (see also section B.3).
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Figure 6. Ground-state energy of the N, molecule with bond length r =
3.6a,, obtained with DMRG-TCCSD for 7 < k < 28 and for various
DMRG truncation errors der,. The CCSD, CCSDT, and CCSDTQ.
reference energies are shown by dotted, dashed, and dashed—dotted
lines, respectively. The DMRG energy with Ser, = 107° on the full
space, i.e, k = 28, is taken as a reference for the FCI energy. For der, =
1075, the CAS was additionally formed by taking k orbitals according to
increasing values of the single-orbital entropy, i.e., inverse to the other
CAS extensions. This is labeled by CAS' (see also section B.3).

current study, however, we have verified that for d < 4 and for all
k values the weight of the Hartree—Fock determinant was
significantly larger than all other determinants.

B.3. Effect of 6er, on the DMRG-TCCSD. In practice, we do
not intend to carry out DMRG calculations in the FCI limit, thus
usually a larger truncation error is used. Therefore, we have
repeated our calculations for larger truncation errors in the range
of 107* and 107", Our results are shown in Figures 4, S, and 6.
For small k the DMRG solution basically provides the Full-CI
limit since the a priori set minimum number of block states M, ;,
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=~ 64 already leads to a very low truncation error. Therefore, the
error of the DMRG-TCCSD is dominated by the methodo-
logical error. For k > 15 the effect of the DMRG truncation error
becomes visible and for large k the overall error is basically
determined by the DMRG solution. For larger der, between
10™*and 107° the DMRG-TCCSD error shows a minimum with
respect to k. This is exactly the expected trend, since the CCSD
method fails to capture static correlation while DMRG requires
large bond dimension to recover dynamic correlations, i.e., a low
truncation error threshold. In addition, the error minima for
different truncation error thresholds der, happen to be around
the same k values. This has an important practical consequence:
the optimal k-split can be determined by performing cheap
DMRG-TCCSD calculations using large DMRG truncation
error threshold as a function of k.

The figures furthermore indicate that AE g has a high peak for
9 < k < 16. This can be explained by the splitting of the FCI space
since this yields that the correlation from external orbitals with
CAS orbitals is ignored. Thus, we also performed calculations for
Ser, = 107 using a CAS formed by taking k orbitals according to
increasing values of the single orbital entropy values in order to
demonstrate the importance of the CAS extension. The
corresponding error profile as a function of k near the
equilibrium geometry is shown in Figure 4 labeled by CAS'.
As expected, the improvement of DMRG-TCCSD is marginal
compared to CCSD up to a very large k ~ 23 split since |//§
differs only marginally from .

B.4. Numerical Investigation on CAS-ext Correlations.
Taking another look at Figure 2, we can confirm that already for
small k values the most important orbitals, i.e., those with the
largest entropies, are included in the CAS. In Figure 7, the sorted
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Figure 7. (a) Sorted values of the mutual information obtained by
DMRG(k) for 9 < k <28 on a semilogarithmic scale for N, at r =
2.118a,. (b) Sorted 40 largest matrix elements of the mutual
information obtained by DMRG(k) for 9 < k < 28 on a lin—lin scale
for N, at r = 2.118a,.

values of the mutual information obtained by DMRG(k) for 9 <
k < 28 is shown on a semilogarithmic scale. It is apparent from
the figure that the largest values of I;; change only slightly with
increasing k, thus static correlations are basically included for all
restricted CAS. The exponential tail of Ij; corresponding to
dynamic correlations, however, becomes more visible only for
larger k values. We conclude, for a given k split the DMRG
method computes the static correlations efficiently and the
missing tail of the mutual information with respect to the full
orbital space (k = 28) calculation is captured by the TCC

scheme.
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Correlations between the CAS and external parts can also be
simulated by a DMRG calculation on the full orbital space using
an orbital ordering according to the CAS vector. In this case, the
DMRG left block can be considered as the CAS and the right
block as the external part. For a pure target state, for example, the
ground state, the correlations between the CAS and external part
is measured by the block entropy, S(pcas()) as a function of k.
Here pcas ) is formed by a partial trace on the external part of
[PESir)- The block entropy is shown in Figure 8a. The block
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Figure 8. (a) Block entropy, S(pcasy), as a function of k for r = 2.118
ordering orbitals along the DMRG chain according to the same CAS
and CAS' vectors as used in Figure 4. (b) e(k, 8,,) as a function of k of
the nitrogen dimer near the equilibrium bond length for DMRG
truncation error thresholds J,, between 10™*and 1075,

entropy decays monotonically for k > 7, i.e, the correlations
between the CAS and the external part vanish with increasing k.
In contrast to this, when an ordering according to CAS' is used
the correlation between CAS and external part remains always
strong, i.e., some of the highly correlated orbitals are distributed
among the CAS and the external part. Nevertheless, both curves
are smooth and they cannot explain the error profile shown in
Figure 4.

B.5. Numerical Values for the Amplitude Error Analysis.
Since correlation analysis based on the entropy functions cannot
reveal the error profile shown in Figure 4, here we reinvestagate
the error behavior as a function of N/2 < k < K but in terms of
the CC amplitudes. Therefore, we also present a more detailed
description of eq 10 in section IV which includes the following
terms:

ek, 8,) = 2 (teesnlk, 8,,));
l;f::1
+ Z (& ~ tecso(k, 8.,
s
+ (5" = soamra (ks 8,,));] (11)

Here the valid index-pairs are p = (i, a), with i = (iy, ..., i,) € {1, ..,
N/2}", and a = (ay, .., a,) € {N/2 + 1, ..., K}". The excitation
rank is given by lul = n where n = 1 stands for singles, n = 2 for
doubles, and so on. The u values are the labels of excitation
operators %¢ := 4.4, and %" #;'. The corresponding

~d,
7, =70

iyl

. . Aty AT S
amplitudes are given as t;"""". For invalid index-pairs, i.e., index-
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pairs that are out of range, the amplitudes are always zero. The
various amplitudes appearing in eq 11 are calculated according
to the following rules:

(1) The tensor sj: amplitudes in the CAS(k) obtained by

DMRG(8}, = 107%) solution (represented by CI
coefficients ¢*) for CAS(K)
*A
( *)A _ i
Sk )i = %
o
%A,4, ®A KA, _ ¥A, ¥A
(>l<)A,,AZ _ Vigiy Cil Ciz Cil C[z
Sediiy T = * *2
o o (12)

where i, i), i, €{1,..,N/2} and g, a;, a, € {N/2 + 1, .., k}.
The tensor t: amplitudes not in the CAS(k) obtained
from the DMRG(8? = 10"*) solution (represented by CI
coefficients ¢*) for CAS(K) projected onto CAS(k), i.e.,
the complement (with respect to valid index-pairs) of sj*.
The tensor spyra(k, &, ): amplitudes in the CAS(k) are
obtained by the DMRG(6,,
coefficients c) for CAS(k). The amplitudes spyrg (ks 5, )7

ayay

somra(ks 8, )it are the same as eq 12, but with ¢* — ¢,
where i, i), i, €{1,..,N/2} and g, a;, a, € {N/2 + 1, ..., k}.
The tensor tccsp(k, 8, ): amplitudes not in the CAS(k)
obtained by TCCSD, i.e., the complement (with respect
to valid index-pairs) of spypa(k, 5, ).

@

~

(3

=

) solution (represented by CI

(4

=

In Figure 8b we show the error e(k, &, ) as a function of k of

the nitrogen dimer near the equilibrium bond length. Note that
the quantitative behavior is quite robust with respect to the bond
dimension since the values only differ marginally. We emphasize
that the error contribution in Figure 8 is dominated by second
term in eq 11 since this is an order of magnitude larger than the
contribution from the first and third terms in eq 11, respectively.
The first term in eq 11 is furthermore related to the usual T1
diagnostic in CC,""" so it is not a surprise that a small value,
~1073, was found. Comparing this error profile to the one
shown in Figure 4 we can understand the irregular behavior and
the peak in the error in AEgg between k=9 and 17, and the other
peaks for k > 17 but the error minimum found for k = 19 remains
unexplained. Furthermore, we can conclude from Figure 8b that
the quotient AEgg(k)/e(k, 8, ) is not constant. This indicates

that the constants involved in section IV in particular the
constant in eq 10 in section IV.D is indeed k-dependent.

VI. CONCLUSION

In this article we presented a fundamental study of the DMRG-
TCCSD method. We showed that, unlike the single-reference
CC method, the linked and unlinked DMRG-TCC equations
are in general not equivalent. Furthermore, we showed energy
size consistency of the TCC, DMRG-TCC, and DMRG-
TCCSD method and gave a proof that CAS excitations higher
than order three do not enter the TCC energy expression.

In addition to these computational properties of the DMRG-
TCCSD method, we presented the mathematical error analysis
performed in ref 76 from a quantum chemistry perspective. We
showed local uniqueness and quasi optimality of DMRG-TCC
solutions and highlighted the importance of the CAS-ext gap—a
spectral gap assumption allowing to perform the analysis
presented here. Furthermore, we presented a quadratic a priori
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error estimate for the DMRG-TCC method, which aligns the
error behavior of the DMRG-TCC method with variational
methods except for the upper bound condition. We emphasize
that the DMRG-TCC solution depends strongly on the CAS
choice. Throughout the analysis we neglected this dependence
as we assumed an optimal CAS choice as indicated in section
IV.A. The explicit consideration of this dependence in the
performed error analysis carries many mathematical challenges,
which are part of our current research. Therefore, we extended
this work with a numerical study of the k-dependence of the
DMRG-TCCSD error which showed also that the constants
involved in the error estimation are most likely k-dependent.
This stresses the importance of further mathematical work to
include this dependence explicitly in the analysis.

We furthermore presented computational data of the single-
site entropy and the mutual information that are used to choose
the CAS. Our computations showed that these properties are
qualitatively very robust, i.e., their qualitative behavior is well
represented by means of a low-rank approximation, which is a
computational benefit. The numerical investigation of the k-
dependence of the DMRG-TCCSD error revealed that the
predicted trend in section IV.A is correct. We demonstrated that
the error indeed first decays (7 < k <9) and then increases again
(25 < k < 28) for low-rank approximations, i.e., 1074
respectively 107°. This aligns with the theoretical prediction
based on the properties of the DMRG and single reference CC
method. Additional to this general trend, the error shows
oscillations. A first hypothesis is that this behavior is related to
the ignored correlations in the transition k — k + 1. However,
this was not able to be proven so far using entropy based
measures but a similar irregular behavior can be detected by a
cluster amplitude error analysis. Furthermore, such oscillations
can be related to a bad reference function. Nonetheless, this
scenario has here been ruled out since the Hartree—Fock
determinant was found to be dominant in the CAS solution, i.e.,
the weight of the Hartree—Fock had largest weight in the CAS
solution. The irregular behavior of the error minimum found for
the DMRG-TCCSD method, therefore, could not be explained
within this article and is left for future work. Despite the
unknown reason for this behavior, we note that the error minima
are fairly robust with respect to the bond dimension. Hence, the
DMRG-TCCSD method can be extended with a screening
process using low bond-dimension approximations to detect
possible error minima.

On the other hand, an important feature that we would like to
highlight here is that a small CAS (k = 9) yields a significant
improvement of the energy and that the energies for all three
geometries and all CAS choices outrun the single-reference CC
method. In addition, the DMRG-TCCSD method avoids the
breakdown of the CC approach even for multireference
(strongly correlated) systems and, using concepts of quantum
information theory, allows an efficient routine application of the
method. Since the numerical error study showed a significant
improvement for small CAS, we suspect the DMRG-TCCSD
method to be of great use for larger systems with many strongly
correlated orbitals as well as a many dynamically correlated
orbitals."””

Finally, we remark, that besides the advantageous properties
of the method there is a need for further analysis and
developments in order to achieve our ultimate goal, ie., to
provide a black-box implementation of the DMRG-TCC
method. Among these we highlight orbital rotations in the
CAS through Fermionic mode 'cransforma'cion,111 an automatic
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calculation of the best rank-1 representation of the DMRG wave
function to be used as a reference state and the investigations of
the influence of the CAS Cl-triples on the computed energies.
All these tasks are in progress.
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