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We consider a fermionic system for which there exist a single-reference configuration-interaction (CI)
expansion of the ground-state wave function that converges, albeit not necessarily rapidly, with the increasing
number of particle-hole excitations. For such systems, we show that, whenever the coefficients of Slater
determinants (SD) with [ < k excitations can be defined with a number of free parameters N, bounded
polynomially in &, the ground-state energy E only depends on a small fraction of all the wave function parameters
and is the solution of equations of the coupled-cluster (CC) form. This generalizes the standard CC method, for
which N¢; is bounded by a constant. Based on that result and low-rank tensor decompositions (LRTD), we
discuss two possible extensions of the CC approach for wave functions with general polynomial bound for
Ngi. The most straightforward of those extensions uses the LRTD to represent the amplitudes of the CC cluster
operator 7' which, unlike in the CC case, is not truncated with respect to number of excitations, and the energy
and tensor parameters are given by a LRTD-adapted version of standard CC equations. The LRTD can also be
used to directly parametrize the wave function coefficients, which involves different equations of the CC form.
We derive those equations for the coefficients of SD’s with / < 4 excitations, using the CC exponential wave
function ansatz with a different type of excitation operator, and a representation of the Hamiltonian in terms of
excited particle and hole operators. To complete the proposed computational methods, we construct compact
tensor representations of coefficients, or 7 amplitudes, using superpositions of tree tensor networks which take
into account different possible types of entanglement between excited particles and holes. Finally, we discuss
why the proposed CC extensions are theoretically applicable at larger coupling strengths than those treatable by

the standard CC method.
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I. INTRODUCTION

The accurate prediction of low-temperature properties of
many particles system is the main goal of theoretical con-
densed matter and quantum chemistry research. The quan-
tum nature of those systems however poses a seemingly
unsurmountable challenge because of the exponential growth
of the problem’s complexity with the number of particles.
For bosonic systems, quantum Monte Carlo (QMC) methods
allow to overcome the exponential complexity. At a fun-
damental level however, matter is made of fermions, and
the computation remains exponentially hard even with QMC
methods because of the well known fermionic sign problem
due to the anticommutation of fermion operators [1].

Although no general recipe exists to solve the many-
fermions problem, many different methods have been de-
veloped to successfully study specific types of molecules
or phases of matter using adapted approximations. Those
approximations typically become exact either in the weak- or
the strong-coupling (interaction) limits. One weak-coupling
approach that has been very successful in quantum chemistry
is the coupled-cluster (CC) method [2,3] (review in Ref. [4]),
which uses the wave function ansatz exp(T')|¢), where |¢)
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is a reference Slater determinant (SD) playing the role of
a vacuum, and 7' is an excitation operator creating states
with different numbers of particle-holes excitations on that
vacuum. Unlike the closely related configuration-interaction
(CI) method, the CC method is size-extensive, i.e., the energy
scales correctly with system size, which makes it suitable as
well for weakly correlated condensed matter systems [5]. Al-
though exact only in the weak-coupling limit, it can however
include a reasonable amount of quantum correlations, as com-
pared to density functional theory for instance, but it eventu-
ally fails dramatically at strong coupling [6]. There are also
several extensions of the CC method aimed at treating strong
correlations, among which are the multireference CC methods
(reviewed in Ref. [7]), and various single reference extensions
that use correlation or projection operators [6,8—12].

The ability to treat strong correlations in fermionic systems
is necessary to model some of the most interesting materi-
als, for instance, Mott insulators, heavy fermions systems,
and high-temperature cuprate superconductors. For spin sys-
tems, i.e., very strongly interacting half-filled systems, ten-
sor network (TN) states have proven very effective (reviews
in Refs. [13,14]). TN methods have also been applied to
fermionic systems [15-23]. The main idea behind a TN, which
is a type of low-rank tensor decomposition (LRTD), is to take
advantage of the small entanglement actually present in the
ground state of systems with local Hamiltonians to drastically
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reduce the number of free parameters required to represent
the ground state. TN design therefore relies on the locality
of the Hamiltonian (H). Other types of LRTD, which are
not TN and do not rely on the locality of H, have also been
used in quantum chemistry, and CC calculation in particular,
to reduce computational complexity [24-32]. In those cases
however, the LRTD were used as purely mathematical tools,
without reference to the system’s entanglement, and without
modifying the nature of the CC approximation.

In the present work, we explicitly assume a ground state
with low entanglement as in TN methods, but with a single-
reference wave function expansion, as in the CI and CC
methods, and a Hamiltonian assumed to be nonlocal. We
then discuss the use of LRTD not to reduce computational
complexity, but to construct different size-extensive approx-
imations than the standard CC ones, in order to treat stronger
correlations, without using projection or correlation operators.

More specifically, given a single-reference expansion of
the ground state of a fermionic system, we first show that the
energy of that state is the solution of generalized CC equations
whenever the coefficients of SD’s with [ < k particle-hole
excitations can be defined with a total number of parameters
N¢, bounded polynomially in k. This also implies that the
energy depends only on a small fraction of all the wave
function parameters and coefficients. We will see that the
standard CC approximation corresponds to the simplest of
this type of parametrization, where N¢; is bounded by a
constant. We then discuss two other types of parametrization
with arbitrary polynomial bound for N¢; based on LRTD:
one in which the LRTD parametrize the amplitudes in the CC
cluster operator T and allow to close the CC equations without
truncating 7 on the number of excitations axis, and another in
which the LRTD parametrize the wave function coefficients
directly. For the latter, we derive generalized CC equations
for coefficients of SD’s with up to four excitations. To do so,
we use a T operator such that T'|¢) is proportional to the
| excitation part of the wave function and exp(7')|¢) is the
formally exact full CI wave function, and a representation of
the Hamiltonian in terms of excited particle and hole operators
involving only standard second quantization, instead of the
usual CC particle-hole normal ordering notation. For the
two proposed approaches, we have to consider higher-order
tensors than in the tensor implementations of CC, and for
which more complex tensor representations are required to
obtain a globally compact low-entanglement representation
of the involved coefficients or 7 amplitudes. For that pur-
pose, we construct representations which can be described
as superpositions of tree tensor networks (STTN), and are
designed to maximize compactness by taking into account
the different possible types of entanglement between excited
particles and holes and by sharing tensors between different
sets of coefficient. The STTN also allow to estimate the
computational complexity of the proposed approaches. The
justification for the low-entanglement assumption, despite the
nonlocality of the Hamiltonian, and the conditions of validity
of the CC extensions are also discussed.

The paper is organized as follows. A brief review of the CI
and CC methods is given in Sec. II. Then, the ground-state
energy computation result is obtained in Sec. III. The two
types of LRTD parametrization and the choices of orbital basis

and reference are discussed in Sec. IV. Section V describes
the particle-hole representation of the Hamiltonian used to
derive the generalized CC equations for the CI coefficients.
Those equations are then presented in Sec. VI, with their
derivation provided in Appendix and Ref. [33]. Finally, the
STTN representation is described in Sec. VII, followed by a
discussion and conclusion in Secs. VIII and IX, respectively.

II. THE CONFIGURATION-INTERACTION AND
COUPLED-CLUSTER METHODS

Let us begin by briefly reviewing the basis of the
configuration-interaction and coupled-cluster methods to
which we will refer later. More details on those methods can
be found in Refs. [4,34,35]. First, we define

|¢) =al aj ...a] |0), 1)

where af creates an electron on the spin orbital i. |¢) will
be called the reference Slater determinant (SD) for the N
electrons system and will be used as an approximate vacuum
state for the system. We also define

g5 al aj, ), @)

a SD with k particle-hole excitations with respect to |¢). Now,
let us write the system’s ground-state wave function in the
Born-Oppenheimer approximation as
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where the i and j indices refer to empty and occupied spin
orbitals in |¢), respectively, (ii>...i,) is a combination of
distinct indices such that i,, < i; for m > [, and n < npa =
min(N,, N,), where N, and N, are the number of empty and
occupied spin orbitals, respectively, in |¢). Expression (3)
is the well known configuration-interaction (CI) form of the
wave function. In CI calculations, the coefficients are obtained
by minimizing the energy (W |H|v)/{¥|¥), where H is the
system’s Hamiltonian, which is usually done by diagonalizing
the matrix representation of H in the |q§;”2 tk ) basis, where
0 <k < n If n = npa, the method is called full CI or exact
diagonalization. Usually n < np,x in the CI method because
the entire Hilbert space is too large for the full CI calculation
to be tractable.

The single particle orbitals in (1) are typically Hartree-
Fock spin orbitals. However, the optimal orbitals for CI are
called natural spin orbitals and are the orbitals that diagonal-
ize the single particle density matrix (1//pc1|a;a ilWrect), where
[¥ecr) s the full CI ground state. They are also the orbitals that
minimize the variance Y, ((#?) — (4;)?) = Y . () (1 — (;))
(ﬁi2 = 7i; for fermions), of the spin-orbital occupation number
n = aja,- [34], which minimizes the size of the active space,
i.e., the number of partially filled spin orbitals, and therefore
reduces the size of the Hilbert space for the many-particle
problem. However, since |{/gcr) is unknown, an approximate
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|Y) must necessarily be used in practice, which yields only
approximate natural orbitals.

The justification for expanding the wave function in num-
ber of excitations with respect to |¢) is that, because the
Hamiltonian has only one- and two-particle terms, it has
a block-band-matrix form in such a basis. It is therefore
expected that the coefficients of the ground state will decrease
rapidly as a function of the number of excitations if the
reference SD is well chosen.

The main flaw of the CI method is that it is not size-
extensive, i.e., the energy of the system does not behave
correctly as the system becomes large. For instance, for a
homogeneous system of size V, instead of being proportional
toV as V — oo, the CI energy is proportional to ~/V [5]. This
is a consequence of the truncation of Hilbert space, which is
equivalent to the inclusion of unlinked diagrams from a per-
turbation theory perspective, while any size-extensive approx-
imation must only include linked diagrams [4,5,36,37]. The
CI method is however a practical method for small molecules
and impurity problems such a the Anderson model, one of the
cornerstone of dynamical mean-field theory [38,39].

Instead of truncating Hilbert space at a given number of
particle-hole excitations, one can also define a wave function
that spans the whole Hilbert space, by using “composite”
coefficients above a certain number of excitations. This is
what the CC method does by postulating a ground state of
the form

ly) =e1o), “
where T is called the cluster operator and is defined as
T=Ti+T+ +T, (52)
where the 7;’s are excitation operators defined as

- ¥
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When the exponential is expended as a Maclaurin series,
the SD’s with any number of excitations are present, up to
Nmax. In addition, while the [ < n excitation coefficients have
an irreducible (connected) part, namely, an amplitude in T,
the coefficients of higher-order SD’s are fully expressed as
combinations of products of lower order amplitudes generated
by the form el ie., they are reducible. For instance, if n = 2,
the single-excitation SD’s are generated by 77 and double-
excitations SD’s are generated by 7, + le /2, while the three
excitations SD’s are generated by 77> + 7’ /6. The series
(5) is also a type of cumulant expansion, but in excitation
operator space with respect to |¢), i.e., it is the connected
part of the operator relating |{) to |¢). For large systems, the
CC ansatz (4) produces much better results than discarding
completely the SD’s with more than n excitations as in the CI
method [4]. On the other hand, the CC method is exact only in
the weak-coupling limit and fails quite dramatically at strong
coupling [6], which implies that the decoupled expressions for
the high order coefficients are bad approximations for the true
coefficients in that regime.

If (4) is an eigenstate of the Hamiltonian H, we
have H|¥) = E|y) = eT E|¢). Therefore, assuming |¢) is

normalized, since any state |¢;‘]’2]7” j,) is orthogonal to |¢) for

1 #0, if we project H|y¥) on (¢ple”T or (¢;‘l’:2]?2':f{jl|e‘r, we
obtain the equations o

(ple”"He"|¢) = E,
<¢i|i2...i/ |€7TH€T|¢> — 0’

JtsJ2-edi I<i<n, (©)
which, after substitution of 7 by Eq. (5) and H by its second
quantization expression, yields a set of nonlinear equations
defining the 7 amplitudes d;;""; for 1 <1 < n.

By expanding the exponentials in the

transformed Hamiltonian e~ 7 He , we obtain

similarity-

e "He' =H+[H,T]+ %[[H, T, T+ %[[[H, T),T)T]

1
+ E[[[[H’ T, T, T, T]1+--- %

For T given by (5), this series ends after the five terms
included above. Very importantly, (7) shows that e=7 He only
contains connected terms because the commutators cancel
any disconnected terms. Because of this connectedness of the
CC equations, the CC energy is size-extensive [4,5,36,37].
Note also that, because 7' contains only excitation terms, any
term in which it appears on the left of H is disconnected.
Consequently,

e THe' = (HeT), 8)

where the subscript ¢ indicates that only connected terms are
kept.

The size extensivity is a crucial aspect of the CC method,
which makes it suitable for large systems, and thus applicable
to condensed matter. However, because particle correlations
are directly accounted for in the CC wave function up to two
and sometimes three excitations in practice [4], while higher
order coefficients are decoupled, important strong-coupling
physics cannot be properly treated. For example, for a SD
with more than n excitations and two excited particles or
holes with opposite spins occupying an orbital where the
Coulomb repulsion is strong, the coefficient should be small
in order to minimize the energy, but in most terms defining
the [ > n excitations coefficients of the CC wave function,
the strongly interacting particles or holes are decoupled, and
thus do not include the effect of that repulsion. If all the
higher order coefficients were to be negligibly small, this
effect would be small. However, on the contrary, the conver-
gence rate of the single-reference expansion (3) decreases as
the coupling strength increases because many different SD’s
become nearly degenerate, and thus have comparable contri-
butions in the ground state. At larger coupling, it therefore
becomes more important to control higher order coefficients.
Unfortunately, the computational complexity increases expo-
nentially with the truncation order » in the CC method. Other
strategies are thus required to treat more strongly correlated
systems.

III. ENERGY OF GROUND STATES WITH
LOW-ENTANGLEMENT CI EXPANSIONS

Let us consider a system of N = N4 + N, fermions, for
which the CI form of the wave function, Eq. (3), converges,
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though not necessarily rapidly. In the following, we will show
that, when the [/ < k excitation coefficients can be defined
with a number of free parameters N1 bounded above by
a polynomial in k, then the grounds state energy E is the
solution of a set of equations of the coupled-cluster form,
Egs. (6), but where T is generally different from (5). Con-
sequently, E also depends only on a small fraction of all
the wave function parameters and wave function coefficients.
Note that the convergence condition only serves to ensure that
E is the true ground-state energy, hence the assumption that
the convergence can be slow. This is an important aspect of
that result that will be discussed further below.

Before we begin with the proof, let us give a few definitions
about tensors. First, the term “order” will be used to specify
the number of indices of a tensor. Then, the term “rank” will
be used in a similar sense as for matrices, where it is the
number of linearly independent columns, or rows, i.e., the
number of nonzero singular values of the matrix. However,
for tensors, there are more than one definition of rank. First,
if we define a simple tensor as the tensor product of vectors,
we can represent any tensor as a sum of simple tensors. Then,
the simplest definition of a tensor rank is the minimal number
of simple tensor in that representation. Another definition is
the multilinear rank, or multirank. For a tensor of order &, the
multirank is the vector (ry, 7, . . . , ) corresponding to the di-
mensions of the core tensor in the higher-order singular value
decomposition (HOSVD) [40]. In the following, we use the
expression “full rank” in the sense that a tensor does not have a
more compact representation than as a multidimensional array
of the same dimensions as the original, and “low rank” in the
general sense that it can be represented by a tensor product
involving less free parameters than the number of elements in
the tensor.

To prove the result stated in the first paragraph in the
most general case, we first define the following excitation
operator 7T':

T = Zajaj[);, (9a)
iJ

where D; is an operator defined as

ity
1

Dl],; ‘qslili?mi‘i_] >_ - ]1]2 Jk ‘¢lll?mikf1 >’ (9b)

J1J2e Jk—1 k iip. k-1 J1J2 Jk—1
JIJZ Jk-1
where the coefficients are assumed as those of the full CI
wave function, Eq. (3). We could write explicitly the operator
D' in terms of products of particle number operators, but the
definition (9b) is sufficient. With this definition of 7', we have

T|¢) = Za a;Dilp) = Z i),
iJ
T?¢) =Y afa D2y g Z L1055
iz j2 i1 i1, 2
Jis J2
Tk|¢> Z ;l| l;o,.l.k.,jA |¢;l| ljzz,-fi 'k> (10)
i],iz. ik
Jus J2s ey Jk

The definition (9) assumes that, if a coefficient c’J‘l ’Jzz’k ji s
finite, all the coefficients which upper and lower indices are
subsets of {iy, iy...#%} and {ji, j2, ..., ji}, respectively, are
also finite. They can however be arbitrarily small.

Using (9) in the CC ansatz (4) yields
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Z ]1]2 ¢J}jz +
l1 12
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2 3!

+Z ct|of) +

T T2 T3
gy = 14T+ ——+—+.

1112 dpmax
J15J2+Jnmax

¢1112 lnmax )

J1,J2-- Inmwx

" (nmlaxt>2 2

i1y« gy »

Jis J2 "'j"max

+Z J|¢ Z ljlll;'z
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JiJ2-- /llmax

et Y
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= |YFc1)s (11)

where we have used the fact that c']1 ’“jz i s |¢;‘l”p i ;) is invariant

under the (n!)?> different permutations of the indices. The
operator (9) therefore allows to put the full CI form of the
wave function in the CC form. The bijective relation between
T* and the k excitations part of the wave function will also be
useful below.

Now, with T given by (9), the series (7) has np,x + 1 terms,
unlike the CC case for which the number of terms is 5. Thus,
if we expand the exponentials as Maclaurin series in the CC
equations (6), we obtain

Esig = (¢} e He' |¢)

. 273 T
_ ... —_— —_ —_—
_(¢jl«j2---jl|<] —T+ 2 3! +o+ (=D l!)
T2 T3 1+2
H14+T+ —+ —
< BRI T +(l+2)')|¢)

0<i<n, (12

where 8o is the Kronecker delta function and (qﬁj.‘l’;zjfz'ff’jo| =
(¢]. From Eq. (10), those equations depend on the coefficients
of the 1 < < n+ 2 excitation SD’s in (11). The maximum
power of T on the right-hand side of H is / + 2 because H can
annihilate two particle-hole pairs at most and the maximum
power of T on the left-hand side of H is [ since the smallest
number of excitations is zero. Equations (12) are exact since
el'|¢) is the full CI wave function and thus He” |¢p) = Ee’ |¢)
holds exactly.

The number of SD’s with [ excitations increases nearly
exponentially with /. Therefore, since Egs. (12) depend on
the 1 <1 < n+ 2 excitation coefficients, while the number
of equations is equal to the number of SD’s with 0 </ < n
excitations, the number of parameters is much larger than the
number of equations if the equations are truncated at a given
n < nmax and the coefficients have full rank. As described

045109-4



ENERGY OF FERMIONIC GROUND STATES WITH ...

PHYSICAL REVIEW B 101, 045109 (2020)

in Sec. II, the CC strategy to close the equations amounts
to expressing the coefficients of SD’s with [ > n excitations
using only cluster operator amplitudes for < n excitations.
However, this is only one of many possible ways of closing the
equations. Indeed, Eqgs. (12) can be closed at a value n < np,x
if the number of free parameters defining the coefficients
increases at a slower rate with the number of excitations than
the number of SD’s itself. This might seem like a strange
assumption, but it is possible if there exist low-rank decom-
positions of each set of coefficients {c’j‘]”zjiz“."" j,}» when the latter
is interpreted as a tensor. In practice, the increasing rate of
the number of free parameters with / must be slow enough
that the equations are closed at n small, so that the number of
equations and free parameters are computationally tractable.
This is the case if we assume an increasing rate smaller than
some low-order polynomial. Let us see this in more details.

If the number of up and down spin orbitals are both equal
to L, the number of coefficients of the form ¢/}, , assuming
that indices 7; to i, have spins up and indices i, to i; have
spins down, is

)

_ (L —Ny)! (L —Np)!
p (L =Ny —p)! (k= p)(L — Ny —k+ p)!
Ny! Ny!
x L L . (13)
p!(Ny — p)! (k — p)!(Ny —k + p)!
The number of coefficients with k excitations is
min(k,Ny)
NS = 2: NEY (14)

p=max(0,k—N,)

and the total number of coefficients, or CC equations, with up
to k excitations is

k
NS =Y N (15)
=0

For k fixed, Ng( is polynomial in N = Ny + N, .
Now, using the fact that

l l m
<>><—>, 1<m<, (16)
m m
we have that

k— k—
NE S <L——Aq>p<L——Au) P<A4>P( N, ) P
P :
P k—p P k—p

a7
If we consider only the cases p = k,
(L — Np)N K
mﬁ>(——ﬁli : (18)

Now, if the number of parameters N2 defining the [ < k
excitation coefficients is bounded above polynomially in %,
we have NP, <ak’, where r € N and a > 0. We then

have
o oya (o)
<k _Tkk k?
TD ™ = r
N Ngp ak
1 -
N 1 o 2 19
NTD - k . ( )
<kp2 @

For k> <« (L — N4 )Ny, this ratio grows rapidly with k and
thus, for r small, there is a small value of k for which
NS > N2P,,. Therefore, given the polynomially bounded
parametrization of the coefficients, Eqgs. (12) are closed at a
small value of n and the ground-state energy E depends only
on the k < n+ 2 excitation coefficients, a fraction of order
(#)" or smaller of the total number of free parameters defining
the wave function, and E can be computed in polynomial time
by solving a set of equations of the CC form, or generalized
CC equations. This concludes the proof of the result stated in
the first paragraph of the present section.

A corollary to that computation result is that equal-time
correlation functions at zero temperature can also be com-
puted if the ground-state energy can. This is the Hellmann-
Feynman theorem, which is proved in Appendix A. In partic-
ular, this fact can be used to determine an optimal spin-orbital
basis. This is discussed further in Sec. IV C.

The standard CC method corresponds to the simplest appli-
cation of the computation result we have just proved. Indeed,
since the / > n excitation coefficients depend only on low-
order amplitudes in CC, Ng,f is constant for k > n, i.e., it is
the simplest possible polynomial.

The fact that there is no lower bound on the convergence
rate of the CI expansion in the above result implies that it also
applies to strongly correlated systems. Indeed, as discussed
at the end of Sec. II, at strong, but finite, coupling strength,
the ground state of such systems also possess a converging
single-reference CI expansion. The difference with the weak-
coupling regime is that the expansion converges only slowly
as the number of excitations increases, hence the failure of
approximations that truncate the cluster operator with respect
to that parameter. As discussed in Sec. IV that follows, the
above result allows to use CC equations with other types of
approximations much better suited to the strongly correlated
regime.

As mentioned above, a polynomially bounded parametriza-
tion of the sets of coefficients {c},*"; } for I <1 < n+2can
be obtained using low-rank tensor decompositions, which are
based on the existence of basis transformations, in single and
multiple particle and hole spaces, such that a superposition
of [ excitations SD’s can be written with a much smaller
number of components in the transformed basis. Since the
rank can be used as a measure of entanglement, this type of
parametrization is also a low-entanglement representation of
the coefficients. In Sec. IV that follows, we will discuss two
types of LRTD-based parametrization which are applications
of the ground-state energy computation result given above,
and are good candidates for strong-coupling extensions of the
CC method. Adapted LRTD-based representations applicable
in both cases will also be described in Sec. VII.

Note that equations (12) are also valid if 7 is the CC
cluster operator, Eq. (5), but without any truncation. Then,
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the maximum power of T is 4, as discussed in Sec. II, and
only the terms of T up to 7; contribute on the left-hand
side of H and up to 7;4, on the right-hand side. However,
as shall be discussed in Sec. IV that follows that choice
produces a particular type of approximation when combined
with the LRTD-based representations. On the other hand,
thanks to the operator (9), we obtain a result applicable to any
converging single-reference expansion with a polynomially
bounded parametrization of the wave function coefficients,
which includes the CC approximation and the two types of
approximations discussed in the Sec. IV.

IV. EXTENDING THE COUPLED-CLUSTER METHOD
WITH LOW-RANK TENSOR DECOMPOSITIONS

In this section, we discuss two possible generalizations of
the CC method based the result of Sec. III. The first one is
a straightforward extension of CC and the second approach
uses a parametrization more directly connected to the CI form
of the wave function. We will also discuss the choice of spin-
orbital basis and reference SD.

A. Coupled-cluster approach without truncation
of the cluster operator

The simplest tensor-based extension of CC, or TCC
for “tensor-CC,” that uses a general polynomially bounded
parametrization of the wave function coefficients applies the
LRTD-based parametrization to the amplitudes d;' ’ZJ % j, in the
CC cluster operator, Eq. (5), for all the terms with 1 < k <
n + 2 involved in Egs. (12) with 0 < I < n. The explicit form
of those equations in terms of cluster operator amplitudes and
Hamilitonian parameters are the usual CC equations, except
that T is not truncated with respect to excitation number, or
equivalently, truncated at n + 2 excitations. Therefore, if n =
2, we use only the CC equations with [ < 2 of the CC approx-
imation with truncation of T at four excitations (CCSDTQ).
To complete the equations, the LRTD-based representation
for sets of coefficients with 1 < k < 4 excitations provided
in Sec. VII, or other similar representations, can be used to
parametrize the amplitudes.

The most crucial aspect of that approximation, as com-
pared with standard CC, is the fact that there is no trunca-
tion of T with respect to excitation number. Indeed, if we
consider the wave function coefficients generated by the CC
exponential ansatz with such a T operator, the reducible parts
then have irreducible corrections at all orders, except that
those corrections are expressed with LRTD. For instance, this
type of parametrization of the 7 amplitudes can take into
account local correlations, which can have a similar effect as
a Gutzwiller operator [41] that modulates the coefficients of
SD’s with strongly correlated excited quasiparticles (i.e., par-
ticles or holes) occupying the same spatial orbital. This is only
the simplest possibility allowed by such a parametrization,
since nonlocal correlations can be treated as well. Therefore,
in principle, this type of tensor-based approximation yields
results valid at stronger coupling than standard CC. In fact,
while the CC approximation is exact in the weak-coupling
limit, corresponding to a fast converging cluster operator,
TCC would be exact in the low-entanglement limit of the

cluster operator 7', which includes the weak-coupling limit,
but is more general. It would therefore be a very compact
approximation at weak coupling, but also at moderately strong
coupling, as long as the wave function coefficients can be rep-
resented by the reducible parts generated by the exponential
ansatz, corrected by irreducible LRTD-based terms. On the
other hand, as the coupling strength increases, the reducible
parts become worse approximations of the actual wave func-
tion coefficients, which requires larger and more complex
irreducible parts that can become difficult to represent using
LRTD. The type of approximation discussed in Sec. IV B that
follows could then become useful.

B. Computing CI coefficients using generalized CC equations

Another possible tensor-based extension of the CC method
uses the definition (9) for 7 and Eqgs. (12). This produces
equations similar to the CC ones, though involving the CI
coefficients instead of cluster operator amplitudes, which are
closed by parametrizing the coefficients with LRTD. This ap-
proach could thus be called TCICC, for “tensor-CI using CC
equations.” In that case, unlike the approximation described
in Sec. IV A above, the wave function coefficients are com-
pletely defined using LRTD and do not have reducible parts.
Although such an approximation is probably not optimal at
weak coupling, it is in principle applicable at very strong
coupling, as long as there exist a single-reference CI represen-
tation of the wave function that converges at least slowly with
the number of particle-hole excitation, ensuring that a good
approximation to the actual ground-state energy can be found.
Such an approximation is exact in the low-entanglement limit
of the CI coefficients, which is very different from the limit
of validity of the CC approximation, and is more general than
the TCC approach, which is a special case of TCICC.

The explicit form of Egs. (12) in terms of CI coefficients
and Hamiltonian parameters, obtained using the definition (9)
for T, are provided for the [ < 4 excitation coefficients in
Sec. VI. To derive those equations, instead of the standard
approach of CC that use a special notation to express particle-
hole normal-ordered operators, we have used a representation
of H in terms of excited particles and holes operators which
is described in Sec. V. To parametrize the CI coefficients, the
same type of LRTD-based representation as proposed for the
cluster amplitudes, and described in Sec. VII, could be used.

C. Choice of spin-orbital basis and reference

When working with a single-reference expansion of
the wave function such as Eq. (11), the spin-orbital ba-
sis that maximizes convergence is the natural spin-orbital
basis. Since these orbitals diagonalize the single-particle
density matrix (¢Fc1|afa ilVrcr), which does not have
any time dependance, they can be computed using the
source-field method described in Appendix A. This implies
that the exact wave function |Ygcr) is approximated by [v/).
For instance, one can start the calculation using Hartree-Fock
spin orbitals, then, after a first approximation of the ground-
state energy and wave function parameters are computed,
a first approximation of the natural spin orbitals can be
computed with the source-field method, with which a new
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energy and wave function can be obtained below the scaling
of the number of SD’s. The procedure can then be repeated
until the energy converges. If the number of spin orbitals is
2L, one diagonalization of (1//|aja i) requires 217 different
solutions of the CC equations for a Hamiltonian perturbed
by a small source field. Although that number of different
CC calculations might seem daunting, each solution is only
slightly different from the unperturbed one and is therefore
much faster to compute.

V. PARTICLE-HOLE REPRESENTATION OF THE
HAMILTONIAN FOR SINGLE REFERENCE-BASED
CALCULATIONS

To derive the CC equations, it is convenient to use a
representation of the Hamiltonian H where the operators are
normal-ordered for both particles and holes. The standard
method is to express the Hamiltonian operators using the
notation {aj'a ;) and {a;ajfaka;}, which puts the annihilation
operators for empty orbitals (in |¢)) and the creation operators
for occupied orbitals at the rightmost positions ({. ..} is not an
anticommutator in that notation) [4,42]. Here, we will also
use such a normal-ordered Hamiltonian, but instead of using
the {...} notation, we will define excited particle and hole
operators pj, for the unoccupied spin orbitals, and h:f, for the
occupied spin orbitals, respectively, and express H using those
operators. The resulting representation is less compact than
with the {. ..} notation, but it accomplishes a part of the work
that is otherwise required during the algebraic derivation of
the equations, and thus it actually simplifies it since that part is
done only once. In addition, it only uses second quantization
notation and is physically intuitive, as it explicitly takes the
form of a Hamiltonian acting on a vacuum and the particles
and antiparticles created from it, which is how the reference
|¢) is treated. Finally, no distinction has to be made between
empty and occupied spin orbitals indices during the derivation
with that representation because that information is included
in the definition of the excited particle and hole operators.

First, let us define

2v2
ti,-=5a,.q,./d3rn?(r)< > +V;,5(r))nj(r)
m,

e

‘/1;]([ = 8(7,‘0'[ SUjO'k /d3r1d3r2 nl*(rl)n;k(r2)vei(rl - r2)

X ne(r2)n(ry), (20)

where the indices are spin-orbital indices, m, is the electron
mass, 1;(r) are spatial orbitals, o; =1, | are spin indices,
Vi(r) is the static Coulomb potential experienced by an
electron due to ions treated in the Born-Oppenheimer approx-
imation, and V. (r; —ry) is the electron-electron Coulomb
potential. Then, the Hamiltonian in the second quantized

form is

. . L
H= Zt,-jai'aj +5 Z\/,-}kla,-lajakal (2D
ij ijkl

or, using the antisymmetrized Coulomb interaction V;jx =

C C
Vi = Vi

N 4 1
H = E tija;a; + 1 E V,vjkzaja;akal
ij ijkl

H=K+V, (22)

where K is the one body term and V, the two-body term. Note
that, from (20) and the hermicity of the potential energy term,
we h?lve that Vi;kl‘: Vi ji and from the‘inversi(‘)n symmetry
of V (ri —r2), V%, = Vi, and thus Vi = Viij- Therefore
Viji also has all those symmetries, in addition to V;j; =
—Viiki-

We now define excited particle and hole operators associ-
ated with the reference |¢):

—Viik =

pl = (1-n?)al, (23a)
h = nla, (23b)
where n;ﬁ = (¢>|a}a,~|¢) is the number of particles occupying

spin orbital i in |¢) and is thus constant. Therefore pj and p;

act only on empty spin orbitals of |¢), while hf and h; act
only on occupied spin orbitals of |¢). From those definitions,
we have

al = p} +hi, (24)

and the anticommutation relations

{pi, pj} =0,
{pl,pjy =8;(1-n?), (25)
{hi, hj} =0,
{hi, b} = 8;n?, (26)
{pi,hj} =0,
{pi- h[} =0. @7

Using the definitions (23), the SD (2) is written
iigenis \ _ ottt Al
’¢.i11,]?2,m,;k> - pikhjkpik—lhjk—l T pilhjl ¢). (28)

If we substitute (24) in K and put each term in the usual
normal order of second quantization, i.e., with all the annihi-
lation operators on the right, we obtain

K=Y tjpipj— ) tyhih
ij ij
+ Zlij(l?;rh; +H.c.) + Z fii”?, (29)
ij i

where H.c. stands for Hermitian conjugate. We also have
assumed that #; is real and thus t;; =t;;. Here the indices
can run over all spin orbitals because of the prefactors in the
definitions (23). Note how the energy of holes is formally the
negative of the particles’ and how the constant term (¢|K |¢)
appears explicitly.
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Now, if we substitute (24) in Vv, put the terms in normal
order and use the symmetries of V;;i;, we obtain

V= ZVikkjanlTPj - Zvikkjnfhjhj
ijk ijk

1
+ Z Vikkjl’l;f(p;h; + H.c.)+ 3 Z‘/w,nf’nf
ijk ij

1 1
+ 1 E VijklePj-PkPl + 1 E Vijklhjh;hkhl
ijkl i jkl

1 .
+ 1 Z Vijkl(p}p;h;h; +H.c.)

ijkl
1
Tott
+3 Z Viju(p} plilipi + Hee)
ijkl
l +
+ 3 Z Vijkl(hjh;pzhl +H.c)— Z Vikjip; hjhkpz-
ijki ijki

(30)
Here, it is interesting to consider only the two-body terms
involving particle and hole number operators nf = p;pi and

n = thhi in (30), we then obtain
X 1 1
_ p.p hoh P h
Vom, = 3 Zvijjini n; + 5 ZVijji”;nj - Zvijjini ;.
ij ij ij

€1y

Therefore, assuming V;;;; > 0, holes repel each other in the

same way as particles and particles and holes attract each

other. From that expression and the expression for K, Eq. (29),

we see how particles and holes in an insulating condensed

matter system and electrons and positrons in the vacuum are

mathematically equivalent in the long-wavelength limit.
Now, if we define

tﬁ =tij+ Z Vi jnf (32)
k

which is called the Fock matrix, we finally obtain the particle-
hole representation of the Hamiltonian:

A% =1 - (¢|H|¢)
. 1
@ ¢
=0 = tanl = = 3 Vigjinfnf
i ij
= thplpi =D thhih;+ Y i (pint +He)
ij ij ij

1 . 1 i
i o
+ 1 Z Vijkip; P;prpi + I Z Vijrih, hjhkhl
ijkl ijkl
1 -
ottt
+ 4 Xk; Viju (p; Pty +H.c.)
LY

1 PR
§ [PRAA
+ z c Vijkl(pipjhkpl + H-C-)
ij

1 ¥ -
+ 5 2 V(i hpihy + Hee) = 3 Viejip| hjhpi.
ijkl ijkl
(33)

Although this representation is lengthier than (22), it is conve-
nient when working with the expansion of the wave function
in numbers of particle-holes excitations, Eq. (3), either in CI
or CC calculations, as illustrated in Appendix B.

VI. GENERALIZED CC EQUATIONS FOR THE ENERGY
AND CI WAVE FUNCTION COEFFICIENTS

Let us now write Egs. (12) for T given by (9), in terms
of the CI wave function coefficients and Hamiltonian pa-
rameters, and projection SD’s (¢} | with 0 <7< 2. To
derive the equations, we have used the excited particle and
hole operators, Egs. (23), and the representation (33) of the
Hamiltonian. However, although that representation is con-
venient for that task, it remains a quite lengthy derivation.
We therefore only provide the equations here. The derivation
of the equations with projection on (¢| and (¢§»| are given
in Appendix B, while the derivation of the equations with
projection on (" | is provided in Ref. [33].

Using the shifted Hamiltonian, (33), the CC equations
are

(ple "H?e"|¢) = AE,
<¢i1i2...il |e—Tﬂ¢eT|¢> — O,

Juajaeei I<isn, (34

where AE = E — (¢|ﬁ|¢), and we will take n = 2.

First, because 7, Eq. (9), is an excitation operator,
(¢ple~T = (¢|. Then, taking into account the fact that H? can
destroy at most two particle-hole pairs and that (¢|H?|¢) = 0,
the equation for the energy is

AE = (ple"H?" |¢p)
= (p|H?(1+ T + 17%)19),
AE = (¢|H’T|p) + H(@|H?T?|¢). 35)

which, in terms of CI coefficients and Hamiltonian parame-
ters, is

o N

¢ i i

AE =Y thei — Z AT (36)
ij ijkl

Then, the equations with projection on (¢j-| is
0=(pjle "H?"|$)

3!
0=(p;|H’|9p) + (0| HT|¢) — (¢}|TH?T |9)

=(gjl(1 - T)ﬁ¢<1 +T + %Tz + iT3>|<z>>

1
2

1, . A N
+ 56| HT?I¢) — (65| TH T |9)

1, . A
+ 51 #H T 19), 37)
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which yields

¢I
ttl J

_t¢+z Xl:

mn

Z VimjnCp + Ztkl

—cc,)

ikl

kl im kli
+ Z Z Vklmicjm - Z Z Vklmjckl - Z Z Vklmn(cmnj - Cijn). (38)
kim kim kimn
Finally, the equations with projection on (¢"’° | are
_ iy | —T 3¢ T
0= (¢j|jz e "H%|9)
= (g2 ] 1—T+1T H(1+T+ T2+ T3 “19)
— Wi 2 2 31
= (@2 [H10) + (03 [HT19) — (¢} |TH19) + 1(¢“’2 [T216) — (¢} [THTIg) + + S GLIA T 9)
jl]2 JiJ2 JiJ2 2\ J J2 JiJz2
- 1( 2 | TAYT?|$) + 1< W 17209 |g) + G T ) — 1 S GALITHT |9) + 1< IR THT?I¢), (39
Jljz J J2 J1J2 J1J2 Jljz ’
which yields [33]
¢ 12 ¢ lz ¢ i ¢ l] k k iy i
0=- ’1’211/2 + tll]l n t’l]Z i tlZ]]c + t1212 i Z (‘/i‘iZJIkcjz - Vili?j?kcjl) + Z (lejzilkck - Vj‘jzizkck)
k
¢ kiy ¢ llk iy l]lz iiy
+ Z z]kclez tzzk 11]2) Z ( jlkcka + t]?kcjlk 5 Z Vlll?klc]lp Z VJljzklckl
k
l[g il liz il ¢ kl]lz kliz kli
= 2 Vi, + Viriueyl, + Vi €5 + Virin€5) + 2t = 5 Z Vit € sy = VitmiaCoj )
kl kl klm
1 miy i 1 iy
. 1 miy 12 1112 _ - kliyip  _ — hiy
+ ) Z (Vklmjlckljz VklmJZCkIJI Ciily Z tklcl 2 Z ViimnCp}, i, 4CMZ Z Vklmncmn
kim klmn klmn
¢ ¢ @ ¢k ¢k ¢k ¢ Kk
lllz lsz lljz irj1 tiljl _ lz ttzkc tllkc tlzkc tllkc
J]jz i Ci? i] 2 C[-z CI»I Cl? Cl-l
J2 J1 J1 k J2 J2 J1 J1
2 ¢ ¢ ¢
1 J?k tjzk tjlk tjlk 1 Vizljzkcfc Villjzkcf Vizljlkcfc ‘/illjlkc;(
+ 5 Z cll clz Ctl + E Z is Cil ciz Cil
k jz , J J ki . 2 N J1
klz kiy kip ki V. kl \% kl V. kl \% kl
i, Sj | i, G 1 klmiz i j, kimi, Cpp j, klmiz Cp klmiy Co j,
- Ztkl S ittt i T3 Z s o o) o
j, 2 J J1 kim i) 2 J1 J
mi mi kliy kliy kliy kli
1 Z Vklm]zckl Vklmjzckll Vklmj1 Ct n Vklm]lckl Z v Connjy n Conjy s mnjy 40)
! c? Kl c c? ! i .
klm Jz J2 Ji ]1 klmn 2} J1 J2 Ji

In Egs. (36), (38), and (40), the upper indices in the
coefficients are summed over unoccupied spin orbitals of the
reference SD |¢) and the lower indices are summed over
occupied spin orbitals.

Since the form (4) with T given by (9) can represent the
exact wave function, Eq. (11), the equations above apply to
the exact wave function. However, because they depend on the
triple- and quadruple-excitation coefficients, while the num-
ber of equations is V. g they form an underdetermined system
of equations if the coefficients have full rank. As mentioned
in the previous sections, the equations can be closed by using
LRTD to parametrize the coefficients in Egs. (36), (38), and
(40), such that the number of parameters grows polynomially
with the number of excitations. In particular, we suggest to use

(

the representations described in Sec. VII that follows, which
are designed to parametrize all the involved coefficients in a
globally compact way.

While Egs. (36) and (38) are very similar to CC equations,
the difference with CC is clear in Eq. (40) because of the
coefficients appearing as denominators. The degree of the
system is therefore higher than in standard CC equations. In
practice, one could either use Eq. (40) as given here, or the
version without coefficients at denominators, obtained after
multiplication by ¢! c’]‘2 c’jzl c’;z

Note also that, for a given number of free parameters
NEL_| < NP < NS, not all the equations with projections

i1iy...0
on <¢J|Jz IJI

NZID. However, if NO© < NS, the projection states should

| have to be used, but only a number N°€ >
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be chosen carefully to take into account all the nonvanishing
terms of H.

Finally, because Eq. (7) still applies when the operator T
in the CC ansatz is given by (9), the energy remains linked
and is thus size-extensive, as in standard CC. Note however
that Eq. (8) does not apply anymore, which is clear from the
presence of coefficients at denominators in Eq. (40), which do
not appear in He” .

VII. TENSOR REPRESENTATIONS FOR CLUSTER
OPERATOR AMPLITUDES OR CI COEFFICIENTS

To implement the tensor extensions of CC discussed in
Sec. 1V, practical LRTD-based representations are required
for either the CI coefficients or the cluster operator ampli-
tudes. In this section, we describe representations designed
to be compact specifically in the context of the proposed
CC extensions, which will also allow us to estimate their
computational complexity. Note however that those tensor-
based representations are provided to complete the discussed
CC extensions and are not tested. Other types of polyno-
mially bounded parametrization are possible, and the results
provided in the previous sections are valid for any such
parametrization.

Let us assume that we use CC equations without truncation
of T with respect to excitation number, or the generalized
CC equations of Sec. VI, where the projection SD’s have two
excitations at most, namely n = 2 in Eq. (34). According to
Eq. (40), we need low-rank tensor decompositions for the I <
4 excitation coefficients to close the equations. The simplest
approach would be to use generic types of LRTD such as sin-
gular value decompositions (SVD), polyadic decompositions
and higher-order SVD (HOSVD) [40], to decompose the sets
of coefficients, or T amplitudes, at each number of excitations
independently. However, because we have many tensors to
decompose, of orders up to eight, we can quickly loose control
over the number of parameters with such an approach. On
way to reduce the number of free parameters would be to
use a tensor network (TN) instead. In that case, however, it
is not clear how to express the different sets of coefficients
{c}j*:" .} using a single TN, or even how to construct the TN
for a nonlocal Hamiltonian. In the following, we describe one
possible solution to those problems, which involves multiple
binary tree tensor networks (TTN) constructed from the same
smaller TTN’s, and then a representation of a given set of co-
efficients by a superposition of TTN’s (STTN). This produces
a globally compact structure that relies, on one hand, on the
low order of the tensors, as compared to usual TN approaches,
and, on the other hand, on some basic assumptions about the
dominant correlations in the system, though not on the specific
connections between spin orbitals in the Hamiltonian. More
specifically, the STTN primarily take into account all types
of pairwise entanglement based on the charge and the spin of
the excited quasiparticles involved, and only some types of
entanglement between pairs and larger groups of excitations.
In addition to the fact that the same tensors are shared by dif-
ferent decompositions, the tensors are of third order or less, so
that the total number of free parameters is kept under control.

In the following examples, we will use a variant of the

i12- potation of Eq. (3), as if the decomposition were used

Cjijae

@ Fi> =

® D@ B T B @
b
® OO O O @
© ONEIORR ORI
® OWNO @

FIG. 1. Graphical representation of the STTN for single- and
double-excitation coefficients. The blue and green arrows represent
particles and holes, respectively, and their spin orientations. (a) is a
representation of Eq. (41), (b) corresponds to Eq. (45), and (c¢) to
Eq. (48). The circles represent the # and v matrices, the squares
with two arrows correspond to the k tensors and the diamonds
with four arrows, the A tensors. The brackets with subscript “AS”
in (c) indicates that the decompositions are antisymmetrized with
respect to exchange of identical particle or hole indices.

to represent CI coefficients, but they can also be applied to
cluster operator amplitudes. The spin indices will be labeled
explicitly because different combinations of spins require
different types of decompositions in order to take the Pauli
exclusion principle into account.

For the single-excitation coefficients, the most compact
decomposition is a truncated singular value decomposition
(SVD):

s

it _ phot L

cj, = chkkluikvjk, 41
k=1

where the columns of u" and vV are orthogonal unit vectors
and s; < min(L — N,, N, ). Note that the spins are opposite
since the spin carried by a hole is opposite to the spin of the
particle in a pair created from a single occupied spin orbital in
|¢). In the absence of spin-rotational symmetry, c'le is defined
similarly, using the matrices u* and v" and the singular values
K,f,f’ 1- Expression (41) is represented graphically in Fig. 1(a).

In the following, we will label tensors using combination
of p, p, h, and h as superscripts, corresponding respectively to
spin up and spin down particle and spin up and spin down
hole. The order in which they appear will determine how
they are entangled, assuming a binary tree structure, with an
additional coma for odd numbers of excitations, as will be
seen below.

For two particle-hole excitations with opposite spins, there
are three different possible decompositions based on pairwise
entanglement: singlet particle-particle and hole-hole pairing:

Spp - Sph - Sp Sh

intizl _ZZ Z Z pphh, _pp Rh t L4
(Cj1 ijo)pﬁﬁh - )‘kll Knnk € qritiymUipn vjlqvjzf’

k=1 I=1 m,n=1q,r=1
(42)
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singlet particle-hole pairing:
Sph Sp

phph, ph  ph t L | 1
Z Z Z)Lkll Kmnqurlullmvjlnulzqv]ar’

k,I=1m,q=1n,r=1
43)

( lllel
lezT phph —

and triplet particle-hole pairing:

Sph Sp Sh
itz E: E: §: phph ph ph A A L]
(CJNJZT phph — )\kll Konnk quullmvjzﬂulzqvjlr’

k,l=1m,q=1n,r=1

(44)
where the first s; columns of #° and v’ and the first matrix
slice of k”" and k”" are the same as in (41), and the similar
decomposition for c’ji, where s; = min(s,, s), and we have
assumed sz, = s,; and sz; = spp. As shown in Appendix D,
the decompositions (42)—(44) are related to combinations of
SVD’s by internal rotations and all become exact when the
tensor dimensions are large. They are therefore not orthogonal
in general. However, at small tensor dimensions they occupy
different regions of Hilbert space since they are based on dif-
ferent composite excitations, and thus each of those decompo-
sitions allows a compact representation for its particular type
of entanglement, but not for the two other types. Therefore,
to obtain a compact representation allowing all those types
of entanglement to coexist, we can combine (42)—(44) and
express the coefficients as

it __ (. ati2d i1tia i1tiod
it = (G i T €5 i + (G150 e (4)

where the dimensions of the u, v and « tensors must be
large enough to include most of the entanglement in the
set of coefficients {c;‘llijzﬂ} while the overlap between the
terms must remain small to avoid redundancy. The graphical
representation of Eq. (45) is shown in Fig. 1(b).

Now, let us assume s, = s; = s; so that the number of
additional parameters in (45), with respect to the single-
excitation representations, depends only on s,5, sy, $,; and
Spn. In addition, let us assume that the total number of ma-
trix slices in the « tensors, Sy = sp5 + sy + 25,5 + 28, 18
constant, and thus the total number of parameters for the «
tensors is constant. Then, the total number of parameters in
(45) is determined only by the total numbers of elements
in the A matrices, N; = 58,5 + 57 + 7. The minimum of
N,. under the constraint that S, is constant is at s,; = s,; =
Spi = Sph = S/ 6. Therefore, for s, = s = sy, if the optimal
representation depended only on the value of S,, the most
compact representation would be the one in which all the
terms have the same number of parameters in (45). In practice,
the optimal values of s, and s, are different and so are the op-
timal 5,5, Syj5 S i» and 5. It is clear however that the inclusion
of different terms tends to reduce the number of parameters.
In addition, including the decompositions associated with the
types of correlations actually present in the set of coefficients
also minimizes S, because each type is represented in the
most compact way possible. Therefore combining the relevant
decompositions in (45) tends to minimize the numbers of
parameters in both the A and the « tensors and produces a very
compact representation. As will become more clear below,
the compactness of the STTN structure also results from the
sharing of tensors amongst different decompositions.

For spin orbital with same spin, the decompositions must
respect the Pauli exclusion principle. The decompositions
based on the two possible types of pairing are

Spp Shi Sp
llleT 2 :E : 2 : pphh_pp
( ]|¢12¢ pphh — z : )“kll Kmnqull
k=1 I=1 n>m=1r>q=1
t i I 1
Uim  Uiin||Yjig  Virr
X , (46)
I | P
iom in J2q Jar
Sph Sp Sh
(CtlTh Z Z Z )Lphph ph ph
Jlljzi phph — k1 Kmnk qu
k,=1m,g=1n,r=1
! {
VY VY
T Jin Jir
X Uy ling| ) L “7
Vin  Vjor
phph - .
where A, is symmetric, and

it _ (L hti? i tixt
St = (G50 i + (G50 i (48)
In the absence of spin-rotational symmetry, the similar decom-

positions for c'j‘ iTl;ziT involve the different tensors u', v, k7?7,

KM \PPIR e Phand APRPR Tn (47), the exchange of i} and i, is
equivalent to exchanging the columns in the determinant, so

irtint - - Wi
that (¢ i ) ook 1S also antisymmetric with respect to those

indices. Here, because «”" in (47) is the same as in (43), if

we assumed that only s,, and sz, can be optimized in (48),

i1 Pix

the presence of the term (cj1 Vil would allow s,, and

) phph
sp, to be as small as possible. Expressmn (48) is depicted in
Fig. 1(c), where the antisymmetrization is indicated by brack-
ets, instead of displaying explicitly the similar decompositions
corresponding to all combinations of permutations of identical
particle or hole lines.

At two excitations, we can easily include all the types
of entanglement between the different pairs. In addition, all
the « tensors connecting the pairs are also involved in the
higher-order decompositions described below, and are there-
fore required. Furthermore, if the LRTD are used to represent
sets of cluster operator amplitudes, it is particularly important
for the double-excitation ones to be well represented since
higher order coefficients depend on them. When the number
of particle-hole excitations [ increases, since the number of
possible binary TTN increases exponentially with /, only an
exponentially small fraction of them can be included. This
is not a problem however when assuming a polynomially
bounded parametrization, since it means that there necessarily
exists subsets with a polynomially bounded number of de-
compositions that can produce accurate representations. To
ensure that the strongest correlations are taken into account
while keeping the number of parameters as small as possible,
it is however important to include all the types of pairing in
which the two quasiparticles in a pair can occupy the same
spatial orbital. Those are the triplet particle-hole pairing and
singlet particle-particle and hole-hole pairing. This is another
reason to use superpositions of TTN instead of a single TTN
representation, which is insufficient to satisfy that condition in
the present context. In the following, we will keep including
decompositions based on all possible types of pairing in the
representations, which satisfy that condition, but also accounts

045109-11



DOMINIC BERGERON PHYSICAL REVIEW B 101, 045109 (2020)

for other, strictly nonlocal (in the space of the chosen orbital At three excitations, with particle-hole entanglement only
basis), correlations as well. at the lowest level of the tree, we have

Sphph  Sph

nleTlsT § : E : } : § : § : phphph phph phphph 5 phph phphph , phph
(C]1¢]2~L/3i phphph — Hiim 1213'71 + Hiym )\'lllzm + Higm )“lllzm)
m=1 11,1, =1 ki k3 ks=1 kn ks, ke=1 7 €S

ph ph uboud uh b b Y
X Kkl Kk k5k61%€”1772773 ik Hinks l%ksvjn]kz Jmyka In;ks (49)

where €,,,7, is the Levi-Civita symbol, S;3 is the permutation group for the set {1, 2, 3}, and the symmetrization of the
product uA ensures the antisymmetry of the coefficient with respect to exchange of the particle (i) indices. Then, we can also
have

Spphi Sph - Spp  Sp Sp

(CtsztsT E :E :2 :E : § : E : E : ph.pphh ppthph PP Eh € €
]lijzihi ph,pphh — Hiim 1213m kikaly Kkskal K keskols Emimams € 1 x2 03
m=1 =1 =1 Ly=1 ky ks ke=1 ka, ks ko= 77, x €53

O S S A (50)

im by iyl Wi ke Uy ko Vo ks Vs ks

Here, we could also have entangled first the particle-hole pair with either of the two other pairs. However, to limit the number of
terms, we choose only one of those three possibilities, namely, the only one that respect the symmetry (p, p) < (h, h). We can
then use the representation

C;llzljz'szj: 1= (cljllzljz'xj: L)pﬁpﬁpﬁ + (cljllTllJZ'lelj'zT l) ph, pphh’
which is represented graphically in Fig. 2(a).

In the other representations described below, we will also use only decompositions that respect the (p, p) <> (h, h) symmetry
to simplify the representations. Otherwise, the decompositions that do not respect that symmetry would have to be included in
pairs to avoid artificially breaking particle-hole symmetry. On the other hand, including only the decompositions satisfying that
symmetry does not constrain the resulting wave function to be particle-hole symmetric, since that would also require that the
reference and all the tensors themselves be particle-hole symmetric.

When one spin is different at three excitations, there are four combinations of pairs that respect the (p, p) <> (h, h) symmetry,
namely, two combinations of particle-hole pairs only and two combinations with particle-hole, particle-particle, and hole-hole
pairs. First there is a combination of singlet particle-hole pairs:

(S

Spiph  Sph Sh ¢ Ul
(Ctlwo Tt;T Z Z Z Z ph, phph phthph Kph ph l T T uT j2k4 Joke (52)
]1T]2¢]3\L ph, phph l]m lzl3m kikaly ™ kskals ksk(,lz l]k] j]kz lzk'; izks U¢ U\L ’
m=11y,lp,l3=1 ki ,k3,ks=1 ka ks, ke=1 Jaka Jake

then a combination of singlet and triplet particle-hole pairs:

Sphph  Sph Sph Sp T 1 | |\

(CllllZTZST ph, phph phthph K_ph ph ¢ UT i2k5 uizkl vj2k4 vjzkz (53)
JlszL]zi ph,phph — ZZ Z Z Z Hiym 1713m Kkaly Kiesleay K kskols Wi ks Jiks | 4 1 1 L

m=11=11b,l=1k ks ,ks=1 k, ks, ks =1 Uiks Uik [|Viska  Vjiko
a combination with triplet particle-particle and hole-hole pairs:

Spphi Sph Spp S Sp T

(thlesT 2 :2 :§ :2 : 2 : 2 : ph, pphhkpphh ph - pp Bt Uiks  Mike|[Viks  Vhoks (54)
le}ZwL‘]%L ph, [)phh llm bLlzm k1k711 k3k412 kikﬁl% i1ky j]kz MT uT vl, vl, ?
m=11L=1 b=1 L=1k k3,ks=1 ky,ks,ks=1 isky  Wisky |[Vjsks  Vjske
and finally, a combination with singlet particle-particle and hole-hole pairs:
Spphh Sph - Spp Sph Sh MT L{T U‘L U¢
(CllillezT § § : E : § § : § ph pphh ppthph PP Khh l T inks ik || J2ke Joka (55)
11T12¢J3¢ ph,pphh — Miim lzl%m oy Kk ®kesks s Wi ey Uy s MT MT vi vi ’
m=1L=1 h=1 h=1ky k3, ke=1 ky,ks,ks=1 ik Uik [[Yjsks  Vjske
PP -
where /ck ki, = Kiyxyl, and Kk5k613 Kk6k513 We then use
itz _ f ilitis? i tizt i tizt i tizt
Citintish = (Cm;‘mw anpiph T \Citbist ) o TG ) o T\t ) o (56)

which is depicted in Fig. 2(b).
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AS

FIG. 2. Graphical representation of the STTN for triple-
excitation coefficients. (a) is a representation of Eq. (51) and (b) cor-
responds to Eq. (56). Here, the triangles represent the p matrices.
See Fig. 1 for other details on the notation. Note that, to avoid line
crossings, the relative position of the circles representing the u and
v matrices is different for different decompositions, unlike in Fig. 1,
which is of no consequence since the antisymmetrization indicated
by the brackets implies a summation with permutation of identical
quasiparticle indices.

By comparing Fig. 2 with Fig. 1, it is clear how the
decompositions for the triple-excitation coefficients are con-
structed from the decompositions defining single- and double-
excitations coefficients, using the other matrix slices of the A
tensors. Note that other A tensors, not present in the represen-
tations above, are also used below in the quadruple-excitation
coefficients.

For quadruple excitations, we will only provide here the
short STTN expressions and the graphical representation for
the coefficients. The algebraic expressions are provided in
Appendix C. As for triple-excitation coefficients, we will
include decompositions with all types of pairings in the STTN
representations and use only decompositions respecting the
(p, p) < (h, h) symmetry.

First when all the spins are equal, we can use
et = G s (
+ (cljll TlljzzTilsj%T sz { ) pppphhhh’

it tiztigt ) o
Jidjad izl jsd ) ppphhhph

(57)

c c

depicted in Fig. 3(a). Then, when one spin is different, we use
itiatiztigd
Jidjadjsdjat
_ (CilTileleltl ) o +( it tiztis ) o
= V2l zdjat/ phphphph Jid izl j3djat/ phphphph

it tiztisd i piptistiad,
(V) ot (G G0) popnaian (58)

(a)

(b)

AS

FIG. 3. Graphical representation of the quadruple-excitation co-
efficients (57) in (a) and (58) in (b). See Fig. 1 for details on the
notation.

shown in Fig. 3(b). Finally, for two up spins and two down
spins, we can use

i Miatisdial
Jidiadjztjat
_ (i tiatizlial itPiatizlisl
- (Cj|¢j2¢j3Tj4T)pﬁfzhphﬁfz + (cjlijzwﬁjﬁ)pﬁpfzﬁhﬁh

i Pintisdiad it tizlisd
+ (Cflijzijmﬁ)pphhﬁﬁﬁﬁ + ( Ji ¢jz¢j3Tj4T)pﬁpp-ﬁhﬁh’

(39)

which is depicted in Fig. 4.

Note that, in expressions (57)—(59), depicted in Figs. 3
and 4, the combinations of particles and holes in the two
mains branches of the trees are different between different
decompositions. In other words, in the representation of a
given set of coefficients, say in (58) depicted in Fig. 3(b),
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AS

FIG. 4. Graphical representation of (59). See Fig. 1 for details on
the notation.

one cannot obtain a decomposition from another by applying
permutations of quasiparticle matrices (circles) within the
main branches. One instead has to apply permutations be-
tween the two main branches. The purpose of this choice is to
reduce the possible overlap between the decompositions in the
STTN.

The above representations of coefficients are provided as
examples to illustrate the STTN structure and as suggestions
of representation for the sets of coefficients, or 7 ampli-
tudes, involved in the (generalized) CC equations. However,
terms representing other types of entanglement can easily be
added, or some included terms removed. There is in principle
an optimal combination of TTN’s that minimizes the total
number of free parameters required to obtain an accurate
representation of all the sets of coefficients. Given that the
total number of free parameters is also controlled by the
adjustable tensor dimensions, there is plenty of degrees of
freedom for optimization, and any scaling with the number
of particle-hole excitations can be obtained below the scaling
of the number of SD’s. Since the number of different sets of
coefficients grows linearly with the number of excitations, if
the number of terms for each set remains constant or grows
only slowly, the total number of different decompositions
and tensors remain bounded by low-order polynomials and
are thus computationally tractable, while the total number of
free parameters should be reduced if the included terms are
relevant.

Since the tensors always have even order, using decom-
positions based on pairwise entanglement is quite natural.
However, from the point of view of collective excitations,
this type of decomposition is based only on bosonic ones,
while there can also be fermionic collective excitations in the
system. For instance, the quasiparticles in a Fermi liquid are in
fact collective fermionic excitations and can be approximated

as single particle excitations only in an effective low-energy
model. Although the representations used can also account
for such collective excitations since they become exact at large
tensor dimensions, to allow for a more compact representation
of this kind of excitation, one could also add decompositions
in which the u and v matrices are entangled with pairs already
included. Then, for instance, those three-particles groups can
be entangled with u or v in the double-excitation case, or
together in the triple-excitation case, and so on.

The large number of adjustable tensor dimensions could
be seen as a disadvantage of the STTN structure, as they
requires additional optimization algorithms. However, it also
offers the possibility to explore different combinations of
decompositions in the STTN representation of a given set
of coefficients and, assuming that the accuracy of the results
can be assessed, the types of decomposition yielding the
best results and the relative norms of the different terms
can provide useful information about the correlations in the
system.

Let us end this section by discussing the computational
complexity of the proposed CC extensions, as we must also
ensure that they are worth the efforts required for their imple-
mentation. The complexity in the evaluation of the generalized
CC equations of Sec. VI depends on the term

> ViamnCyi, (60)

kimn
of Eq. (40). To simplify the complexity analysis if we use the
quadruple-excitation decompositions provided in Appendix C
in that term, let us set s, = s, = sy, all the third dimensions
of the « tensors to s, and all the third dimensions of the A
tensors to s4. Starting with the sum over the indices of Vi,
it requires O(N*s;) operations, then the sum over the first two
indices of the k tensors has O(N*s;s3) complexity, the sums
over the first two indices of the A tensors have O(N*s3s4) or
O(N4s§s£) complexity, and finally, the sum over the u tensor
indices have O(N*sj) complexity. The overall complexity
is therefore either O(N*s;s3), O(N*s3s4), or O(N*s3s3), de-
pending on the scaling of s, s, and s4 with N. The more
detailed complexity analysis is provided in Appendix E. For
the corresponding CC equations with no truncation of 7" with
respect to the number of excitations, the limiting term has the
same form, with the wave function coefficients replaced by
the T-amplitudes, and thus the complexity is the same. The
two proposed approaches are therefore tractable if the tensor
dimensions are small and only weakly dependant on N, and
can be comparable to CCSD (O(N 6)) [4], or better, in a certain
range of tensor dimensions.

VIII. DISCUSSION

We have seen that only low-order coefficients are relevant
to the ground-state energy when there exist a converging low-
entanglement single-reference expansion of the wave func-
tion. A remarkable aspect of that result is that it applies even
if the convergence is slow, and thus the irrelevant coefficients
are not vanishingly small, but only smaller than the relevant
ones. This is unusual since, on one hand, most approximations
based on an expansion are valid only when that expansion
converges rapidly and, on the other hand, the energy of an
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eigenstate is usually assumed to depend on all the coefficients
larger than some small threshold magnitude. In the present
case, those common assumptions do not apply because of both
the low-entanglement property of the wave function and the
locality of H on the number of excitations axis. Computation-
ally, the fact that the number of relevant parameters is much
smaller than the total number of wave function parameters is
an interesting advantage of using equations of the CC form,
compared to a variational method that requires computing all
the parameters. In particular, because only low-order tensors
are involved, and the maximum order does not depend on
system size, one can also afford tensor product representations
which are not based on the specific connections between
spin orbitals in the Hamiltonian, which is very convenient
for nonlocal Hamiltonians. Consequently, if one suspects that
there exist a single-reference expansion of the wave function
that converges, even if the convergence is slow, namely at
strong coupling, not only the proposed CC extensions are
theoretically applicable, but they also possess important ad-
vantages compared to other tensor network methods.

If it turns out that the convergence of the CI form of the
wave function is fast, then the increasing rate of the number
of free parameters N,'® with the number of excitations [ is
necessarily slow since more components of the wave func-
tion can be neglected as / increases. The low-entanglement
assumption is thus always valid at weak coupling. On the
other hand, a slow increasing rate of N,T D is also possible if the
convergence is slow. For instance, this is the case of a strongly
correlated system where many SD’s are nearly degenerate in
energy, hence the slow convergence of the CI coefficients
with [, while the correlations are only local, hence the low
entanglement and slow scaling of ]\IlTD with /. In fact, when
the Hamiltonian is local, the low-entanglement assumption is
essentially always valid. It has indeed been proven recently
that physically realizable ground states of such systems can
only occupy an exponentially small volume of Hilbert space
[43], which implies that such states have low entanglement.
Another exact result for local Hamiltonians is that correlations
are short range, and thus entanglement is low, if the ground
state is gapped [44]. From first principles, the Hamiltonian
is not local because of the long-range Coulomb interaction.
However, in metallic systems, screening effects yield effective
local Hamiltonians at low energy, i.e., in the active space.
Therefore, even though the original Hamiltonian is not local,
based on the result of Ref. [43], it remains quite reasonable to
use a low-entanglement approximation for the ground state of
strongly correlated itinerant systems. However, one difficulty
for such systems is to determine this effective low-energy
Hamiltonian, hence the usefulness of approaches that do not
depend on the locality of the Hamiltonian. More generally,
in large systems, another argument for assuming a low-
entanglement ground state is that the energy range spanned by
all the eigenstates grows linearly with the size of the system,
while the total number of eigenstates grows exponentially.
Many eigenstates therefore become nearly degenerate and
can be replaced in practice by a single effective average
eigenstate. Since averaging reduces correlations, this effective
eigenstate has only low entanglement. In systems in which

this near degeneracy is present at the ground-state energy,
the low-entanglement assumption is therefore valid. On the
other hand, in systems with a gapped ground state that breaks
the symmetry of the Hamiltonian, whether local or not, the
correlation length associated with the order parameter is finite,
and thus entanglement is finite as well. In summary, many
different types of system have a low-entanglement ground
state and can be modelled using tensor networks.

The first tensor extension of the CC method discussed in
Sec. IV A, TCC, in which the LRTD are used to represents sets
of amplitudes in the cluster operator 7', is necessarily valid in
the weak-coupling limit since it includes the CC method as a
special case. However, because 7 is not truncated with respect
to particle-hole excitation, and there are irreducible low-rank
corrections to the reducible parts of the wave function coef-
ficients at all orders, TCC remains theoretically valid as long
as those corrections can be well represented using LRTD, as
the coupling strength increases. As discussed in Sec. VII, not
only the local correlations can be accounted for by the STTN
representation, but also nonlocal ones. On the other hand,
in the CC method, including its tensor implementations, the
wave function coefficients at higher order than the truncation
order are always completely expressed as a sum of decoupled
terms, a form badly suited for strong correlations, while at
the same time the importance of higher order terms increases
with the coupling strength. The catastrophic failure of CC
at strong coupling [6] is thus inevitable unless the nature of
approximation is modified. The TCC approach is a way to
do so using LRTD, without projection or correlation operator.
Between the two proposed approaches, TCC is the closest
one to the CC approach, which should make it the easiest to
implement.

The second proposed tensor extension of the CC method,
TCICC, is in principle valid in any situation where the wave
function has a converging low-entanglement CI expansion.
That includes both the weak and strong-coupling regimes.
In practice however, at weak coupling, the parametrization
would have to essentially reproduce the standard CC approx-
imation, requiring a rather complex parametrization from the
point of view of wave function coefficients instead of cluster
operator amplitudes, and thus TCC is better suited in that
regime. On the other hand, as discussed in Sec. IV B, at some
large coupling strength, TCICC could become more compact
than TCC, and thus better suited to even stronger couplings.
There are also well-known strongly correlated wave functions
that have a tensor network representation of the coefficients
and are good variational ground states of strongly correlated
systems [16,19,23], suggesting that the direct parametrization
of wave function coefficients in TCICC is well suited to
that regime. Finally, although TCICC can also be seen as a
low-entanglement version of the CI method, since Eqgs. (36),
(38), and (40) involve the CI coefficients, it is in fact very
different from CI: First, Hilbert space is not truncated in the
number of particle-hole excitations, then, the coefficients are
not computed variationally or by matrix diagonalization, but
instead the tensors defining the coefficients are obtained by
solving nonlinear equations, and finally, the result is size-
extensive because the energy is linked.
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The implementation algorithms and numerical testing of
the proposed tensor extensions of the CC method require
much more work and are thus not included here. However, at
the end of Sec. VII, the obtained scaling of the calculation
with system size and tensor dimensions indicate that those
CC extensions are applicable in practice. In addition, their
complexity could possibly be further improved using a tensor-
product representation for the two-particle Coulomb integrals
as well [24-31,45].

IX. CONCLUSION

We have identified a class of fermionic wave functions
which ground-state energy can be computed in polynomial
time using generalized CC equations. It corresponds to the
subclass of the wave functions possessing a converging CI
expansion that also possess a low-entanglement representation
in which the number of free parameters N¢; defining the
wave function coefficients with [ < k particle-hole excitations
is bounded polynomially in k. The CC approximation is the
simplest approximation of the class, for which N¢ is bounded
by a constant. The convergence condition only ensures that
the energy obtained from the equations is a good approxi-
mation to the true ground-state energy. There is therefore no
lower bound on the convergence rate, which implies that the
class contains wave functions of strongly correlated systems
which cannot be treated with the standard CC approximations.
Based on that result, we have proposed extensions of the CC
method to treat such systems using two types of polynomially
bounded parametrization different from standard CC, and
based on low-rank tensor decompositions (LRTD): a straight-
forward extension in which the LRTD are used to represent
sets of cluster operator (7') amplitudes, which involves tensor-
adapted standard CC equations, and an extension of CC in
which the LRTD are used to represent the CI wave function
coefficients directly. For the latter case, we have derived
exact generalized CC equations involving the CI coefficients
with up to four particle-hole excitations. Finally, although
the discussed CC extensions are in principle applicable with
any type of polynomially bounded parametrization of the CI
coefficients or T amplitudes, to complete the proposals, we
have constructed representations of the CI coefficients or clus-
ter operator amplitudes in the form of superpositions of tree
tensor networks (STTN), which by design can parametrize all
the involved sets of coefficients or 7" amplitudes in a globally
compact way. If the tensor dimensions in the STTN are small
and only weakly dependant on system size, the proposed CC
extensions are computationally tractable.
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APPENDIX A: EQUAL-TIME CORRELATION FUNCTIONS

In this Appendix, we describe how to compute equal-
time correlation functions using the source-field method. The
derivation also corresponds to a proof of the Hellmann-
Feynman theorem.

If the equations on the second line of Egs. (6), are satisfied,
we have

(ple” A% |p)  (ple” eTe TH? |p)

(ple” e |¢) (@le” e |¢)
-y (@le" e g (pile " A" |¢)
- (ple” e |¢)
_ (gle" e Ig)(gle T A |g)
(@le” e |¢)
= (ple "H?" |¢)
= AE. (A1)
Now, if we have a perturbed Hamiltonian
Hy = H? + fO, (A2)
where O is any time-independent operator, and
AL — (Ble” Hye™r|¢)  (WyIH )
;= 7 =
(plelr eTr|¢p) (Yrlg)
= (ple” T Hyel |¢) (A3)
then,
IAE;
af
_ WyHAVA) 0w ) L d(UIH )
Wrlvp)?  of Welys)  of
AE;  0(Ysl¥ry) 1 ( )
= + H
Wil of Gt \ag Vo))

1 0 1
- H,—
+ W (Yl faf|1/ff) Wl ><¢f|< f)h/ff)
AV I AE; 0(YylYy)

Ty of Wl of
1
+<1/ff|wf>(‘”f'< f)'wf)
_ 2AEr 3{Yyl¥y) 1 ( H)
Wi or G N\ )Y
(A4)
If f is small enough, according to perturbation theory,

W) = 1Y) + flw) (A5)

where |p1) is orthogonal to |y) and
(Vrlvp) = (W) + [l ). (A6)
Thus

a . .

%fwﬂ = 2f(u1lp1), (A7)
e R — <w|<8Hf)|w>
of "M gty Gy )Y

(A8)
_OAE; 1 (aHf)
lim —— = lim , A9
M ar = My Iy W B
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and finally,

Wioly) _
2z f Doar

We can therefore compute the expectation value of any time-
independent operator O by computing AE for f = 0 and for
f small and obtain

¢|e‘TfoeTf |¢). (A10)

0 AE; — AE,
(WIOW)  AE; - AE, A
(Vly) f
In particular, if
0 :ajaj
= (p] + h)(p; + )
= p pj+ Plh‘ + hip; + hihj:, (A12)

we can obtain the one particle density-matrix elements

(Wlalajly)
wly)

By diagonalizing the one-particle density matrix, we obtain
the natural spin orbitals basis, which is the basis that yields
the fastest convergence of a configuration interaction series.
Although each density matrix elements requires a different
calculation, and the number of elements 2% can be large, each
calculation should converge rapidly if the parameters for the
unperturbed Hamiltonian are used as the initial ones in each
calculation since the perturbation is very small.

(A13)

APPENDIX B: DERIVATION OF THE GENERALIZED CC
EQUATIONS FOR THE CI COEFFICIENTS

Here we provide the derivation of the equations (11) for T
given by Eq. (9), with projection of e="H?¢ |¢) on (¢| and
(¢; |, using the excited particle and hole operators, Eqgs. (23),
and the representation (33) of the Hamiltonian. The derivation
of the equations with projection on (¢"’2 | are provided in
Ref. [33].

Taking into account the fact that T is an excitation oper-
ator, and thus {(¢|e~T = (¢|, that H can destroy at most two
particle-hole pairs, and that (¢|H?|¢) = 0, the equation for
the energy is

E = (¢le "H?" |§)
= (p|H*(1+ T + 17%)|9)

E = (¢|H’T|¢) +

For (¢|H?T|¢), the only term in H?, Eq. (33), that contributes
is the term annihilating a single particle-hole pair:

(GIH?T|p) = (pI| D thhipi (Z chﬂh*>
ij
= Zf,-dj’-cf&k%l,
ijkl

2t5e) (B2)

H@IAT?|$). (B1)

(PIHT|¢) =

For (¢p|H?T?|¢), only the part of H? that annihilates two pairs
contributes:

(@IHOT?|p)

1 s
= 2 @I| 2 Viwihihep;pi Zcmpm Pihi19)

ijkl mnqs

D" Vi @ppivh,plhuhihihl|¢)

ijklmngs

1
= =g 2 ViuCiGindjg — Bighjm) Bindts — bisbin)

ijklmngs

1 N
—3 Z Vi) (B3)

ijkl

where we have used the result (10) for T?|¢) and where the
antisymmetry of ¢} or V;j; can be used to obtain the last line.
We thus obtain

1 l' M
1 Z Vi (B4)

ijkl

AE = th ¢t —

Note that, when reordering the products of operators to
obtain a group of particle operators times a group of hole
operators, the resulting sign can be obtained quickly by count-
ing the number of particle operators on the right-hand side of
each group consisting of an odd number of hole operators, and
add those numbers. The sign is then negative if that number
is odd.

The equations with projection on (qu-l are

0 =(gptle"H?"|¢)
= (g1 - T)H"’(l +T + %TZ +

T3> )

0= (¢!|A?I¢) + — (@5 |TH?T19)

1, . A
+ S ($IAT?19) -

(05|A°T1¢)
5(¢;\TH¢T2|¢>>

1,
+ §<¢_‘,-|H¢T3|¢>). (BS)

For the term (qﬁjm ?|¢), only the part of HA? that create a
single particle-hole pair contributes:

(@5A%16) = ($lhpi Y tfypih19).

kl
(¢f|H? 1) = 1] (B6)
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The term (¢;|h7 ¢T|$) includes contribution from all the terms of A that act on a single particle-hole pair, without creating or
destroying any pair:

@LIHOTI) = (Bl (Z PPt = Dtk = Vipihi hmpn) D_clpihllo)
kl kl

klmn

=Y " thelplhipipipipihile) — > thed(@lhpihlhpihlld) — Y " Viuncd(@lh;pipph) hupapyhlle)

klgr kigr klmngr

= Y b @lpipipipihihi1e) = Y thcl@lpiphhihhil) — Y Vil (@ piplpapyhih] hh|$)
klgr klgr klmngr

= D etSudigdir — D thetSigdndir — Y VimtnC8iSugd i (B7)
klgr kigr klmngr

and thus
(¢;|HTI9) = Zt¢ Zt — > VinjnCh (BY)
Now, (¢{|TH?T|@) factorizes as (¢}|T|p)(@|H?T |¢). Thus, using the result (B2),

—(}|TH?T 9) = —C} Ztklcl (B9)

n (¢! |[H?T?|¢), all the parts of H? destroying a single pair contribute:

(@5IHT?|¢) = <¢|hjp,<2tklthk+ > VamPimpipic+ vam ,,pmhzhk> >l phhipihl|g)

kimn kl mn qrst

Zr [ (@1 pihu pepyhi Pk 1) + o Z Vimncly (@0 pipyhmpi peplhl pihi 1)

qurar klmngrst

> ViamnCl (@1 pitl puhilicpl b} pihT |9)

klmngrst
Z th et plhih b pipipiplle) — < Z Viimncly (\hjhwh! i piplpipeplplld)
qurst klmnqrst

D Viamncl (@b b pipwppll@)

klmngrst

1 S 1 .
=5 D thelGudje — 8udjr)Brgbis = Susbia) = & 3 ViamnC; Gmrdje = Smir)0in(Okgis — bisbiy)

klgrst klmngqrst
D Viamn€E 8in(8irdis — 8e81r)SmgSis — Smsbiq)- (B10)
klmngqrst

which yields, using the antisymmetry of ¢},
| A 1 ‘
S(O51HT?19) kaz + = kalm,c,m =7 2 Ve (B11)
klm kim
Then, (¢;|TI-7¢T2|¢) = (¢j|T|¢)(¢|I—7¢T2|¢). Therefore, using the result of (B3),

1, 1.
—3(SITHT19) = 2¢5 > Viamcl,- (B12)

klmn
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Then, (¢;|h7 ¢T3|¢) involves only the part of H? destroying two pairs:

- 1
G T10) = oo X Vil @l pupu L) 1 1 10)
7 klmnqrqiriqars
L tpt ot § ot
RTED D Vel (plh b B pipipiplpl, ), 10)- (B13)

klmngrq,riqara

Here, because of the antisymmetry of ¢\, all (3!)? terms obtained by normal-ordering the operators are identical, thus

( AT |¢) = ——kammcm] (B14)

klmn

Therefore Eq. (B5) becomes

_t¢ Ztlkc Zt/kck Z Vikjic — c; Ztklcl + Ztkl
+ % Z Vklmiclj(',]n - % Z Vk[ijZl + ;"Clj Z Vklmncﬁfn - }" Z Vklmnc;]:f,ija (BIS)

klm klm klmn klmn
or, if we group disconnect terms with similar connected ones,

= t¢ + thk € Z Zvikﬂc/i + Ztl?l (Cl]]; c Cz kalmzcjm
%l %l

klm

1 ,
-7 Z VkerJck[ - Z Z Vklmn(cﬁf,lu - C;Cﬁfn) (B16)
klm klmn

See Ref. [33] for the derivation of the equations with projection on (¢;";2

APPENDIX C: TENSOR REPRESENTATION FOR QUADRUPLE-EXCITATION COEFFICIENTS

Provided here are the decompositions used in the STTN representation of the quadruple-excitation CI coefficients or cluster
operator amplitudes discussed in Sec. VII.
When all spins are equal, the decomposition for the particle-hole pairing only is

S phph Sph Sh

i1hia M3 Tm Z Z Z Z Z phph, phph phph o phph phph o phph phph o phph
(Cmmmm phphphph — Fonym; )Llllzm1A1314m2 + Alllslnlklzl4m7 + Alll4m1klzlsl1lz)
my,my=11,l,l3,l4=1 ky ,k3,ks ,k7=1 ky,kq ke, ks=1 w €S

ph  ph  ph  ph T NS S
X Koty igkals Kkl Kk 1y Eximms Wiy g, Ui, UisksUisks Yy ko Yy ki Vg ks Vg ks (€D

Then, if we combine particle-hole, particle-particle and hole-hole pairing, we can have

Sppph Shhph  Spp  Sph Spp

(cllleleTMT E : § § : § § : E : § : 2 : ppph, hhph)tppph )L/’lh[?h
jlijzwziju ppphivhph — Mnim; lilmy " I3lamy

mi=1my=11=1b,li=1 ly=1 ky ko, k3,kr=1 ka,ks ke, ks=1 77, X €S4

w ul vb vt b b (C2)

pp  .ph Rkh  ph -
X K akay Kkt Keskels Kkt Emimamama € xa Wi oy Wi ko Wi ks M by Yy ks Vs Vs Vs
Then, for particle-particle and hole-hole pairing only, the expression is

Spppp Sihih - Spp Shi

(cllleTlsTMT § : § : E : E : § : E : § : pppP; hhhhAPPPP )szﬁftﬁ
]li]Zi]?i]Al pppphhhh — m1m2 Lilbm " 3lamy
mi=1my=11,L=1l3,l4=1 ky,kz,k3,ka=1 ks ,k¢,k7,ks=1 7, x €S4s

pp,.pp  hh hh M (- { Fogv oY
X Koty Kiskaly Kieskols Ky ksy €123 70 € 3 x2 x5 xa U ix, k1 lnzkzul-r;kl 114k4v])(1ksv]x2k6 Jxska Jx4k8’ (€3)

and finally,

it tistist (Cmmmm

_ (CilTileéTiAT itixtiztish
Jididjsdiad Jididjsdjsd Phphphph

bbb pppiiioh T (€L iat i ied) ppppiii- (C4)
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Then, when one spin is different, the decomposition based on singlet particle-hole pairing only is

Sphph  Sphph
i Miatiz tigd, Z Z Z Z Z: 2: phph,phph (y Phph  phph phph ph/)h phph l’hl’h
(lelj7l13ij4T)phphphph Mmlmz ()“Illzml)”lgumz +)”1113m1 Llymy +A Llzm; lll4mz)
m=1my=11,l,l5,l4=1 ki ,k3,ks,k7=1 ka,k4,ke, ks=1 T €S3

Ph ph ph uT ) T ¢ l vl i T (C5)

ph
X Koty Fkals Kk Kk Ly Em1mms B4 g Wi Ui Wi, Vika Yy ka Vg ke Vjaks?
then, we can have both singlet and triplet particle-hole pairing:

Sphph Sphh  Sph Sph Sp s

(C?llijz'leij'aTﬁjiT)pﬁphpﬁﬁﬁ = Z Z Z Z Z Z Z ﬂﬁ%%’pﬁﬁﬁAZ?le

my=1my=11;,3=11,I4=1 ky k3 ,ks,k7=1 k ks ke . ks=1 171, X €S3

phph  ph  ph  ph B N ) s XS 0
Iy ® ke ko 1y Khes kg, K ks k7ksl4€”1”’m€X1X2X‘ ir, k1 1n2k3 ln;ksul4k7v])(lk2v]x2k6 ]mksvmkzt (C6)

singlet particle-hole, particle-particle, and hole-hole pairing:

Sphpp  Sphih  Sph Spp Spi Sp

GiECRINES 35 35 35 3 D DI DD DR

my=1my=11;,3=1Lh=1 l4=1 ki ,k3,ks,ks=1 kp k¢ ,k7,ks=17,x €S53

phhh ph  pp  ph  hh G 00 1 ooy i 4 t
Astamy Kkl Kiskaly Kishols Kkl €mmam €0 ta6 Wiy o Wi, Ui ks Wik Vi b Vi Uik Uik (€7D

or triplet particle-hole, particle-particle, and hole-hole pairing:

Sppph Sphih  Spp Sph Shh Sh

SHTRINTED 35 30 35 35 M DIND VRIS o Lt

mi=1 my=11=1L,ls=1 l4=1 ky .ko.k3,ks=1 ks k¢.ks,ks=1 7, x €53

phhh pp ph ph hh T T T ¢ l l i T
XMy oty Kkl Kkl ks €102 € 1005 iy o By by Mi s ks Yiks Vo ks Vg ko Vs Vs (C8)

and we can use

CilTizTisTMl _ (CilTizTisTiN itttz tisl itz tiad intitiztiad

Jidiadisbjat T jlijzijzljﬁ)pfzpﬁpflﬁh + (leijzwaljﬁ)pﬁphpﬁﬁft + ( jlijzihijﬁ)pﬁpﬁpfzﬁh + ( jlijzijijT)ppphﬁﬁﬁﬁ‘

Finally, for two up spins and two down spins, we can use

(C9)

Spphh Sphph  Spp  Spi  Sph Sh

(cilT’lZTi%Lm*L ) pphh phph)LPP;lI1 kphﬁﬁ Kﬁﬁ hh
Jidjadjstjat) pphhphph — j : z: 2 :z : z : Z : z : z : Moy, Il MLy Kk ko 1y Kheskaly

my=1my=11;=1hL=113,4=1 ki ,k ks, k7=1 k3 ks ke .kg=1 7,0,7, X €S2

ph ph T T { i { ¢ T T
XKk5k613’(k7k8146mﬂ26p1pzernrzexmz iyl By ks Yiy ok Mgy saly Ve s Uy ks Uy saka Uy ks (C10)

5h Bphh hph phph
where APPMh — pPPhh qpd )PPt — 3PPt and then

B31ymy lylzmy°
Sphph Sph ~ ~ ~
it iz dial Z Z Z Z Z phph, phph y phph  phph _ph ph ph ph
(Cmpwgwm)phphphph Mamimy" Mty Mtams Koty Keskals Keskels Kokl
my,my=111,l,l3,l4=1ky ,k3,ks ,k1=1 ka, kg ke, ks=1 70, 0,7, X €S2
1 2 { { 2 1 T
X Emim € Enm ity ki Miny ks Wiy, 12k My 2kn Vi o Vg ks Vg 2k Vg ks (C11)
Spphh Spp Shi Sp
it tizlisd pphh, pphh 4 pphh pphh hh hh
(Cm/zwﬁm)pphhpphh 2 : E : § : § : § : § : Honymy )‘lllzml)”l;l4m2Kk1kzllKkglqlszsk(,l; kksly
my,my=11;,3=1I3,l4=1 ky ,ka,ks ,ks=1 k3 k4 ke, kg=1 70, 0,7, X €S2

LI T A S (C12)

4
X Eﬂlﬂzeplﬂzeflfzé)(l)(zui,,]kl uin2k2uipl+2k5uip2+2kf, Ju k1" jnks Ty +2ks vsz+2k4’
Spppp Shnin - Spp Shh

(cilTi2Ti3li4¢ ) § § § § § § : § : pppp hhhh}L[’[’l’[’ hhhh KI?P hh Kﬁh €
Jidi2bistiat) pppphhin = Honym, libmy 1314m2 k1k211 Kakaly K skl Kerkg 1, €102

mi=1my=11,b=11,l4=1ky ky,k3.kg=1 ks kg, k7,ks=1 70, p,T,x €S2

B e I (C13)

t t
X EPIPZGTITZEXIXZMinlk]uiﬂzk3 tp]+zkzutpz+zk4 Jr1k5v1t2k7 Jxl+zk6v1xz+2kx’

and we use

itiatizlial (cilTizTi3li4~L itiatizlisd itiatizlisd

i P tizlisl
imintit = i) ppmpnan €A 5ot phornon T (St iet) ponagans T (

St st g (C14)
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APPENDIX D: SVD FORM OF THE TREE
TENSOR NETWORKS
Let us see how the decomposition (42),

Spp - Swh - Sp Sh

)Lpphh pp

ki1 mnk qu
k=1 [=1 m,n=1q,r=1
R .

iim”in” jiq " jor’

( lllei
Jidi2t pphh

X U (D1)

can be written as a combination of SVD’s if the matrix slices
of the « tensors, labeled by their third index, are orthogonal.
First, we define

Sp

§ : pp T
Kmnk iim hn

m,n=1

(ll i)k = (D2)

and
Sh

hh . |
Z KqriVj gV /zr

q,r=1

(D3)

wm ol =

Then (D1) becomes

Spp - Shi _

Z Z )‘kll W(iyin),kW(ji, jo).l

k=1 I=1

( i1l

Jidj2 T pphh (DD

which can be written in matrix form as
R phhyrr T
(Cy)ppin = Wip AW,
= WX APty Tw T

— W AppthT

o (D5)

where APP' is diagonal, X and Y are unitary, W,; = W,;X,
W, = WY, and the row indices of W,; and W, are (i1i2)
and (i j») pairs, respectively. Now, expression (D5) has SVD
form, but it is an actual SVD only if the columns of W,; and
W, are orthogonal. Since X and Y are unitary, this is the case
if the columns of W,; and Wj,,, corresponding to matrix slices
of tensors w”? and w"”, are orthogonal. Now, using the fact
the columns of matrices u° are orthogonal, the matrix slices of
wPP are orthogonal if the matrix slices of «?? are, and similarly
for v7, w" and K;‘f,

Furthermore, the decompositions (D2) and (D3) are also
closely related to SVD’s. For instance, for a fixed k, (D2) has
the matrix form

WP = UK (UY)T
=U'RKST (U

= UK. (U, (D6)

where K; is diagonal, UT U'Ry, U¢ U'S; and Ry and S
are unitary.

Therefore, if the matrix slices of the k tensors are orthog-
onal, (D1) is related to a combination of SVD’s only by a
few rotations and thus, for that partition of the indices, that
combination of SVD is the optimal decomposition. However,
since 5,5 and s,; are not equal in general, A is not diago-
nal, and the orthogonality condition for the « tensors is not
necessarily satisfied, the decomposition (D1) is less compact
than its corresponding SVD form. The other decompositions

in Sec. VII all have the same structure and can be written

similarly as combinations of SVD’s using internal rotations.
Although, because of those rotations, they are not individually
as compact as possible, their more general form allows tensors
to be shared between decompositions, and therefore the STTN
structure to be globally compact.

APPENDIX E: COMPUTATIONAL COMPLEXITY

The computational complexity in evaluating the general-
ized CC equations of Sec. VI depends on the term

> ViamnChi, (E1)

klmn
in Eq. (40). More specifically, assuming the decompositions
provided in Appendix C are used, the complexity depends
on the contributions in which the summed indices have the
largest entanglement with the external ones, namely, when
eachindex in {k, [, m, n} is connected by a k tensor to an index
in {iy, i>, j1, jo}. Those contributions have the form

i __
R/l]z

n1n2n3n4/¢l«m1m2)‘lllzml)\l3l4m2Kk1k211 Kk3k4lz

X Kkskels Kkykgly Unyky Unpks Wiy ks Uiz ks Unake Unaks Vjiky Uk »
(E2)

where we use Einstein’s notation for the sums. To simplify the

scaling analysis, we will assume that each n; index takes N

values, the k; indices take s; values, the /; indices, s, values

and the m; indices, s4 values. We also assume no memory

limitation. Now, after summing over n;, we obtain

itiy
lejz = (Vu)nzmnuu“mlmz)‘lllzml Astmy Kk kol Kks el

X Kiskols Kkykgly Unyks Uiy ks Wirks Unske Ungks U jiky Ujaks s
(E3)
where each of the N3s; elements of (Vi) takes O(N) opera-

tions to compute, and thus (Vu) takes O(N*sy) operations to
compute. Then, after summing over n,, we obtain

iyl 2
RUE = (VAP YIS Ly My o Ml Ko kel Kyl

X Kkskels Kkgkgly Uirks Uirks Unske Unaks Ujiko U joks » (E4)
where (Vu?) takes O(N 3s%) additional operations to compute.

Similarly, the summation over n3 and n4 take respectively
O(N?s3}) and O(N's}) additional operations. We then obtain

l[ l2 k[k
R = Fyog Homumy Myl Matama Kol Kkl

X Kkskels Kkykgly Wirks Uirks Vjiko Ujaks » (E5)

where F thus takes O(N*s;) operations to compute, since N >
s1. Then, summing over k;, we obtain

l]l‘) kzll,k3
R“ J2 (FK)k6k3 ,u'mlmz }"lllzml )“13]4”’12’(](3](4[2

X Kkskols Kkykgly Wiy ks Wirks Ujiky U joks » (E6)

where (Fk) takes O(sfsz) additional operations to compute.
After the summation over k3, we obtain

1112 koly, ksl
j|j° (FK )kﬁks /’Ln11m2)\l|lyn1)"lgl4mg

X Kkskely Kkgkgls Wiks Uirks Vjiky U joka s (E7)
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where (Fk?) takes O(s? s%) additional operations to compute.
Similarly, the sums over kg and kg take respectively O(s7s3)
and O(s7s3) additional operations to compute. We then obtain
ivi koly kaly
lel]ljz‘z = ki[;,k:h Pomymy My tymy My Lymy Wi ks Hioky V)i ko Vjoky s (E8)
where G takes O(ss3) additional operations to compute. Now,
if we the sum over k,, we obtain

iy __ Jilikaly
lejz - (GU )k5l3,k7l4 :u'mlmlel lLhm )Ll3l4m2 Ui ks Uik Uj2k4 ’ (E9)
where (Gv) takes O(N s‘l‘s‘z‘) additional operations to compute.
Then, after summing over k4, we obtain

ijip
lejz

_ 2~\jilsjal
= (GV )iyt Momima My oy Matymy Ui ks Wik, (E10)

where (Gv?) takes O(N?s3s3) additional operations to com-
pute. Similarly, the sums over ks and k; take, respectively,
ON 3s%s;‘) and 0(N4s1s‘2‘) additional operations. We thus ob-
tain

iviy _ phli b
Rj]j2 = ‘],'113,5214 I’LmlmZA’lllzmlA‘]}l;;mz’

(E11)

where J takes O(N*sis3) additional operations to compute.
Now, after summing over /; and l,, we obtain
R;llljz - (J)"){:é%IiZLMﬂ11mz)"l3l4m27 (E12)

where (J)) takes O(N 4s‘z‘&;) additional operations to compute,
and after summing over /3 and /4, we obtain

i1y
lejz

= Ao s (E13)
where (JA?) takes O(N 4s§si) additional operations to com-
pute. Finally, the sums over m; and m; to obtain R take
O(N*s?) additional operations.

We therefore obtain O(s}s3) + O(N*s153) + O(N*s3ss) +
0(N4s%sﬁ) = 0(N4s1s‘2‘) + 0(N4S§S4) + 0(N4s%sﬁ) oper-
ations in total, where the simplification comes from using
N > 51, and we cannot simplify further without knowing the
complexity of sy, 57, and s4.
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