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ABSTRACT

The Thesis explores the application of Matrix Product States (MPS) in the
domain of quantum many-body systems and quantum computing, show-
casing the versatility and effectiveness of MPS for addressing complex com-
putational challenges. The opening chapter introduces essential tools for
Tensor Networks, addressing the curse of dimensionality and elucidating
the main characteristics of Matrix Product States and Matrix Product Op-
erators. The discussion encompasses also important numerical techniques,
including Density Matrix Renormalization Group and Time Evolving Block
Decimation. Furthermore, the relation between MPS and quantum circuits
is discussed. The subsequent Chapters delve into specific applications of
MPS. In the second Chapter, we introduce a Tensor Network ansatz inspired
by the backflow transformation for correlated systems. This extension of
the MPS representation ensures an area law for entanglement in dimensions
one or greater. We employ an optimization scheme combining DMRG and
variational Monte Carlo algorithms for efficient ground-state search. Bench-
marking against spin models demonstrates high accuracy. The third Chapter
explores quantum annealing for optimizing complex classical spin Hamil-
tonians, as the Hopfield model and the binary perceptron. We introduce
an efficient Tensor Network representation for the adiabatic time evolution
of quantum annealing, enabling scalable classical simulations. The use of
MPS in mitigating Trotter errors and mapping to quantum circuits is also
explored. In the fourth Chapter we present a novel method for evaluating
the amount of nonstabilizerness (also known as quantum magic) contained
in an MPS. We overcome the exponentially hard evaluation of this quan-
tity by employing a simple perfect sampling technique of Pauli string. Our
innovative MPS approach enables efficient computation. Benchmarked on
magic states and the quantum Ising chain ground state, this method offers
easy access to the non-equilibrium dynamics of nonstabilizerness following
a quantum quench. The Appendices provide additional insights, including:
an introduction to variational Monte Carlo, technical details on MPS simula-
tions for the quantum annealing and a comprehensive overview on stabilizer
formalism and nonstabilizerness.
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PREFACE

Quantum mechanics is approximately one hundred years old. At the begin-
ning of the twentieth century, while the European powers were preparing for
the impending apocalyptic carnage of the first world war and a generation of
talented avant-gardists, like Stravinskij and Picasso, were revolutionizing the
arts, a series of groundbreaking works by Max Planck, Albert Einstein and
Niels Bohr remodeled physics [1]. Their pioneering efforts marked a major
departure from the classical physics and revealed for the first time a fun-
damental aspect of nature, namely that certain physical quantities, such as
energy or angular momentum, can take only a quantized set of values, at least
within the realm of atoms and elementary particles. The war could not stop
the driving force of such tremendous innovations. A new and more compre-
hensive formulation of quantum mechanics was developed in the mid 1920’s
thanks to the achievements of some young minds. Werner Heisenberg, Max
Born, Pascual Jordan were the first to come up with the idea of representing
physical observables using matrices, leading to the development of the fun-
damental matrix formalism. Concurrently, Erwin Schrodinger formulated a
wave equation describing the time evolution of any quantum mechanical par-
ticle. Max Born was the first to suggest the interpretation of the square of the
wave function amplitude as a probability density, i.e. the probability of detect-
ing a system in a specific state upon measurements [2]. Other seminal con-
tributions were made by John von Neumann, who formalized quantum me-
chanics in a rigorous mathematical framework, and Paul Dirac, who made
substantial advancements in the quantum matrix theory and wrote down the
relativistic wave equation for the electron. In this period, several enigmatic
aspects of quantum mechanics came to light, including wave-function col-
lapse and entanglement. These phenomena appeared so puzzling that even
some of the historical founders of the quantum theory started to consider it
as unphysical or incomplete [3]. Nevertheless, numerous experiments con-
ducted over the decades have consistently corroborated all the core elements
of the theory. As a result, quantum mechanics is now universally recognized
as one of the main achievement in humanity’s understanding of the natural
world [4]. In a practical perspective, it can be viewed as a very powerful tool
enabling us to make systematic predictions about the physical phenomena
with an unprecedented level of accuracy'. However, certain aspects of the
quantum mechanics have been experimentally inaccessible for long time. As
Schrodinger wrote in 1952 [5]:

[...] we never experiment with just one electron or atom or (small)
molecule. In thought-experiments we sometimes assume that we do;

As an example, calculations in the framework of the quantum theory of the electromagnetic
field yields to a prediction for the gyromagnetic ratio of the electron that has been confirmed
by experimental measurements with a precision of less that one part over 10'2. To appreciate
how incredibly accurate is this result, it should be noted that is like being able to predict the
distance between the earth and the moon with an error of only a fraction of mm!
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this invariably entails ridiculous consequences [...] we are not experi-
menting with single particles, any more than we can raise Ichthyosauria
in the zoo.

In general, the experimental observation and replication of any phenomenon
that relies on preserving quantum coherence proved to be almost unfeasible.
Indeed, the delicate nature of this quantum property leads to rapid dissipa-
tion when a quantum system interacts with an extensive and uncontrollable
macroscopic environment.

However, things have changed. While realizing experiments with one or
few particles was not even imaginable some decades ago, nowadays it is not
only possible but it is also a common tool to investigate the fundamental
aspects of quantum mechanics. In a nutshell, we are now able to observe
and manipulate systems consisting only of few “quanta” of matter or light 2.
A partial list of currently used quantum platforms include superconducting
qubits (quantum bits) [6, 7], arrays of Rydberg atoms [8, 9], ultra-cold atoms
in optical lattices [10], trapped ions [11], quantum dots [12] and cavity QED
setups [13]. These experiments open the doors to a renovated and more
profound exploration of the quantum world, commonly referred as second
quantum revolution [14].

In this scenario, research on quantum physics and technologies has expe-
rienced a significant growth. A prominent field of investigation is quantum
computing, namely the possible application of quantum systems to enhance
or speed up classical computations. Richard Feynman’s seminal speech at
the Conference on the Physics of Computation in 1981 can be considered as
one of the earliest conceptual advancements in this direction [15].

Now 1 explicitly go to the question of how we can simulate with a

computer—a universal automaton or something—the quantum-mechanical
effects. [...] the full description of quantum mechanics for a large sys-
tem with R particles is given by a function \(x1,x2,...,Xr,t) which

we call the amplitude to find the particles at x1,x2, ..., xg and therefore,
because it has too many variables, it cannot be simulated with a normal

computer with a number of elements proportional to R [...] Can you do

it with a new kind of computer, a quantum computer? Now it turns out,
as far as I can tell, that you can simulate this with a quantum system,
with quantum computer elements.

Feynman argued that simulating quantum mechanical systems inherently
requires an exponential computational cost. Hence, he introduced the idea
of employing quantum computers for simulating physical phenomena 3.

Nowadays, quantum computing has become a well established field of
study, built upon the theoretical principles provided by quantum informa-
tion theory. Several quantum algorithms have been developed, offering tech-
niques to enhance classical computations. One notable example is Shor’s

Unfortunately, we still cannot raise Ichthyosauria in the zoo...
A similar intuition was reached independently and apparently earlier, in 1980, by the soviet
mathematician Yuri Manin.
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BINSTEIN ATTACKS
QUANTUH THEORY

Scientist and Two Colleagues
Find It Is Not ‘Complete’
Even Though ‘Correct."

SEE FULLER ONE POSSIBLE

Pictures from first and second quantum revolutions 1) Einstein receiving the Max
Planck medal from Planck (1929). 2) Fermi, Heisenberg, Bohr at the “Convegno di
fisica nucleare” (Rome, 1931). 3) Article headline of The New York Times regarding
the EPR paper (1935). 4) The line spectrum of hydrogen (from G.Herzberg, Annalen
der Physik, 1927). 5) A postcard from Walther Gerlach to Niels Bohr, showing first
results of the celebrated Stern—-Gerlach experiment (1922). 6) Charles Townes in
front of first prototype of maser, forerunner of the laser (1953). 7) Richard Feynman
(1980s). 8) Peter Shor, father of the quantum factorization algorithm (developed in
1994). 9) Ignacio Cirac, trailblazer of quantum computing and tensor networks tech-
niques (1990s-2000s). 10) Alain Aspect, a pioneer in entangled photons experiments
(in early 1980s). 11) Rainer Blatt with an experimental apparatus utilizing an ion
trap (2000s). 12) The IBM superconducting quantum processor (2022).
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factorization algorithm [16], which provides exponential speed up over the
classical counterpart. Despite these successes, currently available quantum
platforms suffer from strong noise issues, leading to short coherence times.
As a result, achieving universal fault-tolerant quantum computation is im-
possible in the near future. We currently live in the era known as Noisy
Intermediate-Scale Quantum (NISQ) [17], characterized by devices featuring
a moderate quantity of qubits, usually ranging from tens to a few hundred.
NISQ machines and methods are promising for tasks such as simulating
quantum systems, optimization and machine learning. An example is given
by Quantum Annealing (QA), an optimization method designed to find the
minimum of a complex Hamiltonian by leveraging quantum fluctuations
and tunneling effects generated by a time-dependent external field, similar
to how simulated annealing uses thermal fluctuations. However, it remains
uncertain whether methods like this will lead to a measurable quantum ad-
vantage.

In parallel with the outlined development of quantum information and
computing, last decades have seen a substantial increase of our comprehen-
sion in quantum many-body physics. A crucial focus has revolved around
understanding and examining the entanglement properties of quantum sys-
tems, both in equilibrium and out-of-equilibrium. In particular, entangle-
ment has been used as a general and powerful tool for identifying and char-
acterizing different phases, or phase transitions. This led to the development
of new theoretical frameworks, such as the Cardy-Calabrese formula which
relates the entanglement entropy of a one-dimensional critical quantum sys-
tem to its conformal field theory description [18]. Besides, a series of works
inspired by the physics of black holes and the holographic principle intro-
duced the notion of area law for entanglement entropy [19—21]. In particular,
it was shown that in 1D quantum systems, the ground-state entanglement
entropy between a block of 1 spins and its complement is bounded by a
constant in noncritical (gapped) regime [21], whereas it grows as logl in
correspondence of a critical point. What makes the area law intriguing?
One of the primary reasons of interest comes from a very practical situation:
the numerical simulation of quantum many-body systems. Indeed, when a
many-body state has limited entanglement, i.e. small quantum correlations
between its constituents, the possibility of finding a suitable representation
in terms of a reduced number of parameters becomes plausible. In this
way one could circumvent the “curse of dimensionality” or “exponential
wall” [22] that restricts exact treatments of quantum many-body systems
to small system sizes. This observation is at the foundation of Tensor Net-
works methods. The origins of these techniques can be traced back to the
early works of White in the 1990s, who introduced the density matrix renor-
malization group (DMRG) method [23, 24]. DMRG was initially designed
as a numerical algorithm to determine the ground state of one-dimensional
quantum spin chains by following a sort of renormalization flow of the den-
sity matrix of a block of spins. Over time, the concept behind DMRG was
expanded and generalized, leading to the development of the Matrix Product
States (MPS) [25—27], a powerful ansatz for 1D quantum systems. The value
of the MPS many-body wave function for a particular system configuration



is obtained as a product of matrices (vectors at the boundaries) that depend
only on a local degree of freedom, such for example a single spin. MPS today
allow for the accurate simulation of strongly correlated quantum systems in
1D, both at thermal equilibrium and out-of-equilibrium, thanks to a variety
of numerical methods and algorithms developed ad hoc. This has ensured
undisputed success for MPS in various fields, such as quantum many-body
physics, quantum computing, condensed matter physics and quantum chem-
istry [28]. The study of out-of-equilibrium dynamics is often carried out in
numerical experiments of “quantum quench”, by preparing the system in
a certain state \pp) and letting it evolve from t = 0 with the unitary dy-
namics generated by a specific Hamiltonian H. In other words, it involves
calculating the time-evolved state [{(t)) = e—itHt [Wo). The simplest MPS
method developed for this type of setup is Time Evolving Block Decima-
tion, a straightforward algorithm in which the unitary dynamics is reduced
to finite and discrete time steps, and the MPS matrices are updated using
local unitary matrices. The intrinsic increase in the complexity of the time-
evolved state, witnessed by the growth of its entanglement entropy, leads to
an increase in the size of MPS matrices, which is usually exponential in time
t. MPS thus encounter a sort of entanglement barrier, which, in this context,
represents a manifestation of the exponential wall of quantum many-body
systems. If a complete description of the many-body (micro)state at long
times t is likely impossible to obtain, however, at least in principle, it should
be possible to obtain a sort of effective MPS description (macrostate) where
the values of some physically relevant local observables (for example, one
or two-point correlation functions) are accurately reproduced even if one
discard a certain irrelevant part of the information contained in \p(t)) [29].
Another constraint of MPS methods arises from the system’s dimensional-
ity, since the area law in dimensions greater than 1 still entails the need to
encode entanglement entropy quantities that scale extensively with the lin-
ear dimensions of the system, requiring exponentially large MPS matrices.
Despite these limitations, MPS remains one of our most robust and pow-
erful computational tools in the NISQ era. They are likely going to help
us, among other things, in understanding many-body quantum dynamics,
analysing quantum circuits and protocols, exploring intrinsic resources of
the quantum states.

This work presents some results proposed during the years of my doctoral
studies that contribute to various aspects of the MPS numerical simulation
techniques. As we will discuss, these advancements concern both aspects of
quantum computing and aspects of quantum many-body systems.
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SUMMARY

In Chapter 1, we provide an extensive Introduction to Matrix Product States
and related numerical techniques.

In Chapter 2, we explore how Matrix Product States can be applied to
simulate 2D quantum systems, utilizing a generalized ansatz referred to as
Matrix Product Backflow States.

In Chapter 3, we discuss the application of Matrix Product States to the
simulation of the Quantum Annealing process for a classical optimization
problem of particular importance: the binary perceptron. To this end, we
develop an ad hoc MPS method. We also draw general conclusions about
the potential relevance and utility of MPS projection on states with bounded
entanglement entropy in order to effectively address optimization problems.

In Chapter 4, we introduce a new method to measure the nonstabilizer-
ness, also dubbed quantum magic, of a Matrix Product State. The method is
based on a new sampling Algorithm in the Pauli basis.

In Appendix A, we present a concise overview of Variational Monte-Carlo
techniques, which have been employed for optimizing the Matrix Product
Backflow States discussed in Chapter 2. In Appendix B, we provide supple-
mentary related to the study of Quantum Annealing with MPS in Chapter
3. Finally, Appendix C features an extensive introduction to the stabilizer
formalism, while also elaborating on the concept of nonstabilizerness. Ad-
ditionally, we present original results that shed light on the relationship be-
tween nonstabilizerness and entanglement.
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1 INTRODUCTION

As soon as the systems begin to
influence each other, the
combined function ceases to be a
product [...] Thus one disposes
provisionally (until the
entanglement is resolved by an
actual observation) of only a
common description of the two
in that space of higher
dimension.

E.Schrodinger,“The Present
Situation in Quantum
Mechanics” (1935)

In this introductory Chapter, we review some of the main aspects con-
cerning Matrix Product States (MPS) and Matrix Product Operators (MPO),
two tools that we will use extensively throughout the rest of the work. We
will discuss their principles and practical applications as powerful numerical
techniques studies to address the many-body quantum problem.

1.1 THE CURSE OF DIMENSIONALITY

We consider a quantum many-body system consisting of N qubits or spin-
1/2 . Each qubit, or particle, is described by a local Hilbert space 3(; ~ C?,
which is spanned by a certain orthonormal basis {|0), |1)}?>. The total Hilbert
space is obtained as the tensor product of the local Hilbert spaces

H= ®J—Ci . (1.1.1)

A generic quantum state \p) € H can be decomposed as

W) =Csysn [STo0SN) (1.1.2)

where we adopted Einstein’s convention on the repeated indices s; € {0, 1}.
This representation offers a full description of the wave function [p). How-
ever, it requires to store all the components cs, . s,, that means 2N complex
numbers. Thus, the storage of a double-precision wave function requires
approximately 17GB of memory for a system of size N = 30, whereas one

Sometimes, we will use the symbol d to denote the local Hilbert space dimension (d = 2 for
the standard case of qubits).

A common choice is to identify the basis states [0) and |1) with the two eigenstates of the
Pauli matrix 6% up [1) and down ||} respectively.



needs ~ 18PB = 18- 10°GB for N = 50! Similarly, processing [\), for in-
stance to compute a matrix element, requires an exponentially large number
of operations. As a matter of fact, simulating quantum systems of size larger
than N ~ 30 with exact numerical techniques is impossible 3. This curse of
dimensionality, or exponential wall [22], reflects the vastness of the many-
body Hilbert space. Notice however that, if we had a product state, i.e. a
state for which the components can be factorized as

[N](

Cspsy = cm(s1)...c SN, (1.1.3)

the storage would not be challenging, since it would require to memorize
only 2 complex numbers per site, i.e. 2N complex numbers in total. Hence,
the computational problem of storing and manipulating quantum many-
body states is somehow related to the intrinsic quantum correlations be-
tween the constituents (particles or spins), i.e. to the entanglement. For typi-
cal quantum many-body states, nearly all the information is encoded in the
correlations among the constituents [30]. We aim to describe strongly cor-
related states in which the simple mean-field approximation of Eq. 1.1.3 is
inadequate. This point will be discussed carefully in next Sections. In any
case, it is clear that, to investigate larger systems and aim to approach the
thermodynamic limit N — oo, it is necessary an alternative representation
of the wave function [\p) that allows for less data-intensive approximations.

Tensor Networks (TN) provide a possible solution. The goal is to represent
the tensor cs, . s,, Which contains the coefficients of the many-body wave
function, as a generic network of tensors, where each tensor corresponds to
a local degree of freedom (such as the spin s;). The entanglement between
neighboring particles is captured by connecting the tensors, i.e. contracting
them along auxiliary (unphysical) indices. This structure often impose a cut-
off on the amount of entanglement between different regions of the system.

As an introductory example, let us consider a system of only N = 2 spins
in the state p) = (]00) +[11))/v2. Clearly, the 4 coefficients cs,s, of the
wave function cannot be expressed in the factorized form of Eq. 1.1.3, since
[b) is not a product state (i.e. it is entangled). However, it should be noted
that if we define the following two basis vectors

e(0) = <(1)> e(1) = (?) (1.1.4)

1
CS]SZ = ﬁ

It is therefore possible to rewrite ¢ in a kind of generalization of Eq. 1.1.3 in
which the c(s;) are replaced by e(s;) (i = 1,2). In other words, we have ex-
plicitly factorized the wave function [\p) using an additional local dimension
that has transitioned from 1, in the case of scalar c(s;), to 2 for the vectors
e(si). Eq. 1.1.5 is a simple example of a TN state. The local tensors e(s1),
e(s2) are contracted by means of the scalar product to obtain the actual wave
function value.

we will have
(e[”(sﬂ)T-e[Z](sz). (1.1.5)

Except for the cases in which some symmetries can be exploited to reduce the dimension of
the Hilbert space.



1.2 TENSOR NETWORKS TOOLS |

In the following Sections we will review the basics of the most used class
of TN, namely the Matrix Product States. Before of that, we introduce some
important tools commonly used in such a framework: the Singular Value De-
composition, the Schmidt decomposition and the graphical representation of
tensors.

1.2 TENSOR NETWORKS TOOLS

1.2.1  Singular Value Decomposition (SVD)

Singular Value Decomposition is a crucial result in linear algebra stating that
it is possible to transform any matrix into a diagonal form by employing the
appropriate basis in the domain and in the image spaces [31]. To be more
precise, let M be a complex matrix of dimension m x n. Then M can be
always decomposed as [31, 32]

M =UAYV, (1.2.1)
where

e U is a matrix of dimension m x min(m,n) with orthonormal columns,
ufu=1;

e A is a diagonal matrix of dimension min(m,n) x min(m,n) with real
positive entries that can be ordered as follows A; > Ay > ... > A, > 0;

e V is a matrix of dimension min(m,n) x n with orthonormal rows,
vvi=1.

The real numbers A7 > Ay > ... > A, are called singular values of M. In
this context, the rank r of M is defined as the number of non-zero singular
values. The SVD decomposition is unique up to multiplication by complex
phases of the columns of U (rows of V) or permutations of singular vectors
having the same singular values [33]. The computational complexity of the
numerical algorithms for SVD is o(mn?),if m > n.

The Eckart-Young-Mirsky theorem states that, fixed a matrix M € C™*™,
for any unitarily invariant matrix norm || - [|, the minimum of [|[M — M|
between all the matrices M’ € C™*™ of rank r’ is obtained by choosing

M’ = UA'V A" =diag(A1, Az, ..., Av,0,..0), (1.2.2)

i.e. by truncating the list of singular values to the first v’ elements [34, 35].
An unitarily invariant norm is a matrix norm || - [| such that ||M|| = lutmv|
for all the unitary matrices U, V. An example is the Frobenius norm [[M|| =
Tr(MMT), which can be rewritten as ||[M|| = /Tr(AZ) (i.e. the Frobenius
norm square is equal to the sum of the squares of the singular values). This
result is highly relevant and widely used in various fields to achieve dimen-
sionality reduction, data approximation, etc. In Fig. 1.1, we show a possible
application of the SVD truncation (Eq. 1.2.2) to image compression.

3
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Figure 1.1: SVD can be used to compress images. Red, green, blue channels of the
original picture are converted to matrices and SVD is applied discard-
ing singular eigenvalues smaller than a given threshold (plots below).
Afterwards, the image is reconstructed (figure above).

Finally, let us mention that there exists a closely related matrix factoriza-
tion named QR decomposition. It states that we can factor any complex m x
n matrix M as M = QR, where Q is a matrix of dimension m x min(m,n)
with orthonormal columns, QTQ =1, and R is upper-triangular.

1.2.2  Schmidt decomposition and Entanglement

One fundamental application of SVD in quantum mechanics is the Schmidt
decomposition [36]. Let us consider a state ) € Ha ® Hg, where A, B are
two subsystems forming a bipartition and Ha,Hp are the corresponding
Hilbert spaces. The state can be decomposed as

hb) = cijlag) [b;) , (1.2.3)

where |ai) € {la1),laz2), .., lam)}, m = dim(Ha ) and [bj) € {/b1),[b2),...,[bn)},
n = dim(Hg). c is a complex matrix of dimension m x n, therefore we can
use SVD to get ¢ = UAV. We obtain

W) = U A Vi lai) [by) = Ax lag) [by) (1.2.4)
with k =1,2... min(m,n) and
lai) = Wik lai) [by.) = Vijlbj) . (1.2.5)

These new states are orthonormal, in fact
(aqlag) = UnUjy (ajla) = (Ui e = 81 (1.26)
(b{Iby.) = Vi Vi (bilb;) = (VVT) = d1xc

Eq. 1.2.4 is known as Schmidt decomposition. The normalization of the state
Ib) implies that

(W) =Te[cle| =flel? = 3" Az =1, (127)
k=1
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where r < min(m,n) is the rank of c. Because of Eckart-Young-Mirsky
theorem, the state

|11)/> = uik/\];\/kj |(li> ‘b)> /\/ = diag(/\1,/\2, ooy /\r/,O, O) T‘/ <r
(1.2.8)
is the best approximation of [{p) between all the rank v’ states*. The overlap
between the truncated state and the original state is

(Whp') = (UieAk Vi) U A{ Vg = (UTW i (VVT e ArA] =
T/ T
=Y AR =1— Y (A2 (29
1=1 k=141
and thus is determined by the sum square of all the discarded Schmidt
eigenvalues. Furthermore, if we consider an operator O acting only on
Ha, we have

T,/

(WIOAN) = Y A% (ailOalap)  W10AR") = Y A% (ailOalay)
k=1 k=1
and

5 =[(PIOAND) — (W'I0AN) | =

T T
2 A 2
= E A% (ar|Oalar) < ¢ E AL
k=r/+1 k=r/+1

(1.2.10)

where c is a constant representing an upper bound for the expectation value
of the (bounded) operator Oa. Hence, the error 5 in the expectation value is
on the order of the truncated weights. When these weights are sufficiently
small, we obtain a truncated state {p"), which is a satisfactory approximation
of ) even with regard to the expectation values of physical observables. 5

The Schmidt decomposition of a pure state p) holds significance as it also
provides immediate insight into the entanglement properties of the state. One
crucial way to evaluate entanglement is the von Neumann entanglement en-
tropy, which is defined as S = —Tr[pa logpal, where pa is the reduced
density matrix of the subsystem A [36]. Such quantity is known to be an en-
tanglement monotone, meaning that is not increasing under a large class of
quantum transformation, namely the Local Operations and Classical Com-
munication (LOCC) [36]. Given a Schimdt decomposition, one can easily
obtain pA as

pa = Tralb) (Wl = A% i) (il ,
and therefore the von Neumann entropy is the Shannon entropy associated
to the squared Schmidt eigenvalues, i.e.

S=—Trlpalogpal = —Aflog(AL). (1.2.11)

In general, the whole spectrum of the AZ, often called entanglement spectrum
can be used to characterize the entanglement properties of the state.

After the truncation, (') should be normalized to 1 again.

However, it is important to note that linear functions in [) (l$’)) can potentially be af-
fected by these approximations. Specifically, the error on () is: & = [ (dhp) — (PP} ] <
¢ Y k—rs41 Akl where ¢ represents an upper bound on (¢lay) [by). However, the 1-norm
> k—vr41 Akl is not bounded by the 2-norm Y j_,,,; A%, and thus & can in principle be
significant.

5
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1.2.3 Tensor Network graphical representation

In the context of Tensor Network theory is particularly useful to use a graph-
ical notation [4, 37-39]. A generic tensor Ti,i,.i, with k indices is repre-
sented as a shape with k outgoing lines (legs), each representing an index
(see Fig. 1.2a)). The identity matrix 1i; = d;; is depicted by a single contin-
ues line. The contraction of two tensors T, 7T’ is obtained by connecting the
legs representing the indices that are summed over (Fig. 1.2a)).

= C Ut =1

U*

vvi=1 ) =

V*

Figure 1.2: a) Graphical representations of a generic tensor Ty, i,. i,, of the iden-
tity matrix and of the contraction (product) of two matrices T,T’. b)
The SVD decomposition of a generic complex matrix M. Different line
thickness represent different dimensions of the matrices.

In such a framework, the SVD decomposition can be represented as in
Fig. 1.2b). Notice that the triangular shape of U,V specify the direction of
contraction giving rise to the identity when contracting with UT, V.

1.3  MATRIX PRODUCT STATE (MPS) DECOMPOSITION

In this Section, we show that any many-body state [{p) can be expressed in
a specific form known as a Matrix Product State. The procedure is based on
a series of SVDs. Let us consider the wave function tensor cs,. s, (Eq. 1.1.2)
and apply the following steps [27].

o We reshape c as a matrix P! of dimension 2 x 2N~!, by grouping
together the last N — 1 indices:

(1]
Vg (s2sn) = Cstsn - (1.3.1)

Next, we apply the SVD obtaining
(1] _ 1] (11,011 _ Al (2]
1])51/( ) _uS1a1/\ V ) _A (51)‘1] 11)((1182),(83...8]\1) .

$2...SN ai a1,(sz,..sN ( )
1.3.2
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For the second equality, we introduced the row vectors A I(s7), that

are labelled by the index s and have entries AJI (31 ) = S] cu We also
reshaped /\a]Va] (s5..55) N0 @ new matrix 11) (1182) (s5..sy) Of dimen-
sion 217 x 2N=2, where 1 is the rank resulting from the first decompo-
sition.

o We apply again SVD to the new matrix !, getting

b (2] —Uu (2] A[ZJ V[Z} (3]

(a1s2),(s3..5n)  ~(arsz),a2’v2 Vay,(s3sn) AQ‘GZ(SZ)ll)(azss),(mmSN)'
(1.3:3)
The size of the new matrix P13 is 2ry x 2N—3.

o We iterate the first two steps over the next sites i = 3,..., N. At the final
step we get

1 2
CS],..SN = AE:H] (S] )AEI]]GZ (SZ)"' Ag\}l\j],] (SN) . (1'3'4)

The steps are represented with the graphical notation in Fig. 1.3 a), whereas
in b) we show the final result.

a)

. J»L %»L L“
)
bbb bbi

Figure 1.3: (a) The outlined decomposition algorithm b) The final Matrix Product
State. Dotted grey lines represent auxiliary unphysical indices, which
are fully contracted.

The shape of matrices Al AN g

1X17, T1 XT3, T2 XT3, .., TN X1, (1.3-5)

and therefore we can write the tensor ¢ as a product of spin dependent
matrices (vectors at the boundaries)

Copsny = A (s1)AR (52).. AN (5. (1.3.6)

Frequently, the indices [1], [2]... [N] are omitted, yet it is important to be aware
that the local tensors A depends on the site. By construction, the ranks j
obey to the following inequalities

n<2, <M<, .,

T™N/2 S 2N/2) TN/2+1 S 2N/, LIN K2,

7
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The number of entries of the matrices A grows exponentially with N, since
no information has been discarded in the construction. However, as we
will discuss, in certain cases we can bound the dimension of the matrices
A without significantly compromising the accuracy of the many-body state
description.

Let us observe that, because of the unitarity of the matrices U, we have the
following relationship

éaj aj’ = (UT) aj,(aj_1,s; )Ll(aj,],sj ),al

)
(1.3.7)
- ALJ’ aj—1 (S] )Aajfl a]_/(Sj) = (AT(S) )A(SJ )) aj aj’ :
Therefore, each set of matrices A obeys to the condition
Al(si)A(s;) =1. (1.3.8)

Given our result (Eq. 1.3.6), we can attempt to reconstruct a Schmidt decom-
position. We will divide the system into two parts: A, spanning from site
1 to site j, and B, spanning from site j + 1 to site N. It is quite natural to
introduce the following states

la) = D (Als1)Als)) 1, Is1.85)

- (1.3.9)
bo) = Y (Alsje1)Alsn)) g1 I8501-5N)

These states are labelled by the index aj (ranging from 1 to 1) and repre-
sent a set of auxiliary states of the Hilbert space of the first (last) j (N —j)
spins. We can write our original state \p) as () = Zaj \aaj> |baj>. This de-
composition looks very similar to the Schmidt’s one. By using the property
of Eq. 1.3.8, we can easily prove that the states [aq;) are orthonormalized.
Indeed:

(aq/laq;) = > (A(s1)...A(sj));‘aj,(A(m)...A(sj))mj —

= Z ((A(S1) A(SJ)T)a,](A(S”'"A(Si))mj - (1.3.10)
=) (AT(sj)...AT(m)A(s1)...A(sj)> = Oajq;

where in the last line we used Eq. 1.3.8 for sites 1,2...j. However, the same
calculation cannot be repeated for the states |ba).). For this reason the ma-
trices A are called left-normalized, and the result of our decomposition is a
left-normalized Matrix Product States (MPS) [27].

Obviously, we can repeat the same steps starting from the last site of the
chain. In this case, we would obtain a similar decomposition [27]

Csrsn = B (s1)BP (52).. BN (sn) (1.3.11)
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in which each set of matrices B obey to the condition
B(sj)BT(sj) =1. (1.3.12)

This is a right-normalized MPS. In Fig. 1.4, we represent the left and right
normalization conditions for MPS tensors A and B respectively.

Independently of the normalization of the local tensors, we can define an
MPS as a many-body quantum state [p[A]) that can be expressed as

PIA](s) = (shp[Al) = Al (s1) A (s7).. AN (s) (1.3.13)
where

A is a tensor of shape (xo,d,x1), %o =1
A2l is a tensor of shape (x1,d,X2)

(1.3.14)
AN s a tensor of shape (xn—1,d,XxN), XN =1

and d is the dimension of local Hilbert space (d = 2 for qubits or spin-1/2).
The integers Xo,X1...,XN—1,XN are named bond dimensions. More in gen-
eral, one can also consider MPS with Periodic Boundary Conditions (PBC),
defined as

PIAI(s) = (shbIA]) = Tr [AT(s1)A (s2)... AN (sn)] - (1.3.15)

Here, the boundary tensors A AN are allowed to be matrices in the aux-
iliary space.

Figure 1.4: Left-normalization and right-normalization conditions of the MPS ten-
sors. Conjugated tensors are represented as dotted lighter shapes.

1.4 BASIC PROPERTIES OF THE MPS

1.4.1 Entanglement

To examine one of the main properties of MPS, let us consider a left-normalized
MPS and perform a series of SVD of the tensors A, starting from the site N
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towards the site 1. At each site i we obtain Aq, ,q,(si) = Uq, ,kAkBka;(51)
and we incorporate the matrices U, A into the next site i — 1. Notice that
in this way one can eventually pass from the initial left-normalized MPS to
a right-normalized MPS (when 1 = 1) [27]. At a generic intermediate step,
we obtain an object as the one depicted in Fig. 1.5, i.e. an MPS in a mixed
form with a certain bond dimension x. Importantly, the wave function’s left
and right sides are orthogonalized, ensuring a valid Schmidt decomposition
and enabling access to the Schmidt spectrum Ay (k = 1,2...x). As already
discussed, this is strictly related to the entanglement properties of the state.
For instance, one can easily evaluate the von Neumann entanglement en-
tropy S as in Eq. 1.2.11. The entanglement entropy is maximized when all
the eigenvalues takes the same value,i.e. AZ = 1/x so that

1 1
S<—x-—log| - | =log¥x.
x- - log () ~logx

Thus, the MPS bond dimension X gives a bound on the maximum entangle-
ment content of the state: a state exhibiting an entanglement entropy value
S for a given bipartition can be expressed as an MPS only using tensors
with auxiliary dimension x ~ exp(S). This observation confirm our initial
suspects: a profound link exists between entanglement and the intricacy in-
volved in encoding and storing the information of a quantum state. MPS
allow to write weakly entangled wave functions in a compressed form.

An example is provided by states that satisfy the area law of entanglement,
namely those for which the entanglement entropy between a subsystem A
and its complement B scales as S o« 0A. Random quantum states typically
do not exhibit this behavior and conversely satisfy a volume law, i.e. S o< |A].
Nevertheless, the ground states of one-dimensional gapped Hamiltonians
for spin systems with local interactions are known to satisfy the area law [21].
In this case, since the boundary that separates two subsystems within a one-
dimensional chain does not scale with the subsystem, the entanglement en-
tropy remains bounded by a constant. Importantly, this allows to represent
the state in an MPS form with a finite and reasonably small bond dimension
X, even in the thermodynamic limit. At a critical point however the energy
gap typically vanishes and the entanglement entropy of a subsystem of size
n acquires a logarithmic correction taking the form [18]

S(n) = - log <27]_[\] sin (m)) +0(1) (1.4.1)

where c is a constant (dubbed central charge) that characterizes the under-
lying Conformal Field Theory. This equation translates into a logarithmic
scaling of the half-chain entanglement entropy

S(h=3) = ¢

3 log N+ O(1). (1.4.2)
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Suomo—>

Figure 1.5: Converting a left-normalized MPS into a right-normalized MPS. At in-
termediate steps, a Schmidt decomposition of the state is obtained and
entanglement spectrum is accessible.

1.4.2 Gauge freedom

The MPS representation is not unique. This can be easily verified by in-
serting an identity X (X“])_] = 1 in each auxiliary bond, i.e. replacing in
Eq. 1.3.13 the original tensors Al with

Al — (X“‘”)’%“Wm (1.4.3)
(X[0) = XINI = 1). The state is unchanged, namely

P[A](s) =P[A](s), (1.4.4)

however our parameterization has been modified. In other words, the map
A — [P[A]) is not one-to-one. Thus, there is a gauge freedom in representing
a quantum state with an MPS [27, 38, 40, 41]. This arbitrariness can be
used proficiently to obtain computational advantages. For instance, we can
remove part of the gauge freedom by imposing constraints, such as the left
or right orthonormality conditions of the tensors.

1.4.3 Transfer matrix and correlation functions

Let us suppose to have an MPS (p[A]) and an operator O which acts locally
on the Hilbert space, i.e. O = O @ ... @ OMN. The expectation value of O
over P[A]) is

(WIAIIOM LOMNIRIAT) =A%, (s1)... A%y, (sk)(OM) ¢ .

(0N |

Aa] (S] ) AaN,] (SN) (145)

/
SNSN

These tensor contractions can be represented graphically as in Fig. 1.6a).
Often in this context it is useful to define the following tensor

[i] _ / [i]

(EO )(a{,l ai—1),(alai) AZ{A a{(si) (O ' )S{Si Aai*T ai(si) (1'4'6)
which is usually dubbed transfer matrix (see Fig. 1.6b)). The transfer matrix
acts as a super-operator in the auxiliary space, since it can map a matrix
Ma! | a;_, to a new matrix M t/a.- In terms of the transfer matrix the expec-
tation value of Eq. 1.4.5 becomes

ATl AIN] e [ [N] B
<¢[A]|O .0 N)[A]) - (EO )(a{a])(EO )(a{a]),(aéaz)“'(EO )[a{\,q an—_1)

11
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From a practical point of view, one can start by contracting the network
starting from the left and creating an “environment matrix” L/, which

is updated site by site applying the transfer matrix E[Oﬂ. If the update of L
is performed contracting the tensors as in Fig. 1.6c), the computation cost
is O(x3), regardless of the system size N. After N updates, one reach the
right boundary, obtaining the desired expectation value. In some cases the
evaluation can become even simpler by using the MPS gauge freedom. For
instance, the evaluation of a the expectation value of an operator O'*! acting
only on the site 1 becomes trivial if one has the MPS in a mixed canonical
form centered on the site i (see Fig. 1.6d)).

Let us now consider the calculation of a correlator (|0 OUI[) [27]. We
can define the transfer matrices Eg as in Eq. 1.4.6, and

F—(ai’_1 ai_1),(ala;) = AzL] a{(si)Aaiq ai(si) . (1~4-7)

Notice that E is obtained as a particular case of Eo, by replacing (O") ,
with the identity 85/, From its definition, it is straightforward to see that
E is a completely positive map and the MPS matrices A play the role of the
Kraus operators for quantum channels [36]. If the tensors A are left normal-
ized, then the identity 8., o, , is a left eigenvector of E, with eigenvalues
1. Furthermore, one can prove that in this case 1 has to be the largest eigen-
value in modulus. In general, the transfer matrix E can be written in the
basis of its left and right eigenvectors as

2

X
E= Z Ak Ilie) (vl (1.4.8)
k=1

where the states [lk), (rk| belong to the (doubled) auxiliary space. We can
set [11) as the leading left eigenvector, with eigenvalue 1. We have

WOHOI ) = g gli-Tgdglirt gl-tglgh+1l g —
= Tr[E1 B IEGR O VR e

—Tr [E[Ci)]E[i+1].__ E“‘”Eg]E[””... ENIg) E[i—]]]

By supposing to have a translationally invariant system in the thermody-
namic limit N — oo, we can assume that the A (and E) matrices are essen-
tially site independents. Thus, we get

OO ) = Tr[Eg](E)j7171E[Oﬂ(E)ij+ifl} _
= > (WIES ) AT (e ) Ay
kL
where we used the decomposition in Eq. 1.4.8. Since 1 is the dominant

eigenvalue, we get

A1 A ] [i] j—1-1 5 _ _Uf;;”
WIOH O ) —>N_>Oo§<l1|Eork>7\k (UED ) C°+kZ>1€ke k
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Therefore, the generic form of a two-point correlator over an MPS is given
by the superposition (sum) of decaying exponentials. Since correlators over
typical states in gapped systems exhibit exponential decay over distance,
MPS are exceptionally effective in characterizing such states. Furthermore,
it turns out that a sum of exponential can provide a reasonably accurate
approximation even for power-law decay, at least at short distances. This
fact enables the use of MPS to describe critical systems with a good degree
of accuracy.

a,) P --B--9--@9-- -9
(ploM...OWN ) =) on olil OV

b)

el g

Figure 1.6: a) Evaluation of an expectation value of a tensored operator O =
OM..OMNI. over an MPS [W[A]). b) The transfer matrix Eg. ¢) Op-
timal contraction scheme. The environment matrix L of size x x x is
updated by applying the transfer matrix and indices are contracted in
the displayed order. d) Evaluation of a local expectation value over a
mixed canonical MPS.

1.4.4 MPS compression

Compressing Matrix Product States from a high bond dimension D to a
lower one Y is essential because it significantly reduces computational costs,
making complex quantum simulations more practical and efficient. MPS
compression can be achieved by the iterative algorithm reported in Ref. [27,
42]. This is designed to minimize site-by-site the Hilbert space distance
between the two states with respect to the compressed local tensor Aﬁﬂ_],ai,
ie.

2 (n ) — ) ||2> _o, (1.49)

a(A&L],ai)*

13
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where [), P) are respectively the uncompressed and the compressed MPS.
Eq. 1.4.9 can be rewritten as

d . ) ) N\
et (19 90) = (5 ey )9+

0 ~
B <aAai_]ai(si)* <“">1’)> =0

(1.4.10)

which is linear in AQH a,(si) and can be represented graphically as in Fig. 1.7a).
Interestingly, if one has the MPS in a mixed canonical form centered in i, the
equation can be simplified becoming

Aai,1 aj (Si) = Lai,] oo A(Xi,1 o4 (Si)Rociai ’ (1'4'11)

where L and R are left and a right environment tensors of shape x x D and
D x x (see last line of Fig. 1.7a)). The key aspect here is that, after obtaining
a solution for AGH a.(si), SVD is employed to maintain the normalization
structure. For instance, one can left normalize Al and incorporate the re-
maining SVD matrices into the next site A" (Fig. 1.7b)). In this way, we
obtain a mixed canonical form with respect to i+ 1. The left environment
tensor L can be updated as in Fig. 1.7c), whereas the right environment ten-
sors R must be computed and stored (starting from site N towards 1) before
the procedure begins. At the beginning the compressed MPS is initialized in
a right-canonical form. In practice, one iteratively performs a series of local
minimizations, by sweeping along all the system sites a certain number of
times Ngyeeps. The computational cost of the MPS contractions involved in
this procedure is O(NsweepsNsz) [27].

1.5 MATRIX PRODUCT OPERATORS (MPO)
An operator O acting on the Hilbert space J{ can always be decomposed as

O = C(ShS{)...(SN,S{\I) |S1...SN> <S{S{\|\ . (1.5.1)

The similarity with Eq. 1.1.2 implies that we can decompose the tensor c in
a way analogous to how we decomposed the state [\p), whit the dual index
(si, s{) taking the role previously held by s; [27]. We obtain the analogous of
Eq. 1.3.6 in the world of operators, i.e. the following Matrix Product Operator
(MPO)

=W (sy,s1) WiN (s, s) (1.5.2)

Cls1,8))(sn,54)

where W' are matrices (vectors at the boundaries) depending on the two
spin variables s, s’. The size of auxiliary space defines the MPO bond dimen-
sion. A graphical representation of this entity is presented in Fig. 1.8a).
Importantly, the expectation value (|Ohp) of an operator O represented
in the form of an MPO over an MPS [{p) can be computed efficiently (see
Fig. 1.8b)) [27, 43]. In particular, one can proceed as illustrated in Fig. 1.6¢),
with the only difference being that now the environment tensors have an
additional auxiliary index. If we denote the MPO bond dimension as D, the
overall cost will be O(x3D?). Another important task is the application of an
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11)-

\¢> w oD

Figure 1.7: The iterative compression algorithm for MPS. The compressed (uncom-
pressed) MPS tensors are represented by violet (green) shapes. a) The
minimization of the states distance with respect to the uncompressed
MPS tensor (Alt)* (first line) gives a linear equation for AU, Since the
MPS tensors to the left (right) of Al are left (right) normalized, the lin-
ear system is greatly simplified (third line). b) The solution for A is
decomposed to preserve the mixed canonical form for the next step. c)
The left environment tensor L is updated.

Figure 1.8: a) A generic Matrix Product Operator (MPO) with bond dimension D.
b) The expectation value (Y|O[p) of an MPO over an MPS.

MPO to an MPS. This operation can also be performed efficiently and pre-
serves the MPS form, but increases its bond dimension from x to Dx [27, 43].

In addition to their computational relevance, MPOs can be used also as an
exact analytical tool in a variety of contexts, ranging from classical statistical
mechanics to integrable systems (the Bethe ansatz can be rewritten in terms
of an algebra of commuting MPOs) [44].
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1.5.1 Examples of useful MPOs

In order to manipulate an MPO, it can be useful to define the following
matrices of operators Wgé = Wg}a (si,8{)Isi) (s{l, where «, 3 are indices be-
longing to the auxiliary space. We get

O =wl._ WwiN (1.5.3)

One can think at the above equation as the action of a finite state machine
operating on D different virtual states, as in Fig.1.9.

Figure 1.9: An MPO having bond dimension D can be thought as a finite state
machine acting on D virtual states.

To better understand the mapping, let us define the vectors

vl =Wl Wi 1=1,2..N,
whose entries are operators. We have

1—1 ~ [1—1]4,01
VI STy,

meaning that the W are transition matrices for the vectors V. V represent
the internal states of the finite state machine. We will now show how the
transition matrix (the MPO) can be adjusted to obtain a represantation of
some useful operators O.

Let us begin with a simple example. Suppose O = £7 is the total z—magnetization
operator

Let us consider a finite state machine operating on D = 2 states and let us
represent its action as in Fig. 1.10. The corresponding transition matrix is

. i o
[ _
W ‘(6% fl)

with 1 = 2,...N. The vector WINI set the starting state of the machine. It can
be both | 1] (and in this case we have to apply the identity operator lN) or
(and in this case we have to apply the operator 6%;). Hence, we set

()
oN

It is easy to realize that, by applying the W matrices to W™, one get

V2 _ Lele.. ol
Yhbhe.elio6elige..els
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Now, it becomes obvious that to obtain the operator 6 we have to set
Wil = (87 1) .

It is not difficult to recast standard 1D Hamiltonians as MPOs with such
techniques [27]. For instance, let us consider the following Ising Hamilto-
nian, with exponentially decaying couplings

N i—1

—]ZZ?\i*"&ffr]—Z—ZhO', (1.5.4)

i=1j=1 i=1

A

where h is the on-site magnetic field and ¢ = (6',62,63). The finite state
machine plotted in Fig. 1.11 can realize such operator. Indeed, at each loop
on the intermediate state | 2 | one acquire a factor A, obtaining A'~J before of
jumping on . The corresponding transition matrix is

A

1 0 0
Wil = [ 62 Ao,
~h-op —JA67 1
whereas the boundary vectors will be
1
W = (~h.oy —JA6%7 1) WiN = | 6%,
—h-O‘N

Notice that if we set ] = Jo/A and let A approach o, the Hamiltonian in
Eq. 1.5.4 simplifies to the standard short-range Ising Hamiltonian. Conse-
quently, in this scenario, we can employ the values of W listed above with
A = 0. These tricks can be used also to get the power-law long-range Ising
Hamiltonian with power-law decaying couplings, i.e.

N 6%6% N

A 103

H——]X GA=3)= —Zh-c
i#j i=1

with o > 0. To this purpose, one can fit the power law 1/r% as a sum
of decaying exponentials, i.e. 1/7% ~ Y ' jcxe /& = Y I | ck AL, with
Ak = e~ 1/, In this way, we can employ a finite state machine resembling
the one represented in Fig. 1.11 but with more intermediate states, each
corresponding to a fixed value of Ay. In this case, the MPO bond dimension
equals to D = n + 2. One can also easily design an MPO representing a 2D
Hamiltonian on a square lattice of size Ny x Ny, as for instance

The result is the finite state machine represented in Fig. 1.12. The price to pay
is having a bond dimension D scaling with the system linear size Ny, (or Ny).

17
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1
Figure 1.10: Finite state machine representation of the 6% operator expressed as
MPO.

0 0

Figure 1.11: Finite state machine representation of the long-range Ising Hamilto-

nian expressed as MPO.
1

1
()
@\a_z/

Figure 1.12: Finite state machine representation of the 2D nearest-neighbours Ising
Hamiltonian expressed as MPO.

1.6 DENSITY MATRIX RENORMALIZATION GROUP (DMRG)

The ability of DMRG method to accurately describe ground-state quantum
properties, capture entanglement and correlations has made it an indispens-
able tool for investigating low-energy physics in a wide range of systems [28].
DMRG was initially proposed in 1992 by Steven White in terms of a sort of
renormalization flow for the density matrix of spins blocks [23, 24], and
afterwards reformulated in terms of MPS optimization [27, 45, 46]. Nowa-
days nearly every cutting-edge DMRG implementation employs MPSs and
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MPOs [27, 33, 47, 48]. Here, we provide a brief overview of this approach,
specifically focusing on its simplest form, known as the one-site DMRG [27,

33].

In short, DMRG exploits MPS as a variational ansatz to approximate the
many-body wave function describing the ground state. Following the prin-
ciples of the variational method [49], one has to minimize the functional

amdszMWWwwOwaww4> (1.6.1)

with respect to the variational parameters Aq, ,q,(si) (i = 1,2..N). No-
tice that in Eq. 1.6.1 we introduced the Lagrange multiplier ¢ to enforce
the normalization constraint 2-€ = (Y[AJWp[A]) — 1 = 0. Taking the partial
derivative with respect to the conjugate of the tensor A, we get

9 *8[A,e]:(

a A
ag yai(s1)* *wmmeMH

aAai,1ai(Si) (1 62)

d
~ € (M <1|)Wl> WIAT) =0.

This equation is linear in Aq, ,q,(si) and can be represented graphically as
in Fig. 1.13a) if one assume that the Hamiltonian H is expressed in as an
MPO. Interestingly, if one has the MPS in a mixed canonical form centered
in i, the equation can be simplified becoming

/(si) = €Aqq_jai(si), (1.6.3)

i

M(aiq ai),(aj_;ai) (Sif S{) AaiL] a
namely a simple eigenvalue problem. Furthermore, because of the MP-
S/MPO structure, the operator M can be expressed in the following form

M(ai,1 ai),(aiq (1-1) (si/ 51/,) = LCH,] Xi_1 a{71 WOC1',71 X4 (Si/ 51/_) Raitxi (1{ (1'6'4)

in terms of a left and a right environment tensor L and R (see last line of
Fig. 1.13a)). Our (local) optimization problem can now be solved or by brute
force diagonalization of the operator M, or with an iterative solver, such as
the Lanczos method. As in the MPS iterative compression (Sec. 1.4.4), it is
important that, after obtaining a solution for A4, ,q,(si), SVD is employed
to maintain the normalization structure. For instance, one can left normalize
AW and incorporate the remaining SVD matrices into the next site Ali+1!
(Fig. 1.13b)). In this way, we obtain a mixed canonical form with respect to
i+ 1. The left environment tensor L can be updated as in Fig. 1.13¢), whereas
the right environment tensors R must be computed and stored (starting from
site N towards 1) before the procedure begins. At the beginning the MPS is
initialized in a right-canonical form. Typically, one repeats the outlined local
optimization a number of times, each time sweeping all the sites of the chain.
The convergence of the method can be assessed by tracking the variational
energy ¢ or its variance 52H = (b [A]lﬂzlw[A]> - [AllA] [A]>2 (which can
also be evaluated very easily).
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Figure 1.13: DMRG in a nutshell. a) The minimization of the energy functional
with respect to the local MPS tensor (Alt))* (first line) gives a linear
equation for Al (second line). Since the MPS tensors to the left (right)
of Al are left (right) normalized, the linear system is simplified to an
ordinary eigenvalue problem. b) The solution for A* is decomposed
to preserve the mixed canonical form for the next step. c) The left
environment tensor L is updated.

1.7 TIME EVOLVING BLOCK DECIMATION (TEBD)

In addition to computing ground states, MPS enables efficient numerical
simulations of the time evolution of a closed quantum system. The goal is
to evaluate

(1)) = exp (—iHt) (p(0)) , (1.7.1)

where H is the many-body Hamiltonian. Usually, the dynamics is discretized
into time intervals of length 6t. A direct calculation of the exponential
exp(—iHbdt) is possible only for very small N. If one has a Hamiltonian
that includes exclusively nearest-neighbor interactions, i.e. ' = Y ; hii 1,
the first-order Trotter decomposition of the time evolution operator reads as
follows

uPeets, =exp (—iHst) = exp (— iH™"5t — iF*d5t) ~

2
~exp (— iH"5t) exp (— iF°%5t) exp (— (6? [Feven, Fedd]) =
=exp (—iA8t) exp (—iM°9st) +0((5t)?)

Ui

(1.7.2)
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Mreven __ . Njodd .. :
where H = Zi@vep sites h},1+1 and HY = } : 44 sites Ni,i+1- Since all the
summands h; i1 in HE, 244 commute with each other, we have

exp (—iH®"5t) = H exp (— thi,i+18t)

iE€even sites

exp (— il:l"ddét) = H exp (— thi,i+18t)
i€odd sites

(1.7.3)

Now, rather than exponentiating a single large matrix H, one has to compute
exp (— ihi,i+18t). This can be done very easily since h; i1 is a 4 x 4 matrix
(or a2 x2x2x2x2 tensor). The resulting object, usually dubbed “bond
operator”, is a unitary gate acting on two sites.

To complete a full time step UIEE%,[, the procedure involves applying the

bond operators on odd sites first, followed by those on even sites. The full
tensor network representing TEBD evolution is depicted in Fig. 1.14. One
practical approach to apply the bond operators consists in starting from site 1
and moving to site N, sequentially applying exp (—ihi,i;+15t) (i odd). Then,
similarly, one evolves the bond operators on even sites exp ( —ihi 141 6t) (i
even) by moving from site N to 1. Importantly, using this procedure, at
each step, one can apply the bond operators to an MPS in a mixed canon-
ical form. The implementation of bond operators locally disrupts the MPS
form, but this can be restored through the use of SVD (see Fig. 1.15). No-
tice that, since a mixed canonical form is used, the SVD provides access to
the Schmidt eigenvalues (entanglement spectrum) of the full system with
respect to the bipartition defined by the bond i,i + 1. The SVD increase
the local bond dimension by a factor of 2, but one can choose to truncate
the Schmidt eigenvalues/eigenvectors in such a way as to keep the bond
dimension within a fixed value x set at the beginning. This technique can be
applied also to simulate a quantum circuit with local unitary gates (indeed
Fig. 1.14 represents a quantum circuit with a brick-wall structure).

s | e ) G
666666

Figure 1.14: Sketch of TEBD applied to an initial MPS.
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truncation

Figure 1.15: The bond operator exp ( — ih; i1 15t) is applied to two MPS tensors
(here in a mixed canonical form). Afterwards the MPS form is re-
stored by means of an SVD. Schmidt eigenvalues/eigenvectors can be
truncated to keep the bond dimension within a fixed value x. Finally,
the mixed canonical form is shifted for the next step of the sweep.

1.8 MPS AND QUANTUM CIRCUITS

The purpose of this Section is to explain how an MPS [\p) can be obtained
by applying a suitable unitary operator U' to the simple product state 10)@N,
This aspect is particularly relevant since it enables the implementation of
an MPS on a quantum platform. We want to satisfy the equation [p) =
Ut 0), or also Whp) = |0). The latter shows that U is a disentangler operator
(because when applied to the entangled state [\p) gives the disentangled state
|0)). Furthermore, in principle, we would like the unitary operator U to be
expressible in terms of (local) one qubit or two qubits gates, making it more
easily implementable on a quantum device. Our starting point is the MPS

ll’[A] (S) = Aa1 (51 )Acu az (52)--- ACIN,] (SN ) ’

that we assume to be in the right-normal form. Let us begin by examining
the case in which the local bond dimensions x; equal the physical dimension
d(= 2), for all the sites 1 = 1,2... N. We focus on a certain site i in the bulk
(1 <1< N) and we reshape A as a rectangular matrix of shape x x dx by
means of the mapping Aq; ;q;(Si) = Aq, ,(ays;)- The right-normalization
condition is now expressed by AAT = 1,,. Let us notice that ATA is not
guaranteed to be the identity. Therefore A is an isometry matrix (not unitary!).
The idea is to embed A into a proper unitary matrix U. To do this we have
to add an extra (fake) index §, i.e.

Aaiiylaisi) 7 Waiysin)aisy) (1.8.1)
so that U will be a square matrix of shape xd x dx. The reason why we
choose the label §;; 1 will be clear later. Let us now set

u(aiqlo)/(ailsi) = Aaiqr(ai,SiJ : (1.8.2)

This condition is graphically represented in Fig. 1.16 and ensures that when
U is applied on the state |0) the results is the original MPS tensor A.

This means that the first x rows of the matrix U will be composed of the x
vectors of length dx contained in A. The idea is now to fill the other xd —x
rows with other vectors in order to create an orthonormal basis of the com-
plex vector space CX4. This can always done, for example by means of the
Gram-Schmidt process. After that, U will necessarily be a unitary matrix,
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Figure 1.16: Embedding the local MPS tensors A into a unitary matrix U.

satisfying U

Something different occurs on the boundaries. If i = 1, A has shape 1 x dx
(i.e. it is just a single vector of length dx). Therefore, we have to add two
extra (fake) indices in order to embed A into a unitary matrix of dimension
dx x dx. The mapping will be

A(alm) - u(§1r§2)/(al/51) : (1.8.3)

As usual, we have to set

W0,0),(ar,s1) = Alars) (1.8.4)

and fill the other dx — 1 rows of the matrix with new orthonormal vectors.
On the other hand, when i = N the tensor A has shape x x d. Since x = d,
this is already a square unitary matrix.

After these mappings, we found that the original MPS can be formally
recast into a series of unitary operators acting, by the fake indices §, on N
copies of the state |0) (see second line in Fig.1.17a)). Now, since x = d, we
can think the auxiliary indices a to be themselves physical indices. We can
therefore reshape the circuit and obtain the graphical representation in the
third line in Fig. 1.17a). This is a proper staircase quantum circuit, composed
only by one qubit and two qubits gates.

Let us now consider the general case. For a generic MPS the bond dimen-
sions are

Xxi=24,8.%x ..x...842 for 1=1,23. N—3,N—2N-1.

X is the bond dimension in the bulk and we will assume to be a power of 2,
i.e. x = 2™. An MPS of this kind is represented in the first line of Fig. 1.17b),
where each grey dotted line represents a binary index (in the bulk the aux-
iliary indices will have n of these). The exact mapping between the MPS
and the quantum circuit is a straightforward generalization of the previous
case, making use (in the bulk) of log, x + 1 = n + 1 qubits gates. The map-
ping is schematically sketched in Fig. 1.17b). These gates can be in principle
further decomposed into a series of sequential 2-site unitaries. As shown in
[50], the number of CNOT gates necessary for the decomposition of a single
(n+ 1) qubits gate is O(3 4n=1) = 9(x?). Thus, the optimized MPS can
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Figure 1.17: The MPS to quantum circuit mapping: a) for the simple case x = d; b)
for the generic case x > d.

be recast into a quantum circuit consisting of O(Nx?) elementary two-qubits
gates (such a CNOTS).

Finally, let us mention that one can achieve an approximate quantum cir-
cuit U by iteratively optimizing the fidelity between the target MPS and the
quantum circuit, i.e.

F =Wl Uo) .

J can be represented as in Fig. 1.18, where U is made of D “staircase” layers
of two qubits gates. At a generic step of the iterative optimization, we fix all
the two qubits gates except for one. We have

F=1DIUIp)1*,

where 1)) (/) is the states obtained by applying the fixed gates to ) (|0))
and U is the two-qubits unitary gate we want to optimize. By defining
the environment operator E = |d) (D], we have F = |Tr (UE)IZ. Let us no-
tice that if Uopt is a possible unitary optimal solution of the problem also
Uopte'®, for any phase 6, is a solution. Therefore we can assume Tr (UE)
to be real. Now, the following inequality applies: |Tr (UE)| < [[E|l;, where
IEl; = Tr(\/ﬁ) - Tr(\/V/\flTll/\VT> — Tr(A) and E = UAV! is the SVD
of E. Let us notice that if we fix U = VU the inequality is saturated. There-
fore this is the optimal choice of the local two-qubits gate. After fixing this,
one can move to the next gate of the staircase, in an iterative fashion [51].
By performing an adequate number of iterations along all the gates of the
circuit, this procedure is expected to reach convergence.
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Figure 1.18: The fidelity maximization problem at a generic step of the iterative
method.






2 MATRIX PRODUCT STATES WITH
BACKFLOW CORRELATIONS

Understanding quantum many-body systems in and out of equilibrium is
one of the most exciting open challenges in physics and chemistry. In recent
years, significant progress has been made in the study of strongly correlated
quantum systems, on many fronts. For example, several experimental ap-
proaches implementing Feynmans’ quantum simulators [15] are allowing
the controlled exploration of uncharted territory [52—58]. Recent experi-
ments based on Rydberg atoms in optical tweezers allowed the simulation
of quantum computational schemes to unprecedented system sizes. This has
prompted a renewed interest in numerical techniques capable to provide ac-
curate estimations for future quantum simulations [59-63].

On the theoretical level, the development of Tensor-Networks (TN) tech-
niques has significantly expanded the scope of variational approaches to
quantum many-body systems since the introduction of the Density-Matrix
Renormalization Group (DMRG) algorithm [23]. The goal of TNs is to
represent the quantum many-body wave functions by means of a set of lo-
cal tensors, connected in a generic network via auxiliary bonds with finite
dimension ¥, thus overcoming computational limitations due to the expo-
nentially large Hilbert space [64, 65]. The bond dimension x can be adjusted
to manipulate the information content of the TN, thus going from product
states (x =1), reproducing mean-field approximations, to the exact but inef-
ficient wave function representation. In 1D, the Matrix Product State (MPS)
geometry has demonstrated an unprecedented degree of accuracy for both
equilibrium and out-of-equilibrium problems [27, 66]. We refer the reader
to Chapter 1 for a detailed introduction to TNs and MPS. However, TN
have some fundamental limitations, such as the intrinsic hardness of finding
efficient contraction schemes [67] and unfavorable scaling of the required re-
sources with the system size in higher dimension [64]. Most successful TN
geometries, like Projected-Entangled Pair States (PEPS) [68] and Tree Ten-
sor Networks [69], suffer from specific drawbacks: while the latter does not
satisfy the Entanglement area law (although some effort has been spent to
overcome this limitation in Ref. [61]), the former suffers from high algorith-
mic complexity, O(x'?), and lacks exact computation of expectation values.

In parallel to the progress of TN, artificial Neural Networks (NN) have
been discovered and used in a plethora of different scientific fields, prov-
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ing astonishing versatility in physics applications [70]. In recent years, they
have been employed as a variational ansatz for quantum many-body prob-
lems [71]. In this context, a number of possible architectures have been
tried, such as Restricted Boltzmann Machine (RBM) [71, 72], Feed-Forward
NN [73, 74] and Recurrent NN [75]. These ansatze have been proven to
have a great descriptive power [73, 76]. However, the number of parameters
entering a NN wave function may be arbitrarily large and the appropriate
network structure is usually not clear a priori. Understanding an optimal ge-
ometry encoding information from the specific dimensionality of the prob-
lem and taking advantage from both TN and NN structures could be the
ultimate solution to the quantum many-body problem.

NN are usually optimized by means of variational Monte-Carlo (VMC)
methods. Furthermore, a key tool in NN optimization is the so-called Auto-
matic Differentiation [77], which allows to efficiently compute cost-function
derivatives with machine precision. This paradigm have been recently ap-
plied also to the TNs optimization [78]. Combining such approaches with
standard TN algorithms appears as a promising way to find new optimal
strategies to solve open problems at the equilibrium and out-of-equilibrium.
Efforts in this direction were made with the introduction of the Entangled
Plaquette States (EPS) [79, 80], Monte-Carlo optimized MPS [81] and PEPS [82],
and infinite PEPS optimized with automatic differentiation [83]. The space
of possible hybrid wave functions is however still largely unexplored.

In this Chapter, we introduce a novel variational ansatz, generalizing the
usual MPS. The ansatz is inspired by the so-called backflow techinque, com-
monly employed in electronic-structure theory [84-86]. These new Matrix
Product Backflow States (MPBS) can overcome some limitations of MPS by
encoding an extensive amount of entanglement and keeping the algorith-
mic complexity under control. We further introduce a simple optimization
scheme mixing DMRG and VMC recipes which can be proficiently applied
to MPBS in order to find quantum many-body ground-states. As a bench-
mark, we employ this approach against well-known 1D and 2D spin models.
Finally, we simulate the J; — ], model, providing the ability to inspect some
challenging highly non-trivial models.

2.1 MATRIX PRODUCT BACKFLOW STATES

A state {p) of a quantum many-body system consisting of N spin-1/2 vari-
ables is fully specified by the complex-valued function \(s) = (shp), s €
{£1}™ being the spin projections along the z direction. As discussed in Chap-
ter 1, MPS [27] are defined by the functional form

PYlAl(s) = A (s1)A (s2).. AN (s, (2.1.1)

where local tensors All(s;) have one physical index s; and two auxiliary
indices. They can be graphically represented as three-legs shapes connected
with lines, i.e. contracted along auxiliary indices (see Fig. 2.1) [27, 37]. These
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1
S

b)

IIRI3.

pep BPP

Figure 2.1: Graphical representations of MPS and MPBS applied to 1D (a) and 2D
(b) quantum many-body systems. The F tensors encode correlations
between different lattice sites. For illustrative purposes, the pictures
represent only one of the terms in which F is involved.

indices run from 1 to a set of integers x;, called local bond dimensions, fix-
ing the maximum amount of entanglement entropy which can be encoded
by the state [27].

MPS can provide good approximations of low entangled states, as for in-
stance ground states of local gapped Hamiltonians in 1D, for which an area
law for entanglement entropy can be proven [87] (see Chapter 1). On the
contrary, MPS cannot efficiently encode a volume law, since this would re-
quire an exponentially large value of x.

In order to overcome these limitations, we introduce a new set of tensors
FEL’ZE,(si, sj) with two physical indices s;, s; and two auxiliary indices a, a’.
These tensors will encode correlations between different lattice sites 1,j. We
propose a new class of wave functions P[A, F](s) obtained by formally re-

placing the MPS local tensors Al(s1) with new tensors AU(s) as follows

1 5 [l (L,
AE1371 al(sl) — AE,IE,ﬂll(s) a1 1ap Sl + Z Fa1111 ap Sl/ Sll) . (2'1'2)
l]';él

Notice that the matrices AlY) now depend explicitly on all the global set of
quantum numbers s. The new wave function is

VIA, Fl(s) = Al (s)AR)(s)... AlNI(s), (2.1.3)

where we summed over all auxiliary indices a; (1 = 1,2..N —1). This object
can be considered conceptually similar to the well-known backflow wave
function in electronic structure theory, which is commonly used to introduce
correlations in the mean-field theory by taking the single-particle orbitals
act on a configuration-dependent quasi-particle positions [84-86, 88]. In our
case, the starting point is not a mean-field wave function, but rather an MPS,
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which can be seen as a systematic and general improvement of the mean-
field approximation. We thus name this class of variational states Matrix
Product Backflow States (MPBS).

It is worth mentioning that MPBS wave functions admit a series expansion
in increasing powers of F, where each term can be formally recast as an
MPS with locally larger bond dimension, up to 2™ times the original bond
dimension at the order n (see next Section). Examples of first-order (n =1)
terms are depicted in Fig. 2.1.

MPBS with F connected as in Fig. 2.1b) will be used in the next Sections to
simulate 2D systems. The idea is that this type of connections provides a sort
of “shortcut” for entanglement since they allow for the direct correlation of
nearest-neighbor sites in the 2D geometry that are, however, placed far apart
from each other in the effective 1D mapping (leading therefore to an unde-
sired increase in the required bond dimension). Indeed, MPBS arranged
as in Fig. 2.1b) satisfy an area law for the entanglement entropy, since any
possible bipartition of the lattice cuts a number of auxiliary bonds and/or F
tensors that grows linearly with the length of the subsystem perimeter. Re-
markably, it can be easily proven that MPBS ability to encode entanglement
can be even greater, since with a particular choice of the parameters one can
encode a volume law for the entanglement entropy. Thus, MPBS can in prin-
ciple provide good approximations not only of ground-states in 2D, but also
of highly entangled quantum many-body states, as for instance time-evolved
states after quantum quenches [89].

From an operative perspective, MPBS naturally suggest the adoption of
the following two-step optimization algorithm:

1. first, the local A tensors are optimized with standard MPS techniques;

2. second, the non-local F tensors are optimized by means of VMC tech-
niques.

This alternating optimization approach offers the advantage that the initial
point for VMC stochastic optimization is not a random point in the param-
eter space, but instead it is already a reasonably good approximation of
the quantum many-body wave function. Moreover, VMC optimization can
further optimize the A tensors as well, thus providing an unrestricted varia-
tional search for our ansatz in the last optimization stage. Finally, the MPBS
network can be exactly contracted during the Monte-Carlo steps (in contrast
to other similar approaches where approximated contraction schemes are
employed [82]), leading to a purely variational scheme. In the following
Sections, we will focus on the ground-state search problem, benchmarking
the MPBS ansatz on both 1D and 2D models. The numerical results are ob-
tained by means of the two steps optimization algorithm just outlined. In
Appendix A, we provide a short introduction to the VMC method.
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2.1.1  Decomposing the MPBS as a sum of MPS

As mentioned, the MPBS wavefunction can be expanded in a series of terms
at different orders in powers of F, i.e.

N

VA FIs) = ) ™A FI(s).

n=0
The first terms are

WIA, F(s) = AL (s1).. A (sn) +

Y O[A](s)
1 N
LY (Al ot ARs0) @iy
i#
WVIAFI(s)
+ o(F%).

The zero-order term (®) corresponds exactly to the MPS wave function,
while the first-order term (1) is composed of N components. In a general
term (™) in the expansion, we would encounter n F tensors, each linking
a pair of physical indices. The term ™) can give rise to the well-known
Jastrow wave function as a particular case (when setting x =1, A =0)

1J)]astrow(s) = H Flil (s, Sj) . (2.1.5)

i<j

Let us now focus on the linear term. We can reshape the tensor F into a
square matrix of dimension 2y

%)
FCLJA ai(si' Si) = F(aiqsi),(aisj) :
By applying a QR-decomposition, we obtain

F(aHSi),(ais]-) = Q(OHSi),choc(aiSj) = Qa;_1,a(51)Raa;(sj), (2.1.6)

where the index « runs from 1 to 2x. For simplicity, let us consider the case
j = i+ 2. By combining the tensors R and A"+, and applying another QR
decomposition, one can obtain a new MPS with a bond dimension increased
to 2x (see Fig. 2.2). It is clear that by means of these tricks one can re-write
PIA, Fl(s) as a sum of MPS with maximum bond dimension equal to 2.
By summing these N MPS, we will get an MPS with maximum bond dimen-
sion 2Nx, which can be eventually compressed. With similar tricks, higher
order terms can be formally recast in an MPS with locally larger bond di-
mension. In particular, it is not difficult to realize that P ™ contains terms,
as the one represented in Fig. 2.3, that give rise to a local bond dimension
2Mx.

Finally, let us notice that our proposed method to optimize the MPBS
wave function, allows to take into account all the orders of the F tensors.
This is possible because the full MPBS wave function can be exactly con-
tracted, meaning that given a spin configuration s one can easily compute



32

| MATRIX PRODUCT STATES WITH BACKFLOW CORRELATIONS

the P[A, F](s) as a product of matrices (explointing Eq. 2.1.3). Therefore our
numerical results can be considered as fully “non-perturbative” and can-
not be replicated by using only some of the first terms of the expansion in
Eq. 2.1.4.

Ali-1 Ali+1] gl gli+1) Ali=1 @ R- A0 Al AL+
...... ? plisil . . (P ? ?@?
Si-1 S Siy1 S Sin i1 Si o Sin Sj Sit1
A1 @ R AL+ Al Ali+1] Al @ Q  R.AUL AT
i-1 S Sit1 S Sit1 S S Sipi j Sjt1

Figure 2.2: Decomposition of one term of W(!)[A, F] as MPS. We arbitrarily set j =
i+ 2. Double dotted lines represent auxiliary bonds/indices with local
bond dimension 2x, whereas dotted lines have bond dimension x. The
first passage represents Eq. 2.1.6.

F F F

o Clﬁ

Figure 2.3: A term contained in (™) (n = 3) with n overlapping long-range con-
nections.

2.1.2 MPBS encoding a volume law for the entanglement

The aim of this section is to show, by means of an explicit example, that
MPBS can efficiently encode a volume law for the entanglement entropy,
thus representing an excellent generalization of MPS. In particular, we will
focus on MPBS as readjusted to be applied on 2D systems (see Fig. 2.1b)).
For this purpose, we will first consider an example of Restricted Boltzman
Machine (RBM) state given in [90], showing that it can be rewritten as MPBS.
Then, we will follow the proof given in [9o] to demonstrate that this wave
function, with a particular choice of the parameters, can encode a volume
law for entanglement entropy in the two dimensional geometry. To begin,
let us write the generic expression for the RBM representation of a quantum
state 1, i.e.

N M
drem(s) = ) exp [Zaisw > hmbm+Zwimsihm} . (217)

he({—1,4+1M i=1 m=1 i,m
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Here, the wave function value Prpm(s) = )} exp ( — l:l(s,h)) for the spin
configuration s is computed as a Boltzmann weight marginalized over a col-
lection of "hidden’ fictitious spin variables h,,, € —1,+1 (m =1,2... M). The
parameters a,b,W, generally having complex entries, serve as free parame-
ters in the ansatz. They correspond, respectively, to the external magnetic
fields and the couplings of the fictitious Ising-like Hamiltonian H(s, h). We
will set a; = 0, Vi. If the couplings W are short-range, it can be demon-
strated that the RBM wave function satisfies an area law for the entangle-
ment entropy, as shown in Ref. [go]. However, when the couplings W are
long-range, this is no longer true. For our purpose, let us now set N = NN,
and M = (N—=1)+Ny (N, —1) = 2N—Ny — 1. It is useful to split the hidden
neurons in two sets, i.e. hy (1 =1,2..N=1) and h,, (n = 1,2...Ny(Ny — 1)),
and define the respective couplings as Wi = W(d;,1 + di1+1) and Wi, =
W(din + dintN y ). The physical meaning under these choices is schemat-
ically represented in Fig. 2.4, where visible (hidden) variables are colored
blue (yellow) and black lines represents W connections. The idea is to use
hn variables to give rise to MPBS terms connecting spins on the same row
but different columns, whereas h, variables will contribute to the formation
of the “snaking path” structure within the MPBS.

® S i=12..N

o I=1,2... N—1
O h,n=1,2... Ny(N,~1)

Figure 2.4: Graphical representation of the RBM state considered in the state. Vis-
ible layer variables (blue dots) are arranged in a two dimensional grid
of shape Ny, Ny. Hidden variables (yellow shapes) give rise to the con-
nections.

By explicitly calculating the sum over the hidden variables in Eq. 2.1.7,
we obtain that the wave function is the product of two terms Prpm(s) =

b1(s)Pp2(s), where

N-1 N-1
d1(s) = H (2€08h [b1+W(SL+SL+1)]> = H Ty (st s141)
1=1 1=1
Ny (Nx—1) Ny (Nx—1)
b20s)= [ <2C08h by +W(Sl+51+NH)]> = JI Tsusien,) -
1=1 1=1

Let us consider the first one. We can set T; (s, si+1) = (W(U)T\W(H1 ), where

(W(l+1))T = (exp [b+Wsi41], exp[—b—Wisii1])
(W(l))T = (exp [Ws1], exp[—Wsy]) .
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Thus, we get
d1(s) = (W(U)TW(ZJ(W(Z))T\W(s)'__(wmq))TW(NJ —AllARN AN

where we defined the following matrices

(vi)"if 1=1
A = W (W) T i 1=2..N—1

Let us observe that AlYl depends only on the local physical variable s, there-
fore ¢1(s) is in the form of an MPS, with bond dimension x = 2. The MPS
follows the snaking-path, as displayed in Fig. 2.4. The wave function can
now be written as

Wrem(S) =A(s1)T2(s1, 814N, JA(s2)T2(s2, 814Ny ) AlSN—N, )

(2.1.8)
“Ta(sn—Ny, SN) AlSN-Ny+1)-- AlsN)

where we used bold letters to distinguish the matrices, i.e. objects with two
virtual indices, from scalars, i.e. objects with no virtual indices. We can
reabsorb the scalars in the matrices A, obtaining

T— =<A(s1)+1F[”(s1,s1+Ny)> (A(sN_Ny) +1F[N—Nv](sN_Ny,sN)>-

“A(SN-Ny+1)-- AN,
(2.1.9)

where we defined the F matrices as follows
FY(sy, s1en,) = Als) (/T2 (51 5108, ) — 1)

for 1 =1,2..N —Ny. Eq. 2.1.9 is just a particular case of our MPBS represen-
tation. Let us now set the RBM parameters as follows: by = —%‘, bn = %‘
and W = T (see Ref. [90]). It is not difficult to realize that with this par-
ticular choice, one has ¢1(s) = +cVs, and T,(s,s’) = £c¢’ds s/, where ¢ and
¢’ are numerical constants and the sign depends on the spins. Thus, the
RMB state takes the form \prpm) = s +Clsc...sc), where C is a constant
and s, is the spin configuration of the first column (i.e. s¢c = (s1,52...sN,))-
This implies that the state \prpMm) is a superposition with equal weights of
all basis states corresponding to spin configurations where the N columns
all have the same configuration s.. Let us now consider a bipartition of our

2D system A and B. The subsystem density matrix pa can be computed as

pA = trp | brem(s)) <wRBM(s)] =) C?) (splsc..sc)(s...slIsB) -

S¢,8)

If subsystem B contains at least one whole column, then fixing s also fix sg
(and s/). Therefore, we get pa ZSC Isa) (sal. Reintroducing the overall
normalization constant, we get pa = 1/2/A1 where |A| indicates the total
number of lattice sites within the region A. This result shows that A and B
are maximally entangled and therefore the Rényi entropies associated with



the bipartition are S« (A|B) = |A|In2, for all Rényi indices «. These obser-
vations provide us a simple example of a wave function in the form of an
MPBS efficiently encoding a volume law of the entanglement entropy in the
2D geometry (the number of non-zero parameters A,F scale polinomially
with N).

2.2 NUMERICAL RESULTS

In this Section, we provide numerical results concerning the ground-state
search problem for some 1D and 2D models. In all the simulations, DMRG
was used as a first optimization step. The second stage involved the VMC
optimization (see Appendix A) and was implemented using the NetKet li-
brary [91-93]. NetKet is an open-source project delivering cutting-edge
methods for the study of many-body quantum systems with artificial NN
and machine learning techniques. It is a Python library built on JAX [94], a
package providing Automatic Differentiation routines. NetKet offers several
methods to define custom models. The MPBS model was implemented by
using the Flax Linen API framework [95]. Given a particular model, namely
a parameter dependent ansatz \p(0)), the VMC approach use a stochastic
Markov chain to generate batches of system configurations {s™}N_, accord-
ing to the probability distribution p(s) = | (s|{(0)) 12/11p(8)) 1% [96]. The ex-
pectation value of the energy and its gradient with respect to the variational
parameters 6, as well expectation values of other observables, are computed
as statistical averages over a large-enough number of sampled system config-
urations. Having estimated € and the derivatives 9g €, the VMC approach
uses some optimization algorithm to update the parameters 0 and iterate
over a number of Monte-Carlo steps. In particular, NetKet makes use of the
Stochastic Gradient Descent, with the Stochasitc-Reconfiguration precondi-
tioner. The latter is also named Natural Gradient Descent in the machine
learning literature [97] and allows to adjust the gradient descent trajectory
by taking into account the geometry of the quantum state manifold. As sam-
pler routines to generate the system configurations, we used or the standard
local Metropolis algorithm [96] or, in the cases in which the total magnetiza-
tion was keep fixed, a variant in which new system configurations are gener-
ated by flipping couples of spins, thus preserving the total z—magnetization.
The number of samples N per Monte-Carlo step was chosen between 103
to 10*, depending on the simulation. See Appendix A for a brief survey
on VMC. At the beginning of the optimization, F tensors were initialized as
follows

Flij] (51,55) = €(lyxy + 0 Cxxx) s (2.2.1)

where 1, »y is the identity matrix of dimension ¥, (y xy is a random matrix
with normally distributed entries and 0 < o,e < 1 are (small) real num-
bers (usually we set to € = 0.01 or 0.005 and o = 0.1). After, the tensors F
were considered as parameters of the ansatz, that is @ = F, and optimized
as sketched before. In the 2D simulations, we also included the A tensors
as variational parameters, i.e. ® = (A, F), therefore allowing the algorithm to
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further optimize the already optimized MPS tensors.

Concerning the computational cost of our proposed method, let us first
mention that the computational cost of DMRG algorithm is proportional to
x>, where ¥ is the bond-dimension. The computational cost of the VMC op-
timization is proportional to Niterations NX>, where Niterations is the total num-
ber of Monte-Carlo iterations and N is the number of samples per Monte-
Carlo step. The factor x> comes from the (exact) evaluation of the MPBS
wave-function. Indeed, given a spin configuration s, one can easily eval-
uate the wave-function P[A, Fl(s) as a product of N matrices each of size
X % X, N being the system size. In order to have the MPBS simulation com-
petitive with the DMRG in terms of CPU time, it is therefore required to
have xmpps < xmps. This is the case, since in 2D (or in higher dimensions),
MPS are expected to require an exponentially large amount of resources to
accurately encode physical states (xymps ~ o(exp(N))) which can be instead
compactly described by our ansatz. Furthermore, our simulations show that
relatively small values of xmpps allow to obtain accurate simulations of 1D
systems.

2.2.1  Modified Haldane-Shastry model

First, we apply MPBS to a 1D quantum spin chain with Periodic Bound-
ary Conditions (PBC). In particular, we consider the following modified
Haldane-Shastry (HS) model

N 1 e T o
HHS:ZT(—G{‘G;‘— 167 +6767), (2.2.2)

where Eﬁ = N/m-sin(7/N[i—jl). This model is known to be particularly chal-
lenging for standard DMRG, as it shows power-law scaling in the ground-
state entanglement entropy [90]. To use our optimization scheme, we adapt
the MPBS ansatz in order to explicitly realize translational invariance. This
is achieved by adding an extra auxiliary index, connecting the first and the
last site, as well as by taking the A tensors independent from the site i. Also,
we set FIt3] to be dependent only on the distance di; = min([i —j|, N—[i—jl)
between the two connected sites. We also introduced a cut-off . setting
the maximum distance between sites for which the F tensors are non-zero
(i.e. F[dii](si,sj) = 0 if dij > v¢). Due to translational invariance and the
imposed cutoff, the number of variational parameters of the ansatz is inde-
pendent of the system size N, resulting in a reduced computational cost for
the Monte-Carlo simulation. In the first optimization stage, we write the
HS Hamiltonian as a Matrix Product Operator (MPO) and use standard two-
sites DMRG [27] to get the optimized A tensors. In the second stage, a VMC
optimization of the F tensors is realized, adopting the Stochastic Reconfigu-
ration [97] natural gradient descent approach. Since Hys commute with the
total z—magnetization £% = ZF:] 6% and the parity operator P = 6¥6%... 6%,
we restrict the ground-state search to the £* = 0 sector of the Hilbert space.
In Fig. 2.5, we show some selected results, obtained with a relatively small
value of the MPBS bond dimension (x = 5) and r. = 3. First subplot shows
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the expectation value and the variance of the energy, tracked during the
VMC optimization (red lines). Dotted lines represent DMRG energies/vari-
ances for increasing values of the bond dimension. After less than 10> VMC
optimization steps the MPBS energy reach energy values smaller than the
DMRG energy obtained with the larger value of x (x = 70). Let us re-
mark that number of parameters this MPS is much larger than the number
of them parameters of our ansatz, meaning that MPBS provide good ap-
proximations of the true quantum many-body ground-state. Moreover, we
also got substantially better results in terms of energy variance. Second
subplot in Fig. 2.5 shows the two-points connected correlator (cxx + Cyy)s
computed by taking average of (676%, ) + (6767, ) over i and then subtract-
ing the square of the average x and y magnetizations. Red points represent
estimations obtained at the end of the VMC optimization, whereas other
points are DMRG results. These seem to converge to VMC values, when
increasing the bond dimension x. In the inset it is shown the correlator
cxx(N/2) + cyy(N/2) as estimated during the Monte-Carlo iterations. The
convergence appears to be fast.

1
, i v MPS (x =5) *  MPS (y =70)
MP = ']
. \;L: (X J;()) \ MPS (y =30) —+— MPBS (x =5, r. =3)
MPS (x 720) X MPS (x =50)
--=- MPS (x =70) )
—— MPBS (x =5, r.=3) | < \ H
Ui v
+ 107y o b
5 =) -
s e b e s e (T B i \ Mty
~— o
= = MW\MMM | x;".
_______________________________ T <
_______________________________ 1
SO VRN T OO RORY1 1 (OY S|
~— iteration
= 1(),; | | | | I I ) 0 00 200 300 Y
0 100 200 300 400 500 10 ‘

o
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Figure 2.5: MPBS tested of bond dimension x = 5 the modified 1D HS model: en-
ergy density convergence (left) and (cxx + cyy)c connected correlator
(right). The system size is N = 70.

In Fig. 2.6, we show the two-points correlators c,,(r) as estimated at the
end of the VMC optimization (red points). Since translational invariance is
explicitly realized by our ansatz, a spatial average over was taken, i.e. we
considered c,. (1) = 1/N }_; (6767 ). Results are substantially in agreement
with the ones displayed in Ref. [go]. The other points represent DMRG
results for increasing values of the bond dimension x. In the inset, we plot
the absolute value of the difference between the DMRG correlators and the
estimated VMC correlators. By increasing x, the DMRG correlators goes
monotonically to the VMC values.

2.2.2 Two dimensional Ising model

To corroborate the flexibility of MPBS in describing higher dimensional sys-
tems, we now start analyzing 2D quantum many-body models living on a
square lattice of size Ny x Ny with Open Boundary Conditions (OBC). A
simple way to adapt MPS to the description of such a system is to order the
sites of the grid following a one-dimensional “snaking path” connecting all
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Figure 2.6: The spin-spin correlator c.,(r) of the 1D HS Model (N = 70). The inset

represent [cMPS (v) — cMBPS (1),

the sites (see Fig. 2.1 b)) [98]. Others 2D to 1D mappings have been also
studied [99], leading to increased numerical precision but not to a signifi-
cant improvement in the codification of entanglement in 2D systems. The
main issue is that, since area law in 2D implies that entanglement entropy
grows linearly with the length of the subsystem perimeter, any MPS cannot
describe efficiently typical ground-states of 2D Hamiltonians. As a possible
improvement, we propose to arrange the MPBS ansatz in order to codify
correlations between sites which are adjacent in the 2D geometry but which
are placed at distance Ny along the 1D snaking path. This can be done
by setting the F*!(s;, s;) matrices different from zero in the cases in which
j =1+ Ny, where we label the lattice sites with a single integer i=1,2, ... N.
As already mentioned, an MPBS of this kind can encode the area law for
the entanglement entropy and, at least for a particular choice of the param-
eters, the volume law. To benchmark the efficacy of MPBS in simulating 2D
systems, we consider the following Ising Hamiltonian

l:l:—Zﬁfﬁjz—i—hZ o7, (2.2.3)

(ij) i

on a lattice of dimension Ny = Ny = 11. For the DMRG optimization, we
used the MPO representation of 2D Hamiltonians discussed in Sec. 1.5.1. In
Fig. 2.7, we show the results of an MPBS optimization with bond dimension
X = 5 and transverse field h = 3.0, close to the quantum critical point of
the system h. =~ 3.044 [100]. These results are compared with DMRG find-
ings at different bond dimensions and with the energy value obtained by
Lubasch and others by means of PEPS [101]. As in the previous case, MPBS
with extremely small bond dimension leads, after ~ 100 VMC optimization
iterations, to results significantly better than DMRG, both in terms of energy
density and energy variance. Since the system has rotational symmetry, dur-
ing the last ~ 150 Monte-Carlo iterations we explicitly symmetrize the MPBS
with respect to the €4 group of fourfold rotations. To do this, we consider the
following modified wave function VP '[A, Fl(s) = Zi:o P[A, FI(R¥s), where R
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is a rotation of /2 of the spin configuration. This results in a further im-
provement of the energy and energy variance. The value of energy density
we find at the end of the optimization is (A) /N = —3.17208(1). In the second
subplot, we show the correlator c,.(r) = 1/N; - ZTM:T (6{1 6izc ), Where ic
indicates the central site of the grid and N, is the number of sites placed at
distance r from this. MPBS points seem to be in good agreement with the
trend of DMRG results for increasing bond dimension.

3.14 ]
______ — PEPS (y=4) - MPS (x=T0)
----- MPS (x =10) MPS (y =90) ,

= 315 MPS (x=30)  —— MPBS (x=17) |
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§ -3.16 by .
s oS oo e s B e & )
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8o T FE o FEEF PR FeE R MPS (x =30) ¢ MPS (x =90) : |
R Cosymmetty x  MPS (x=50) —f— MPBS (x="1) |
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iteration r

Figure 2.7: MPBS of bond dimension x = 7 tested with the 2D Ising model on a
square lattice (Nx = 11, Ny = 11): energy density convergence (left)
and c,z correlator (right).PEPS result is taken from [101].

2.2.3 Two dimensional J; —J, model

Finally, we consider the anti-ferromagnetic J; — J, model, with Hamiltonian

H:]1ZGi‘0j+]ZZ 0i - 0j, (2.2.4)
5) (i3

where the first (second) sum is on first (second) nearest neighbors couples
of sites. This is a prototypical frustrated magnetic system. Despite active re-
search in the past decades [102-105], the nature of the ground-state around
the point of maximum frustration J,/J1 = 0.5 remains unclear. We address
the problem Hamiltonian by means of MPBS arranged as in the previous
paragraph and also adding F tensors connecting second nearest neighbors
sites. As in the HS model, we reduce the simulation to the zero magnetiza-
tion sector. In Fig. 2.8, we show some selected results obtained with a system
of size Ny =N, =8,OBCand J; = 1,], = 0.5. After ~ 350 VMC optimization
iterations, we apply C4 wave function symmetrization. We compare our re-
sults with the EPS and PEPS results reported in [79] and with Monte-Carlo
optimized PEPS results reported in [105]. The final energy density of our
simulation is (H) /N = —1.9273(9) and is lower than both values reported
in [79], whereas it is about ~ 7-1073 greater than the value reported in [105].
It should be however remarked that the value in [105] is not strictly vari-
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ational, because of the approximate contraction scheme adopted for PEPS.
Finally, we measure some relevant observables as the correlators

1

Cver(T) =1 <0-1,j . G1+r,j>
N, j

1
Chor (1) = - D (001 0414r)
y

(2.2.5)

which are shown in the second half of Fig. 2.8. These are respectively the av-
erage spin-spin correlators along the columns and the rows of the grid. Since
the wave function \’[A, F|(s) is symmetric under rotation of 71/2, we always
find values for these correlators compatible within the uncertainty bars. On
the contrary, DMRG results show that MPS are unable to encode power-law
decaying correlations along the horizontal direction. We also measure the
structure factor

1 s
Sz(q) = m Z (o3 - O'j> e—ta-(i-d) (2.2.6)

1)

or different pitch vectors q. We find $2(0,7) ~ 3.19(5) - 102 and S2(m, ) ~
0.241(3). The latter corresponds to the Néel order parameter. Both values
are compatible with similar findings in [104]. We also obtain $2(0,0) =
1.3(2) - 10~4, which is consistent with the expectation that the J; — ], ground
state is in a singlet under SU(2) global symmetry.
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Figure 2.8: MPBS of bond dimension x = 12 tested with the J; — ], model on a
square lattice (Nx = 8, Ny = 8). PEPS and EPS results are taken from
Ref.[79]. In the right plot, filled (empty) markers represent DMRG re-
sults for cyer (1) (chor(r)), whereas red points are MPBS results.



3 QUANTUM ANNEALING FOR
PERCEPTRON OPTIMIZATION: A
NEW APPROACH VIA MPS
SIMULATIONS

Numerous computational and physical problems can be reformulated as
non-convex optimization problems involving a specific Ising-like cost func-
tion of the form H(s) = H(sy,...,sn), which depends on N binary variables
si = £1 [106]. Finding an exact solution implies the daunting task of a
discrete search in a space with exponentially-growing dimension in the sys-
tem size N. Therefore, optimization is typically approached using heuristic
minimization algorithms. Among these, a growing interest is devoted to
quantum optimization, which aims at exploiting quantum effects, namely
quantum superposition and entanglement, to obtain a wave function with
a large overlap with classical solutions. Alongside with well-established
schemes such as Quantum Annealing (QA) [107-111] and Adiabatic Quan-
tum Computation (AQC) [112, 113], implemented in analogue dedicated
hardware [114], recent approaches encompass the design of parameterized
quantum circuits, implemented on a digital quantum device, which are
run in loop with a classical computer in Variational Quantum Algorithms

(VQA) [115].

A conceptual preliminary step in quantum optimization is to map classical
spins on quantum spin-1/2 Pauli operators 67, hence regarding the initial
cost function as a quantum Hamiltonian that is diagonal, by construction, in
the standard computational basis of quantum computation [116]:

N

H(s1,...,sn) — Hz(67,...,6%) . (3.0.1)

Next, in QA a non-commuting driving term, often a transverse field, is in-
troduced, and the quantum Hamiltonian is taken to be

N
A(s) = sH, + (1—s) Fy A, = —Z oY, (3.0.2)
i=1
with an interpolation parameter s = s(t) € [0,1] such that s(0) = 0 and
s(t) = 1, T being the total annealing time. If T is large enough, compared
to the inverse square of the minimal spectral gap of F(s), one can rely on
adiabatic theorems [113] to prove that the system will be driven into the
ground state of the target Hamiltonian H,. In its digitized version [117-
119] (dQA), the QA Schrodinger dynamics is implemented step-wise, in P
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discrete time steps of length 6t = /P, after Trotter splitting the two non-
commuting terms H,, H. This leads to a final state of the form

p) = e~ tBrFlxe—tvple | o—iBrFlg—iviFlpy ) (3.0.3)
where [hg) = | —=)®N is the ground state of H,, with | —) = %U T

) +1 1)). Assuming a linear annealing schedule s(t) = t/t the parame-
ters B = (B1---PBp) and v = (y1---yp) are given by B, = (1 —p/P)ot and
Yp = (p/P)dt, with p = 1-..P. Alternatively, one can regard  and y as
2P variational parameters and optimizing the expectation value of the tar-
get Hamiltonian H, over the variational state in Ed. 3.0.3. This approach is
dubbed Quantum Approximate Optimization Algorithm (QAOA) [120].

Despite promising results in problem-specific settings, the actual effective-
ness and scalability of quantum optimization schemes for classical optimiza-
tion is still debated. In fact, the quest for quantum speed-ups [121, 122] and
the real effectiveness of quantum optimization algorithms should ultimately
be tested on real scalable quantum devices, beyond the reach of classical sim-
ulations by means of Exact Diagonalization (ED) techniques. To implement
this program, however, one encounters two main hurdles.

The first, concerns available experimental platforms for quantum devices:
despite major progresses the number of available physical qubits and their
connectivity are quite limited. Moreover, experimentally available qubits are
very sensible to noise, thus limiting realistic applications to shallow circuits
requiring short coherence times. These technical issues severely limit, in
practice, the feasibility of quantum simulations beyond the classical limits.

Secondly, the actual implementation of QA [114] on analogue devices, as
well as that of digitized Quantum Annealing (dQA) [117] or VQAs [115] on
a digital circuit-based quantum computer, usually requires an actual imple-
mentation of the unitary time evolution generated by the quantum Hamil-
tonian in Eq. (3.0.1). This often constitutes a formidable technical challenge:
while few problems such as Max-Cut on regular graphs [123] only involve
two-body interactions, directly implementable in an analogue/digital device,
general optimization tasks usually yield a Hamiltonian A, with non-local
k—bodies interactions, hence difficult to implement.

These experimental limitations and theoretical challenges call for efficient
classical simulations of quantum optimization protocols, beyond the usual
small-scale limits imposed by ED techniques. A prominent family of clas-
sical simulation techniques allowing for large-scale simulations of quantum
systems is represented by Tensor Networks (see Chapter 1). Major results
in this framework include winning strategies for 1D quantum many-body
physics [27, 38, 40, 124—126] and, more recently, significant contributions in
Machine Learning [127-129] and hybrid quantum-classical algorithms [130].
The goal of Tensor Networks (TN) is to provide an efficient representation
of quantum many-body wave functions in the form of a generic network of
tensors, connected by means of auxiliary indices [38, 131]. These indices
are characterized by a fixed bond dimension, x, which controls the infor-
mation content of the network, characterizing its ability to encode entangled
states. Matrix Product States (MPS) [27] are the simplest class of TN: an MPS
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Figure 3.1: The MPS manifold My, embedded in the exponentially larger Hilbert
space. Different QA protocols are represented as trajectories in this
space. The exact adiabatic dynamics (full red line) for a large anneal-
ing time T > 1 is not generally constrained into the MPS manifold.
Nevertheless, it will lead from [{o) (MPS with x = 1) to a final state
[W), which also belongs to the MPS manifold. As soon as the adiabatic-
theorem conditions are met, ;) has a big overlap with the ground-
state eigenspace spanned by all classical solutions. However, when the
dynamical protocol is dQA with a finite time step 6t ~ O(1), the ac-
tual Trotterized dynamics (black dashed line) may largely deviate from
the adiabatic one, due to an unwanted production of extra entangle-
ment (see Figs. 3.10, 3.11 in Sec. 3.2.3 for a discussion of these aspects).
Hence, the final state (P (1)) may lay outside the MPS manifold, and
it definitely differs from the final QA state [\p¢), yielding very small
overlap with classical solutions. Remarkably, when the Trotterized dy-
namics is performed within our novel framework (gray dotted line), i.e.
constrained to My, by alternating the Trotter steps with projections into
the manifold, the MPS evolved state remains closer to the exact adia-
batic dynamics, thus finally leading to a final state (p™P5(1)) which is
very close to the target state.

wave function is obtained by the multiplication of site-dependent x x x ma-
trices Al (s;), each depending on the spin variable s; € {+1,—1}. MPS can
be manipulated efficiently in classical numerical simulations by means of
well-established algorithms, as the Density Matrix Renormalization Group
(DMRG) [27]. We refer the reader to Chapter 1 for a thorough introduction
to MPS and the corresponding numerical techniques.

In this Chapter, we present a novel framework to efficiently simulate quan-
tum optimization algorithms for a large class of hard classical optimization
problems. We focus on a standard dQA approach by repeatedly applying
the unitary operators e 'YrHz, e~tPrHx and iteratively projecting back, at
each step, the resulting state on the MPS manifold M, with a fixed bond di-
mension x. A first main result of our work is a theoretical construction that
yields an efficient MPS-based representation of dQA for a family of classical
cost-function Hamiltonians F, inspired by paradigmatic discrete neural net-

43



44 | QA FOR PERCEPTRON OPTIMIZATION: A NEW APPROACH VIA MPS SIMULATIONS

works and encompassing models with non-local multi-spin interactions, up
to N-body terms. This results in an efficient algorithm, with computational
cost scaling polynomially with the system size N, allowing for classical sim-
ulations well-beyond typical sizes analyzed by means of ED techniques.

Our numerical results are two-fold. First, in the regime of small time step
ot < 1, where dQA closely approximates the continuous QA dynamics, our
approach can systematically reproduce ED simulations of dQA, with a high
degree of accuracy. Secondly, in the regime of large &t ~ O(1), characterized
by large Trotter errors that spoil the dQA accuracy, we observe that our al-
gorithm can significantly outperform ED simulations of dQA, surprisingly
providing far better-quality solutions for the optimization problem. We pro-
vide the following interpretation of this unexpected effectiveness (see sketch
in Fig. 3.1 and Sec. 3.2.3 for a comprehensive discussion). The initial state
[Wo) is a trivial MPS of bond dimension x = 1. Moreover, the final an-
nealed state ), resulting from the exact QA time evolution with T > 1
and thus expected to yield a large overlap with classical solutions, is often a
low-entanglement state, efficiently represented by a MPS of low bond dimen-
sion x. This fact is certainly true for low-entangled many-body ground state
preparation; nevertheless, it may also be verified in the context of classical
optimization problems, whenever the number of classical solutions (span-
ning the ground-state eigenspace) is small enough, or when the exact QA
converges to a cluster of solutions. These conditions are met for the models
we examine, as detailed in Sec. 3.2.3 and B.3. Hence, in this case, both the
initial and the final states of QA belong to the manifold My, although the
intermediate states may generally lay out of the manifold.

As stated above, in the regime of small 6t, results based on ED and on
MPS simulations essentially coincide; on the contrary, in the regime of large
dt, dQA faces the blowing up of the Trotter errors, leading to an ED dynam-
ics governed by an effective Hamiltonian that substantially differs from the
original one. The resulting final state may thus deviate from the classical
solutions of the target Hamiltonian. In addition, it could encode unwanted
entanglement due to the spurious terms generated by the Trotter splitting.
Our MPS approach relies instead on multiple projections of the time-evolved
state on My for each time step dt: this may explain, for some class of opti-
mization problems, the enhanced effectiveness of our MPS-based algorithm,
since its final state may be closer to the optimal annealed state [). These
findings provide a novel promising application of TN techniques, which
might be adapted to implement efficient classical simulations for other quan-
tum optimization algorithms.

Finally, we show that a gate-decomposition of the final annealed MPS,
yields efficient quantum circuits that effectively solve hard classical opti-
mization problems, with a number of basis gates that grows only linearly
in the system size N and quadratically with the MPS bond dimension Y.
This result not only yields a numerical proof of principle on the effective-
ness of quantum circuits in these regimes, but may also serve as a guideline
to develop new classes of parameterized quantum circuits.
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3.1 MODELS AND METHODS

3.1.1  Models

The classical optimization problems we analyze can be formulated as a
ground-state search for a classical Hamiltonian H(s), which can be mapped
in a quantum setting as outlined in Eq. (3.0.1). We will focus on a broad class
of classical Hamiltonians (or cost functions) that can be cast in the following

form:
Ng

H(s)= ) h(&"*s), (3.1.1)

p=1

where the E{l e{—=1,+1} (0 =1,2..Ng, i = 1,2..N) are the components of
N¢ possibly random spin configurations, usually called patterns. h is any
sufficiently regular function. As anticipated, our methods, detailed in the
following Section, are quite general: they apply to any Hamiltonian that can
be rewritten in this form.

As a preliminary benchmark for our strategy, we validate the results of
our MPS-based technique against ED results for simple integrable p-spin

models [132-134]:
—spin 1 P
HP—*PIn(g) = —N (sti> , (3.1.2)

1

which, for p = 2, is also known as the Lipkin-Meshkov-Glick (LMG) model
(or infinite-range Ising model). Let us notice that the p-spin Hamiltonian
can be rewritten as in Eq. 3.1.1 with a single pattern £0 = (+1,+1,..,+1) and
h(x) = —N'~PxP. These benchmark models have trivial ground states: for
even p, the classical ground-states are the two ferromagnetic states s = + &0
(with energy Egs = —N) whereas for odd p only s = +£° is a ground state
(with energy Egs = —N). Thanks to the integrability of p-spin models, we
are able to verify the agreement of MPS and ED results up to large system
sizes.

We then focus on two prototypical optimization problems coming from
the realm of machine learning and artificial Neural Networks (NNs) [135,
136]. First, we consider the Hopfield model [135-142], a simple recurrent
neural network studied in unsupervised learning

Ne E.P—.s 2
HHopﬁeld s) = — § T PR— E < >
( ) = Il) 19j = \/N

N (3-1.3)
1 Ne
Ji =N D Ekel.
n=1

In this context, the patterns {E,”}]:; are i.i.d. random variables and the goal
is to memorize them in the classical ground states. The Hopfield Hamil-
tonian entails infinite-range two-body interactions between any spin pair.
Concerning the relation between the number of patterns N¢ and the num-
ber of variables N, it is customary to set Nz = aN with o = O(1). Different
regimes/phases in the thermodynamic limit (N — oo) are distinguished by
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different values of «. In particular, for the Hopfield model at zero temper-
ature, «. ~ 0.138 represents a critical value separating a retrieval phase
in which the model works as a memory device («x < &), from a non-
retrieval /spin-glass phase («x > ) [141].

Secondly, we examine the binary perceptron, the prototypical example
of a single-layer binary classifier, which is a fundamental building block
of NN routinely used in supervised learning [135, 136, 143]. In this case,
the spin variables s are identified with binary synaptic weights, classifying
correctly a given pattern &" into a prescribed binary label ™ = +1 if sgn(s -
&) = ¥ (see the sketch in Fig. 3.2). During the training phase, a given
labeled data-set {E", T”}T:i] is provided, and the objective consists in finding
weight configurations s that classify correctly the whole training set. This is
naturally formulated as a minimization problem of a suitable cost function,
which assigns a positive energy cost for every pattern incorrectly classified,
with the exact solutions to the classification problem being characterized as
zero-energy configurations. A common choice for the such cost function is
given by

Neg
perceptron _ g, —&"- S>

H (s) ; 0(—&"-s) ( N ) (3.1.4)
where 0(x) is the Heaviside step function *. Let us observe that the Hamil-
tonian in Eq. 3.1.4 is again in the general form given by Eq. 3.1.1. De-
spite encouraging numerical and analytical evidence on the effectiveness of
quantum optimization for this model [144, 145] and other closely related
models [146], the perceptron Hamiltonian implies all possible interactions
among spins, up to N-body terms, hence it is not efficiently implementable
on a quantum device. Also for the perceptron model, it is customary to
study the Ny = aN regime, with « = O(1), since the critical capacity in the
thermodynamic limit is «. ~ 0.83 [147], separating a SAT region for « < o,
admitting zero-energy solutions, from an UNSAT region o > o.

S — synaptic weights
&* (n=1...N¢) — patterns to be classified

Figure 3.2: Schematic representation of a binary classifier consisting of a single per-
ceptron with synaptic weights s.

1 In the previous expression, the labels T are all set to 1, as it can be done without loss of
generality for learning random patterns, i.e. if patterns and labels are both drawn from an
unbiased Bernoulli distribution.
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3.1.2 Digitized Quantum Annealing (dQA)

A standard procedure to implement Quantum Annealing on digital quan-
tum simulators relies on a discretization of the continuous QA time evolu-
tion in P >> 1 time steps of length &t = 1/P, followed by a Trotter split-up of
the two non-commuting terms. Albeit this scheme can be easily generalized
to higher orders, here we stick to the lowest-order contributions

e—iﬂ(sp) 5t ~ e—i(]—sp)ﬂX 5t e—ispﬂz Sty O(ét)z ) (3.1.5)

where p = 1,2,...,P and s, = t,/T = p/P. Introducing the shorthands
Bp = (1 —sp)0t, and vy, = spdt, we can rewrite the previous expression
more concisely as

_. 8 4 2
et o {1 (B) U (yp) + O(51)

with ) )
ux(Bp) = eiinHX/ azh/p) =e YpH: ’ (3-1.6)

thus recovering Eq. (3.0.3). The dQA framework can reproduce accurately
the real QA dynamics for any value of the total annealing time T, which is
exactly recovered by simultaneously scaling P — oo and ot — 0, setting their
product equal to T. In practice, for a fixed value of P, the optimal value of
the Trotter step 0t depends on a trade-off between the Trotter errors and the
annealing time T [118]. Indeed, for small 6t (small 1) the time evolution is
not adiabatic, whereas for large 5t (large T) the Trotter split-up is expected
to become a rough approximation and to introduce spurious quantum cor-
relations. As discussed in Sec. 3.2.3, the discrete-time evolution obtained
without any Trotter split-up is often unexpectedly accurate even for values
of 6t ~ O(1); however, the splitting in Eq. (3.1.5) is a necessary step to per-
form gate decomposition of the annealing dynamics on a quantum device,
as well as to perform efficient classical simulations.

3.1.3 dQA with MPS

In this Section, we introduce our novel TN framework, which allows to effi-
ciently simulate dQA for any classical Hamiltonian in the form of Eq. (3.1.1).
First, let us notice that the initial state pp) can be trivially represented as
an MPS of bond dimension x = 1, since it is a product state. Next, our goal
is to rewrite the two unitaries U, (vp) and ﬂx(Bp) as Matrix Product Oper-
ators (MPO, see Sec. 1.5). U, admits an elementary decomposition into an
MPO of bond dimension x = 1, since it is the exponential of an one-body
Hamiltonian:

N N
(|0 (Bp)ls) = | ] (sile™Prisi) = [ WM (s, s1)
i=1 i=1

wh ](si,si) = 65{,Si cosPBp +1i (1— 654,51) sin 3y, ,

Is),|s’) being generic states of the computational basis. Since here x = 1, the
tensors reduce to simple scalars Wt (s/, s;). The MPO decomposition for U,
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is much more challenging. First, one can factorize [, into terms depending
on a single pattern (see Eq. (3.1.1)), resulting in the following matrix element:

Ng Ng
(s'Uz(vpls) = [ ] (10 (vp)ls) =816 [ [ Yo E"). (3.1.7)
p=1 p=1

Let us now exploit the specific form of the Hamiltonian in Eq. (3.1.1). We
notice that, by definition, any such Hamiltonian depends on the spin config-
uration s only via the following variables:

mt(s) =& -s = overlap between s and &" ,

or, equivalently:

_EH.
xH(s) = # = number of bits of s that are different from &". (3.1.8)

The latter expression is the well-known Hamming distance between s and
&M and, accordingly, we observe that

mre{-N,-N+2,.,N—2,N}, x*e{0,1,..,N}.

This is a key point, as it represents the only hypothesis which our construc-
tion relies on. In fact, since x (for any pattern p) is an integer variable taking
values in the discrete set {0, 1, ..., N}, then any function O(x) can be rewritten
by means of the Discrete Fourier Transform (DFT) as follows

N
O(x) = D Opetnirkr, (3.1.9)

N
~ 1 iy
Oy = N Z e NI O(x) . (3.1.10)
By setting h(&" -s) = f(x*(s)), where x"(s) is defined by Eq. 3.1.8, and
using the DFT expansion reported in Egs. (3.1.9) and (3.1.10), we can further
manipulate Eq. 3.1.7 as follows:

N
("0t (vplls) = Z p el ket (s)

+
N
Uy, p Z SNtk gy flx) (3.1.11)

where the Fourier components Uy, depend implicitly on the angle v, so
they can be regarded as a matrix of dimension (N + 1) x P. Remarkably,
this Fourier decomposition allows us to find an efficient representation of
U, (vp) as an MPO. This is accomplished by using Eq. 3.1.8, which can be

reformulated more explicitly as
()

i=1
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Indeed, by identifying the wave-numbers k =0, 1,...N as auxiliary indices in
the MPO formalism, we can rewrite

N
(810 (vp)ls) = [TWAY | (shsi), (3.1.12)
i=1

where we defined the following tensors, diagonal by construction in the
physical spin indices:

1
Wi (sl ) = 60‘{/si< frlxlk%)NeiNﬂHk“E?Si) i=1
L\
Wg]k,(si’,si) = 60{151<\/1%> eiNL-Hk(-I*E‘{LSi)ék’k, i=2,---,N—1
1
Wi (sfs0) = 50{,si<\/f%>NeiNn“k“£?S” i=N

(3.1.13)
In Eq. (3.1.12) we set ko = kny = 1, whereas tensors are implicitly summed

over repeated auxiliary indices, each of them spanning N + 1 values. There-
fore, we found that each unitary time evolution operator ay (vp) associated
to a given pattern u can be written efficiently as an MPO of bond dimension
X = N+ 1. We remark that the four-indices tensors W,[: ]k, (s{,si) are diagonal
also in the auxiliary indices, effectively depending only on a single auxiliary
index k as well as on a single physical one s;. However, note that they also
depend on the angle y,, and on the pattern index p, both of which are not
explicitly indicated. In light of these results, the whole dQA time evolution
can be represented exactly as the 2D Tensor Network in Fig. 3.3, correspond-
ing to the application of a series of MPOs to the initial trivial MPS [po). This
result is the starting point for our MPS-based algorithm for the classical sim-
ulation of dQA, which is summarized in the pseudo-code 1. Importantly,
when contracting this 2D TN the MPS bond dimension would increase ex-
ponentially with the number of Trotter slices P. This calls for an effective
compression procedure, which is detailed in the next section: indeed, a cru-
cial input parameter of our algorithm is the fixed maximum bond dimension
of the MPS.

Let us notice that the MPO representation shown in Eq. 3.1.13 can also
be exploited to write the Hamiltonian itself as an MPO of bond dimension
x = N+ 1. This fact is remarkable, since it allows the exact evaluation of
the classical cost function (i.e. the expectation value of H,) over any MPS: in
particular, when applying the Algorithm 1, we can keep track of the exact
value of the cost function along the time evolution. Moreover, the repre-
sentation of H, as MPO makes it possible to apply the DMRG algorithm,
in order to find an approximate ground state of the system. However, as
shown in Sec. B.1 of Appendix B, this method has some issues, since the
quality of the final result is strongly dependent on the initial guess provided
to the DMRG optimization. Moreover, even if DMRG reaches convergence,
the optimized state turns out to have a sensible overlap with only one of
the degenerate ground states configurations (classical solutions). The QA
protocol, instead, always reaches delocalized quantum states, having large
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a)

:N§

Figure 3.3: a) The four-indices MPO local tensor W][i,(si,s{) of the UY (vp) time
evolution operator. Dotted grey lines represent auxiliary indices of di-
mension N+ 1 (k,k/ = 0,1,...,N). b) The trotterized time evolution of
dQA as a 2D Tensor Network. Blue (red) squared shapes represent the
MPO tensors for the decomposition of ay (vp) (ﬂx( Bp )) time evolution
operators.

overlaps with many different solutions (see Sec. B.1 in Appendix B for de-
tails). This delocalization over clusters of classical solutions is an interesting
confirmation of previous results[144, 145] in a new setting, and it may repre-
sent a winning feature for some classical optimization problems. In addition,
whereas methods as DMRG are purely related to the classical simulation of
many-body quantum systems, our MPS-scheme simulates dQA, providing
a benchmark for Quantum Annealing experiments on real quantum devices,
beyond the small system sizes reachable by means of ED methods.

Finally, it is worthwhile to mention that our TN representation can be eas-
ily adapted to study imaginary time evolution and the classical equilibrium
properties of the corresponding classical models, i.e. without the transverse
term H,.2

2 Indeed, in this case, the classical equilibrium partition function will assume the form of a 2D
tensor network as in Fig. 3.3, without the single-qubit layers.



Algorithm 1 dQA with MPS

Input: the dQA parameters T, P, 5t = /P, the MPS maximum bond
dimension x

Compute the Fourier matrix Uy, (Eq. 3.1.11) of dimension (N +1) x P
Define the initial state (\p) = [p) as an MPS of bond dimension x =1
for(p=1,p=P,p++)do
for(u=1,u=Ng, nu++)do
apply UL (yp) to the current MPS ) and compress to a lower
bond dimension x
update ) setting it equal to the resulting MPS
end for
apply ﬂx([ip) to the current MPS )
end for

(=

e * 3

Output: the final optimized MPS [p)

The MPS compression

A key step in our proposed algorithm is the iterative compression of the MPS
wave function, reported in line 5 of the pseudo-code 1. As anticipated, this
is necessary to avoid an exponential increase of the MPS bond dimension
with the number of Trotter steps P. In practice, the compression procedure
projects the dynamics on the manifold of MPS with fixed maximum bond
dimension x. This projection can be achieved with the method in Section
1.4.4. In our particular case, ) is given by the application of a unitary time
evolution operator to the MPS at the previous step, i.e. ) = ay (vp) ).
In general, when an MPO is applied to an MPS, the corresponding bond
dimensions are multiplied, thus we would get a bond dimension (N + 1)x
and the overall cost of one compression would be O(N SWeepsN3x3 ).

However, the compression efficiency can be greatly improved by exploit-
ing the particular structure of the MPO in Eq. 3.1.13. To this scope, let us
first observe that each operator U (y;,) can be equivalently recast into a sum
of (N + 1) MPOs, each of bond dimension x = 1. This fact can be seen di-
rectly from Eq. 3.1.13, by noticing that the tensors W are diagonal in the
auxiliary indices k, k’. More formally, if we define the tensors

Uy p

VN +1

1/N
WMM@LM):é%&< ) elviTk(=&st) 1 =0 1..N i=1,2..N,

we have

N N ]
: uk i 27 o ~
y wkfm(s{,si)) =0ars ) —— et NI = (/|1 (y)ls)
k=0 1_1< w VN

(3.1.14)
namely the operator UY(y) is a sum of N + 1 MPOs with bond dimension
X = 1. Therefore, the uncompressed MPS [{p) = ay (vp) Id) can be written
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as sum of N + 1 MPS [py), each with bond dimension ¥, so that Eq. 1.4.9
becomes

N
0 . -

NI < (bhb) — Z (1|)|1|)k>> =0. (3.1.15)

a(A‘Xiq,fxi)* k=0

Now, the second term involves N + 1 contractions of MPS with bond dimen-

sion x. The computational cost is therefore reduced by a factor N, i.e. to

O(NsweepsNZXS)-

Estimate of the computational cost

The computational bottleneck of Algorithm 1 is the iterative compression of
MPS sketched in the previous section. This is repeated PN times, and each
repetition is expected to have a computational cost O(N SweepsN2x3 ), where
X is the maximum bond dimension. If we set Ngyeeps = O(1), the overall
algorithmic cost is therefore estimated to be O(PNgN?x?) and, in the regime
Ng ~ N, we expect O(PN3x3).

The most computationally expensive steps are 3 — 9, whereas the initial
Fourier transforms can be performed at cost O(PNlog N) by means of the
Fast Fourier Transform. In particular, the actual computational bottleneck
is the application of each uy (vp) to the current MPS, and the subsequent
compression to the prescribed bond dimension ¥.

Concerning the cost function evaluation, by exploiting the same MPO
structure of Eq. 3.1.13 (with hy in place of ﬂk,p ), once again one can rewrite
A, = Z]:; ﬁu as a sum of Ng(N + 1) MPOs of bond dimension 1, instead
of a single MPO of bond dimension Ng(N + 1). This allows to reduce the
cost of the tensor contractions involved in the evaluation of (1p|ﬂz|1p>, that is
O(N 5N2x3), instead of O(N§N4x3). If the cost function is evaluated at each
step of dQA the overall cost is O(PN £N?x3), that is of the same order of the
algorithm itself.

Estimate of the computational cost

The ultimate result of simulating dQA through TN is an optimized MPS,
ideally exhibiting a significant overlap with the subspace of ground states
in the target Hamiltonian H,. Although our simulation is conducted using
exclusively classical resources, it is possible to translate the final MPS into
a quantum circuit, enabling real-world implementations on near-term quan-
tum devices. This fact may set the stage to further manipulate the state with
quantum resources, for example with additional hybrid quantum-classical
optimizations [115]. The mapping onto a quantum circuit can be achieved
by exploiting the MPS nature of the final state. As we discussed in Sec. 1.8,
any MPS having maximum bond dimension x = 2™ can be obtained from
the trivial state [0) = |0...0) by applying sequentially N unitary gates, each
acting at most on log, x +1 = n + 1 qubits. Although this proof of con-
cept is remarkable, in order to practically compile the optimized MPS into a
quantum circuit we focus on another method, reported in [51] and discussed
in Sec. 1.8. This employs an algorithm that iteratively optimizes two-qubits
unitaries in a fixed circuit architecture, in order to maximize the fidelity with
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the target MPS. The geometry of the circuit is given by a fixed number D of
staircase layers of two-qubits gates.

3.2 RESULTS

In this Section, we analyze and discuss our numerical results on MPS simu-
lation of dQA. Here, we focus on the benchmark p—spin model and on the
binary perceptron; the same qualitative results hold for the Hopfield model,
as reported in Sec. 3.2.4. In the MPS simulations of the following sections,
we fix a relatively small value of the bond dimension x = 10: in Sec. B.2
of Appendix B, we perform an analysis of the convergence for increasing
values of x. With such bond dimension, we are able to study systems up to
size N ~ 100 (see Sec. 3.2.4), whereas ED is necessarily limited to N ~ 20.
It is useful to introduce the energy density

_ (W(s)IFzlp(s)) — Egs

e(s) N ’ (3.2.1)

where [{p(s)) is the instantaneous wave function for a certain value of the
annealing parameter s € [0, 1] and Eg4; is the ground-state energy of H,. The
residual energy density at the end of the annealing schedule, defined as ¢(1),
can be regarded as a figure of merit of dQA effectiveness. The instantaneous
standard deviation of the time-dependent Hamiltonian A(s) is written as

1/2
ams)z](<w(s)|ﬂz(s)|w(s)>—<¢(s)|ﬂ(s)w(s)>2) . (22)

N
with an analogous definition for O‘HZ(S). Notice that the residual standard
deviation of H,, i.e. GHZ(” = oy (1), is another possible figure of merit for
dQA, since it is expected to vanish if the exact ground-state of M, is reached.
Moreover, op(s) is expected to be constantly 0 in the case of a perfectly
adiabatic dynamics.

3.2.1  Benchmark (p-spin models)

As a preliminary check, we focus on the integrable p—spin model, in order
to benchmark our MPS-based simulations against ED results, up to large
system sizes. Let us remark that the Hamiltonian considered in Eq. 3.0.2
(with H, given by Eq. 3.1.2) has a phase transition as a function of the an-
nealing parameter s. In the thermodynamic limit N — oo, one encounters
a second order phase transition for p = 2, and a first order phase transi-
tion for p > 2 [134]. In particular, by means of mean field calculations, one
can show that the critical values are s = 1/3 for p = 2 and s. ~ 0.435 for
p = 3 [134]. These phase transitions represent a challenge for Quantum An-
nealing, since a system is expected to stay in the instantaneous ground state
of H(s) only if the total evolution time 7 is (at least) inversely proportional
to the square of the minimum energy gap of H(s) [132], as stated by the
adiabatic theorem. Besides, it is also known that the energy gap decreases
exponentially as a function of the system size N at a first-order quantum
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Figure 3.4: p—spin model. Residual energy density ¢(1) (left column) and residual

standard deviation of the energy oy_(1) (right column) as a function of

the time step ot, for a) p =2 and b) p = 3. We compare MPS (x = 10)
and ED results. The system size is N = 50.
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Figure 3.5: p—spin model. Energy density ¢(s) as a function of the annealing pa-
rameter s. Data refer to P = 1000 time steps and a) &t = 0.5 (close to the
minimum) and b) 6t = 0.9 (large Trotter errors regime). We consider

both p = 2 (green) and p = 3 (red), comparing MPS (x = 10) with ED.
The system size is N = 50.

phase transition, whereas the scaling is polynomial in N for a second-order
transition [133]. Consequently, a QA implementation applied to finite-size
systems is expected to perform worse for p = 3 than for p = 2. Let us no-
tice that dQA can be easily simulated via ED up to large qubit numbers for

the p—spin model. Indeed, the interpolating Hamiltonian H(s) in Eq. 3.0.2
commutes with the total spin operator

-1 L ()
S :Z Z (%] P
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for any value of p. Since the initial state [{po) of dQA belongs to the Hilbert
space sector of maximum total magnetization, i.e.

<ll)o|§21|)o>:<ﬁ"-%IgzlﬁmH):N<N+1> )

2\2
the time evolution of the system is constrained in this sector for any step
p = 1,...,P. This allows to write the time evolution operators U, (vp) and
ﬂx(ﬁp) as matrices of dimension N+ 1 x N + 1, and to evaluate exactly the
dynamics.

In Fig. 3.4, we benchmark our MPS results, obtained by setting a maxi-
mum bond dimension x = 10, with ED results. This is done for p = 2,3
models, with N = 50 qubits. We plot the residual energy density ¢(1) and
the residual standard deviation GHZ(U vs the time step 6t = 1/P, with a
total number of steps fixed to P = 100, 1000. In all simulations we used a
tirst-order Trotter approximation, as sketched in Sec. 3.1. As expected, ED
data confirm that the final annealed state [\)(s = 1)) becomes a better approx-
imation of the ground state by increasing the time step 5t (at fixed P), until a
minimum is reached, and then the protocol starts to become inaccurate due
to large Trotter errors. For p = 2, the MPS results are in perfect agreement
with ED for all values of dt, proving that our tensor network techniques can
reproduce the exact (digitized) dynamics, despite fixing a finite bond dimen-
sion. For p = 3, the agreement is equally good, except for the regime of large
dt, which is dominated by large Trotter errors. In this case, MPS results devi-
ate from ED, surprisingly assuming lower values of the final energy density
e(1).

To summarize, in the regime of sufficiently small 6t and large values of P,
i.e. where dQA approximates accurately the actual QA dynamics, our MPS
techniques numerically coincide with ED simulation of dQA, thus proving
an effective tool to simulate the annealing of large-size systems (at least for
these benchmark models). In contrast, in the large ot regime, dominated
by large Trotter errors, the MPS dynamics can sometimes depart from ED
results. However, as sketched in Fig. 3.1 and in its discussion, the final MPS
may turn out to be a better approximation (in terms of residual energy) of
the ground state if compared to the final state obtained by exact dynam-
ics. We will observe the same phenomenon in the next sections, for the
other models considered. In Fig. 3.5, we also compare ED and MPS results
along the annealing dynamics, for P = 1000. In particular, we consider two
representatives values of ot = 0.5 (panel a) and 8t = 0.9 (panel b), roughly
corresponding to the minima of the residual energy landscape in Fig. 3.4 and
to the regime dominated by Trotter errors, respectively. We plot the energy
density ¢(s), as a function of s € [0, 1]. For p = 2, we observe a perfect match
of MPS and ED values of ¢(s), during the whole time evolution. For p = 3,
however, the agreement is good only for 8t = 0.5 (corresponding to the min-
imum, i.e. low Trotter errors), whereas for 5t = 0.9 our MPS dynamics does
not reproduce the exact digitized dynamics (at least for s > s., where s,
corresponds to the phase transition point). Consistently with the discussion
above, the MPS simulation yields substantially lower values of the energy
density in the last part of the annealing (in particular for s approaching to

1).
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3.2.2 Binary perceptron
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Figure 3.6: Binary perceptron. Residual energy density ¢(1) as a function of the
time step length 5t for N = 21 and P = 100,1000. Data are averaged
over five different training sets, for both values of N (or @ = Ng/N)
considered: a) Nz = 17 (x =~ 0.81) close to the SAT/UNSAT transition,
and b) Ng = 8 (ax =~ 0.38) in the SAT phase. MPS results with x = 10
(full symbols) are compared with ED results (solid lines), showing good
agreement for 5t < 1, and remarkably better results for 6t = O(1) (see
discussion in the main text). Error bars for MPS data are given by the
standard error of the means (seldom visible). Solid lines with lower
opacity represent average =+ the standard error of the mean for ED data.
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Figure 3.7: Binary perceptron. Energy density ¢(s) as a function of the annealing
parameter s (N = 21, Nz = 17, P = 1000). We fixed 6t = 0.1 (green) or
ot = 1.0 (red).

We now focus on the binary perceptron model, as defined by Eq. 3.1.4.
First, we consider a system of size N = 21, so that the classical solutions/-
ground states can easily be found by enumeration, and MPS findings can be
compared to ED results.

We set Nz = 17, corresponding to « = Ng/N ~ 0.81, close to the critical
value o ~ 0.83, and we run our simulations for different training sets, la-
beled {E,”}T:i]. In particular, we considered the same training sets used in
Ref. [144], also analyzed in Ref. [145]. These were originally selected to yield
highly non-convex minimization tasks, proving particularly challenging for
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standard Simulated Annealing techniques (i.e. Simulated Annealing suffers
from an exponential slow-down, due to the trapping in meta-stable states).
In the following, for conciseness, we show data averaged over five training
sets in that list. However, the same results and considerations hold true for
each single case in exam. In Fig. 3.6 (panel a)), we show the residual en-
ergy ¢(1) obtained by the MPS simulations and by ED, spanning different
values of time step length 6t = 1/P. The total number of steps is fixed to
P =100 or P = 1000. Here and in the following, unless otherwise stated,
MPS simulations are run by setting a maximum bond dimension x = 10. In
both cases, we observe that MPS results replicate ED data for small values
of &6t (6t < 1). On the other hand, for higher values of 5t (i.e. 5t ~ O(1)),
ED data show an expected increase of the final energy density due to Trot-
ter errors. On the contrary, MPS simulations surprisingly yield a further
considerable decrease in the residual energy. This phenomenon supports
the heuristic sketch in Fig. 3.1, replicating more distinctly what already ob-
served in Fig. 3.4 b) for the p = 3 spin model at large values of dt. Strik-
ingly, in this noise-dominated regime, our MPS framework still successfully
performs the quantum optimization, and it yields non-trivial final quantum
states that prove more efficient than those obtained by exact dQA. A detailed
discussion of this phenomenon is given in Sec. 3.2.3. For completeness, we
investigated whether these findings hold true also in the SAT phase, further
away from the critical value .. The answer is positive, as shown in Fig. 3.6
(panel b)) for N = 21, Ng = 8 (i.e. @ ~ 0.38). Here, data are also averaged
over five different training sets, which are randomly generated.

The remarkable difference between the two regimes of 5t < 1 and 6t =
O(1) is better elucidated in Fig. 3.7, where we compare ED and MPS results
for the two representative cases of 6t = 0.1 and 6t = 1.0, by plotting the
energy density ¢(s) during the annealing. In the first case, we observe an
excellent agreement between the two methods, whereas in the second case
the instantaneous MPS deviates from the ED state, finally reaching consider-
ably lower energy values. In particular, the energy density of the MPS drops
by almost two orders of magnitude in the very final annealing steps (i.e. for
s—1).
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Figure 3.8: Binary perceptron. Residual energy density (1) as a function of time
step length 5t, for a single randomly-generated training set (N = 50
and P = 100,1000). Two values of N (o) are considered: a) Ng = 40
(x=0.8), b) Ng =20 (x = 0.4).
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As already discussed, our MPS framework allows for large-scale simula-
tions, beyond the reach of standard ED techniques. This may prove a useful
benchmark for the actual implementation of quantum optimization schemes
on near-term quantum devices. Here, to show the effectiveness of our meth-
ods, we address the example of a perceptron with N = 50 qubits, well be-
yond the reach of ED techniques, by studying a single randomly-generated
training set. In Fig. 3.8 we plot the residual energy ¢(1) vs the time step
length ot, as obtained by MPS simulations. The total number of steps is
fixed again to P = 100 or P = 1000 and two similar values of « are consid-
ered: « = 0.8 (Ng = 40, panel a) and « = 04 (Ng = 20, panel b). Our
MPS-based simulation yields a final state with low values of residual energy
density, corresponding to a successful optimization. Furthermore, these re-
sults confirm the previously outlined scenario: the residual energy density
keeps decreasing up to 6t ~ O(1). As a matter of fact, by increasing further
the Trotter step beyond a model-dependent threshold, the algorithm enters
into an unstable regime where the method fails to provide an optimal solu-
tion, and the residual energy ¢(1) suddenly jumps to very large values.

In the discussion above, we assumed the residual energy density ¢(1) to be
a good figure of merit of dQA effectiveness. In the following, we verify this
explicitly for the case of N = 21 and Nz = 17, by evaluating the overlap of
the final annealed MPS hp(s = 1)) with the exact ground states {s’g}]:;"{. The
degeneracy of the perceptron model ranges in N1 € [20,160], depending
on the particular training set in exam: here, for simplicity, we refer to the first
training set with N1 = 80. In Fig. 3.9 a) we plot (one minus) the total suc-
cess probability, defined as Zz’;"{ p(sy) = Z]o\:;"]‘ (stb(s =1)) %, vs &t for
P =100,1000, confirming the same trend as previously shown in Fig. 3.6 (a).
Additionally, in Fig. 3.9 b), we plot an histogram of probabilities p(s} ) for a
fixed value of 5t (i.e. ot = 1.4, approximately corresponding to the best MPS
performance) 3. Noticeably, the final output of dQA has a non-vanishing
overlap with a number of the classical solutions of the optimization prob-
lem, i.e. the final wave function is delocalized. As already mentioned, this
fact represents a remarkable difference with the DMRG algorithm, which
always converges to completely localized wave functions, overlapping with
a single classical solution (see Sec. B.1 for details on DMRG results). Finally,
let us mention that the final state has a non-vanishing overlap with the same
set of classical solutions for both values of P, and the same is observed by
comparing MPS results with ED (data not shown).

3.2.3 The MPS-projection mechanism to mitigate Trotter errors

In this section, we provide some theoretical insight to explain the numerical
results presented above. Let us first summarize a few preliminary concepts.
The set of MPS with any fixed (finite) value of bond dimension x constitutes
a smooth manifold M, inside the many-body Hilbert space [40], as repre-
sented in Fig. 3.1. The dimension of M, is ~ 2x?N, since this is the number

3 We order the ground states s}, such that p(s},) is in descending order for P = 1000, and we
only select the 40 most probable solutions.
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Figure 3.9: Binary perceptron. a) One minus the total success probability
ZZ‘;"IL p(sy). The agreement with the corresponding plot for the resid-
ual energy density confirms that the latter is a good proxy for dQA ef-
fectiveness. b) Probabilities p(s}) of measuring the final state (s = 1))
in a given solution s}, with 6t = 1.4. In both figures, data refer to a sin-
gle instance with N = 21, Ny = 17. The same qualitative results hold
for all the other training sets. Solutions are arbitrarily sorted such that
p(sy) is in descending order for P = 1000.

of independent parameters in the MPS tensors, whereas the dimension of
the many-body Hilbert space is exponentially greater, 2N. Also, M, can be
equivalently characterized as the manifold of quantum states such that the
entanglement entropy between any system bipartition is upper bounded by
logx [27].

Let us now go back to our MPS-based Algorithm, introduced in Sec. 3.1
and summarized in the pseudo code 1, by examining it from a geometrical
point of view (as depicted in Fig. 3.1). We remark that the initial state of
dQA, namely the fully polarized state \pg) = | —)®N_is an MPS with bond
dimension 1, thus it is a point belonging to the manifold My (for any x > 1).
For every time step p = 1---P, our algorithm repeatedly projects the exact
dQA dynamics on My, after the application of each MPO U} (y;) (corre-
sponding to the patterns uw = 1,...,Ng). The projection is provided by the
compression algorithm described in Sec. 3.1.3. This procedure results into
an effective trajectory belonging to the manifold M,, sketched in Fig. 3.1 by
a gray dashed line, and it affects the entanglement content of the quantum
state, constrained to be < logx.

The different qualitative results obtained in the two regimes of small
ot < 1 and larger &t ~ O(1) can be understood in terms of entanglement
entropy (see Sec. B.2 and B.3 of Appendix B for details). Indeed, in the
regime 6t < 1, the entanglement of the instantaneous ED state (during the
whole annealing dynamics) is relatively low, allowing for an accurate and
efficient simulation of dQA with our MPS implementation, with sufficiently
low values of the bond dimension x. In contrast, this is not possible for
larger values of ot, since exact dQA generates large amounts of entangle-
ment, hindering an efficient encoding with MPS techniques. Indeed, in this
regime, MPS simulations largely deviate from exact dQA simulations, nev-
ertheless surprisingly outperforming them. To clarify this peculiar aspect,
we figure out that the high entanglement production and the large values of
the final energy density ¢(1), observed in exact dQA for &t ~ O(1), are both
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related to Trotter errors, which can be alleviated by a repeated projection on
M.

In previous studies (notably in Ref. [118] and [148]) it has been shown that
Trotter errors largely dominate over time discretization errors in the regime
of large dt. More explicitly, a comparison can be drawn between the two
following protocols 4

(p) = [Th_q e tHERIE o) dQA without Trotterization

Wp) = ngl e H1—sp) Hx 8t o—isp H. 8t o) dQA with Trotterization

(3.23)
where p = 1,2,...,P and s, = t, /T = p/P (as in Eq. 3.1.5). Remarkably,
approximating the exact continuous time-ordered evolution with P discrete
time steps of length 6t (AQA without Trotterization) turns out to be very ac-
curate even for large time step values (i.e. 6t ~ O(1)), as long as P is large
enough. This “robustness to time discretization” has been confirmed by sev-
eral theoretical studies, such as Ref. [148], and we verify it numerically in
Sec. B.3. On the contrary, in the same regime ot ~ O(1), dQA with Trotter-
ization becomes highly inaccurate, leading to a sharp increase in the final
energy density £(1). To better elucidate this fact, we can rewrite the Trotter
split-up as

et —sp)Flx 5t efispﬂz 5t _

spurious Trotter terms

1 (3-2.4)
= exp <—i5t]:l(sp) — E(ét)z sp (1— S‘p)[]:lx/]:{z] +-. ) ,

where use has been made of the lowest-order Baker-Campbell-Hausdorff ex-
pansion, neglecting O(5t)3 terms. In the regime 8t ~ O(1), the large spurious
Trotter terms in Eq. 3.2.4 induce non-adiabatic quantum transitions.

This scenario is confirmed by numerical simulations. In particular, we
compare the two dQA protocols, with and without a first-order Trotter split-
up, both of them simulated by means of ED, with our MPS scheme (we set
x = 10). 5 This is done in Fig. 3.10 for a binary perceptron of increasing
size N, with the parameter o fixed to 0.8 and N; = «N scaling proportion-
ally to N. Data are averaged over 10 random realizations of the patterns
{E,”}]:i]. In panel a), we plot the final energy density ¢(1), for two repre-
sentative time step values ot = 0.1 (5t = 1.0) for the small (large) time step
regime, respectively. In the first case (6t = 0.1), the agreement betweeen the
two dQA protocols and the MPS simulation is remarkable. Indeed, in this
regime, Trotterization has negligible effects, and our MPS simulation closely
resembles dQA without any Trotter split-up. In the second case (5t = 1.0),
a few observations are in order. First, we notice that dQA without Trotter-
ization performs even better than in the small time step regime, reaching

4 Notice that the authors of Ref. [118] adopt a different naming convention for these proto-
cols. Indeed, they denote dQA without Trotterization as “linear-stepQA”, while dQA with
Trotterization as “linear-dQA”.

5 We remark that our MPS methods allow for an efficient representation of dQA with Trotteri-
zation, as thoroughly explained in Sec. 3.1.
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Figure 3.10: Binary perceptron. a) Final energy density ¢(1) and b) half-system en-
tanglement entropy Sy /> (1) of the final state, for systems of increasing
size N. Weset x = Ng /N = 0.8 and P = 100. Data are averaged over 10
realizations of the random patterns, and the resulting standard devia-
tions are smaller than the marker size. We fix two representative values
of the time step, 6t = 0.1 (blue) and 6t = 1.0 (orange). We perform an
exact simulation of dQA with and without Trotterization (see Eq. 3.2.3),
and we compare these results with our MPS simulations (x = 10). The
red line in panel b) coincides with the maximum entanglement that
can be encoded into such MPS, namely logx. In the small time step
regime, Trotter errors are negligible, thus the two dQA protocols yield
very similar results; moreover, they can be efficiently simulated with
MPS, since the entanglement content of the final state is quite small.
The qualitative picture is drastically different in the large time step
regime: here, Trotter errors spoil the dQA effectiveness (large resid-
ual energy) and result in large entanglement values. Surprisingly, in
this regime, MPS simulations still provide reliable low-entangled final
states.

significantly lower values of ¢(1). Thus, dQA would benefit, in principle, of
a larger time step. However, Trotter errors here become dominant, severely
spoiling the final result and confirming our analysis above. Interestingly, as
sketched in Fig. 3.1, our MPS simulation turns out to mitigate Trotter errors,
providing good solutions even in this regime.

In panel b), we plot the von Neumann entanglement entropy for the final
state.® In general, along the annealing protocol, this quantity is defined by

Sny2(s) = —Trs, .y, (P(s) log p(s))

B(s) = Tran s sn (10(5)) ((s)]), 5:25)

where [{(s)) and p(s) are the whole-system state and the reduced density
matrix of half-system, respectively. Here, we set s = 1, corresponding to
the final annealed states reported in Eq. 3.2.3. For 6t = 0.1, the entangle-
ment entropy of the final state grows relatively slowly with N (for both dQA
protocols), allowing for efficient MPS simulations. On the other hand, for
ot = 1.0, we observe that Trotter errors give rise to large amounts of en-
tanglement entropy in the final state. Now, since our algorithm iteratively
reduces the entanglement of the quantum state at each time step, we argue

We consider the so-called entanglement entropy at half chain, i.e. between two subsystems
of the same size.
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that it acts by iteratively projecting away the contributions given by the spu-
rious terms introduced by the Trotter split-up, since these, as shown, are the
main source of entanglement. Since the same terms are also responsible of
low-quality final states (large values of final energy density), our algorithm
can quite re-establish the performance of dQA without the Trotter split-up,
thus providing a significant improvement in the final result.
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Figure 3.11: Binary perceptron. Fidelity between the reference state (instantaneous
state of dQA without Trotterization) and the instantaneous state of a
Trotterized dQA dynamics, either obtained with ED (circles) or with
MPS simulations (squares). We fixed P = 100 and T = 10 (blue) or
T =100 (orange). The fidelity is plotted vs the rescaled annealing time
s=t/te€0,1]. Weset N =18, Ny = 14 (e =~ 0.78) and we averaged
over 10 realizations of the random patterns.

In addition, a direct evidence on the MPS effectiveness in mitigating Trot-
ter errors, and thus reproducing the actual QA dynamics, is provided in
Fig. 3.11. Here, we fix the instantaneous state of dQA without Trotteriza-
tion as a reference state, representing the true QA dynamics. 7 We plot the
fidelity, during the annealing, between this reference state and two other
states, namely the instantaneous dQA state with Trotter split-up obtained
either with ED, or approximated by means of our MPS framework. Remark-
ably, in the small time step regime (once again 5t = 0.1) both fidelity values
are quite close to 1, whereas in the other regime (8t = 1.0) MPS simulations
prove more faithful than exact dQA with Trotterization, especially in the last
stages of the annealing.

Finally, let us remark that the outlined results provide some clear insight
on the correctness of our initial sketch in Fig. 3.1. Indeed, as shown in
Fig 3.10 (see also Sec. B.2), the final state from a dQA without Trotterization
is generally low-entangled and close to the continuous time-ordered QA re-
sults, whereas the Trotterization represents the main source of entanglement
in the regime of large ot. It may therefore be convenient to approximate
this Trotterized evolution as an MPS with relatively low bond dimension.
As shown numerically in Fig. 3.11, the MPS evolved state remains closer

7 Strictly speaking, this is certainly an approximation, since this state clearly does not satisfy
the ideal continuous time-ordered dynamics. However, dQA without Trotterization often
turns out to be an outstanding approximation for a wide range of time step values (even if
5t ~ O(1)), as anticipated above (see Ref. [148]), and proven numerically in Sec. B.3.
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to the annealing dynamics, if compared to the exact Trotterized evolution,
confirming the qualitative representation sketched in Fig. 3.1.

3.2.4 The Hopfield model
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Figure 3.12: Hopfield model. Residual energy density as a function of time-step
length ot. We set N =21, Ny =2 in panel a) and N =100, Ny =13 in
panel b). In panel a), data are averaged over five different sets of ran-
dom patterns, and MPS results (full symbols) are compared with ED
results (solid lines). The (small) MPS error bars represent the standard
error of the mean, often smaller than the marker size. Solid lines with
lower opacity represent average + the standard error of the mean for
ED data. In panel b), we plot &(1) since the exact ground state energy
is not known a priori and ED cannot be performed, due to the large
system size. However, an estimate of the actual ground state energy
is represented by a black horizontal dashed line (obtained by state-of-
the-art classical solvers, see main text).

In this Section, we summarize results for the Hopfield model, defined by
Eq. 3.1.3. As for the binary perceptron, we first focus on a relatively small
size N = 21, such that exact solutions can be easily found by enumeration,
and MPS results can be compared with ED. We set Nz = 2, so that « =
Ng/N =~ 0.095 is close to the zero-temperature critical value . ~ 0.138,
and we run our simulations for different randomly-generated training sets
{E,“}]: £,. In Fig. 3.12 a), we plot the final energy density (1) as a function
of the time step t. As for the other models examined in the main text, we
observe a close agreement between MPS and ED for small 5t (notice the log
scale on the y—axis, therefore deviations for P = 1000 are actually small, of
O(10~4)). For &t values of O(1), larger deviations are observed, with MPS
generally outperforming ED. Moreover, in Fig. 3.12 b), we consider a single
instance of size N = 100, still close to the critical point (we set Nz = 13, so
o = 0.13). In this case, the exact ground state energy is not known a priori
and therefore we plot €(1) = (P (1 )AL (1 )) /N. An accurate estimate of the
actual minimum energy can be obtained by means of an optimized classical
solver (we used the online solver http:/ /spinglass.uni-bonn.de/): this value
is represented by a black dotted line. This solver employs state-of-the-art
classical optimization methods, namely a version of the branch and bound
algorithm [149]. In summary, these results show that our MPS methods are
effective in finding a good approximation of the target ground state even for
large system sizes, far beyond the reach of ED.
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3.2.5 MPS compilation to quantum circuits

The scope of this section is to discuss the representation of an MPS as a
quantum circuit, i.e. as a sequence of unitary quantum gates acting on a
blank qubit register |0). We perform several simulations by employing this
iterative quantum circuit optimization described in Sec. 1.8. In our case,
the target state [\p) is the MPS obtained by contracting the Tensor Network
structure representing the whole time evolution (see Fig. 3.3), by means of
Algorithm 1. As an illustrative example, the following table includes results
obtained for the binary perceptron (N = 21, Ng = 17, a single training
set), by setting as target state the final state of dQA with P = 500. Dif-
ferent values of 6t (and hence T = Pdt) are considered. We report the
values of fidelity J obtained after Njiter = 3000 optimization iterations of
a circuit of depth D = 4. We also show the corresponding value of the
cost function <l:lz) /N = <0|ﬂ;rpt l:lzﬂoptIO) /N and the total success probabil-
ity Z]:;"{ plo}) = Z]:jf <0‘j‘1|ﬂopt|0> |2, where ﬂopt represents the optimized
quantum circuit.

st F [ (F)/N | ZNop(er)
1.0 | 0.918 | 1.61-103 0.941
1.2 || 0.944 | 1.63-1073 0.944
1.4 || 0.951 | 1.10-1073 0.961

1.6 || 0.894 | 1.08 103 0.965

Data show that, even if the optimized quantum circuit does not reach
particularly high fidelity F with the target state, anyway the final energy
densities are O(10~3), and the overlap with classical solutions significantly
large. This is indeed a remarkable result, for a shallow quantum circuit
with D = 4. We mention that deeper circuits (larger values of D) are more
challenging to optimize, possibly because the algorithm gets stuck into sub-
optimal local minima, but we leave a more systematic numerical study to
future work.

Let us notice that residual energy densities of O(1073) are comparable
with the best result attained by exact dQA with P = 1000 steps, and an
optimal choice of 6t (see Fig. 3.6). Thus, we argue that by applying the Al-
gorithm 1, and then approximating the resulting MPS [{p) with a quantum
circuit, one can obtain a small set of two-qubits unitary gates with a sim-
ple architecture yielding a good quantum state, bearing large overlap with
the classical solutions. This state may represent a valuable starting point,
allowing for further circuit optimization on near-term quantum devices.

3.3 CONCLUSIONS

We tackled the quantum adiabatic optimization of a large class of hard clas-
sical minimization problems, encompassing p-spin models, and the paradig-
matic binary perceptron and Hopfield models. We focused on the well-
known Quantum Annealing protocol in its digitized version, and we de-
veloped a completely new, ad hoc approach, to simulate quantum adiabatic



time evolution for these systems. This approach relies on Tensor Network
methods and Matrix Product States, exploiting efficiently the available clas-
sical resources, allowing for classical simulations well-beyond the usual size
limits of Exact Diagonalization.

Our Tensor Network framework could be easily employed in future work
to study different non-equilibrium time evolution or the imaginary time
evolution for the same class of models. Moreover, our methods could be
generalized to simulate other quantum optimization algorithms, e.g. hy-
brid quantum-classical variational schemes such as QAOA. In this case,
the Tensor Network representing the time evolution would be parameter-
dependent, with the parameters being iteratively optimized by some classi-
cal routine.

We stress that the broad class of models that can be simulated in our
framework includes prototypical discrete Neural Networks of significant
theoretical interest in Machine Learning, which do not admit, in general,
a description in terms of few-body spin interactions. With the technological
progress and the availability of real quantum devices, it is a promising route
to assess the effectiveness of quantum optimization methods in this context.

Future perspectives concern the possibility to extend our methods to the
optimization of more challenging discrete Neural Networks (essentially, mul-
tilayered perceptrons). This exciting chance could significantly expand our
knowledge on the abilities of Quantum Computers to solve the hard opti-
mization tasks involved in classical deep learning.
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4 NONSTABILIZERNESS VIA
PERFECT PAULI SAMPLING OF
MATRIX PRODUCT STATES

Quantum advantage [30, 150] relies on harnessing the intrinsic complexity
of quantum systems to surpass classical computing limitations, potentially
enabling efficient solutions to NP problems [15, 151, 152]. Physicists agree
to identify the entanglement as a fundamental feature accounting for this
complexity, thus making necessary to exploit it proficiently in any quantum
computation. Indeed, quantifying entanglement in many-body systems is a
long-standing research focus, with various well-established measures, such
as purity, entanglement entropy, negativity and mutual information [153-

156].

Nevertheless, entanglement is not the sole resource which need to be quan-
tified in order to discriminate between easy and hard to simulate quantum
states. Indeed, it turns out that there exist several states encoding an exten-
sive amount of entanglement which can still be simulated efficiently on a
classical computer. These states are part of the stabilizer states [157], defined
as quantum states exclusively achievable using Clifford unitaries from the
computational basis state |0...0) [158-163]. Clifford group Cn represent a
class of unitary transformations that maps strings of Pauli operators over
N-qubits into other Pauli strings [36, 162], i.e.

Cn ={U € Upnyon st UPNUT =P,

where
PN = {+1, +ill, 0%, +i0%, +0Y, +icY, + 07, £ic%)®N

is the Pauli group *. Due to this underlying structure, stabilizer states can
be compactly represented classically. Indeed, they are completely character-
ized by a set of N independents Pauli strings, which can be conveniently
stored, allowing for a compact and efficient description. Clifford unitaries
and measurement of Pauli operators can be efficiently executed using this
representation by straightforwardly updating the stored Pauli strings [158,
159]. For a detailed introduction to the formalism of stabilizer states and
the Clifford group, we refer the reader to Appendix C. Given the aforemen-
tioned considerations, assessing the difficulty of simulating a quantum state,
irrespective of its entanglement content, necessitates the definition of a met-
ric that accounts for the number of non-Clifford operations essential for state

1 In this Chapter, we will omit the symbol " for operators.
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preparation [164, 165]. This quantity has been dubbed nonstabilizerness or
quantum magic. It turns out that nonstabilizerness is also related to the emer-
gence of quantum chaos [166, 167].

Several measures of nonstabilizerness have been proposed so far in quan-
tum information theory [168-170], as for instance the Robustness of Magic
(see Appendix C and Ref. [169]). However, their computation is usually
challenging [171], as it frequently involves challenging optimizations. As a
matter of fact, quantifying nonstabilizerness beyond a few qubits remains a
major challenge. Recently the Stabilizer Rényi Entropies (SREs) were intro-
duced in Ref. [172] as a possible way of quantifiying the nonstabilizerness
of a quantum state (see Appendix C for a detailed discussion). Interestingly,
SREs allow the evaluation of the nonstabilizerness stored in the ground state
of the paradigmatic transverse field Ising chain [173]. However, since they
depend on expectation values of all possible Pauli strings, computing SREs
of a generic state is exponentially costly with the number of qubits. Never-
theless when the N-qubits state admits a Matrix Product State (MPS) repre-
sentation with finite bond dimension x, the SREs can be computed as the
norm of a “2n-replica” MPS with effective bond dimension x2", where n
(integer) represents the Rényi index [174]. Unfortunately, such norm can be
computed at a cost O(Nx®™), thus having an unfavorable scaling with the
bond dimension. For any practical purpose, this makes the approach unfea-
sible for n > 2 2.

To overcome such limitations, we propose a new method which exploits
the probabilistic nature of the SREs. The Algorithm relies on a novel and effi-
cient MPS sampling in the Pauli basis, reminiscent of some well-established
MPS techniques [175, 176]. The sampling is perfect since we directly obtain
samples from the target probability distribution, without Markov chains. By
sampling over N Pauli strings realizations, we are able to estimate the SREs
with a computational cost scaling as O(NNx>). We first benchmark our
approach over a set of random realization of MPS states with large bond
dimension. We then study the nonstabilizerness in the ground-state of the
quantum Ising chain, showing a prefect agreement with the free-fermions
calculation. Finally, we use our method to compute for the first time the
non-equilibrium dynamics of the SREs after a quench. We consider the Ising
model with or without a longitudinal field and show how the confinement
of the excitations [177], hugely affecting the entanglement dynamics, may
play a role also in the time-evolution of the SREs.

4.1 PRELIMINARIES

Let us consider a quantum system consisting of N qubits. We identify the
Pauli matrices by {O'(x}i:o, with ¢© = 1, and with ¢ = H;\L 0j € PN a

2 Only for n = 2, it is possible to exploit additional symmetries, further reducing the computa-
tional cost to O(x%).



4.2 CONDITIONAL SAMPLING \

generic N—qubits Pauli strings where Pn ={09, 01, 02,03)®N 3. For a pure
normalised state p = ) (|, the SREs [172] are given by

1
1—n

1
log Z Z—NTr[p ol?™. (4.1.1)

[ISHEN

Mn(p) =

To understand the relation with usual Rényi entropies, one has to observe
that the non-negative real-valued function I, (o) = ZLN Tr[p 6]? sums to 1,
since

Z Me(o) =Tr [p Z \/% Trlp \/;;N]} =Tr[p?] =1, (4.1.2)

O'GjDN O'GjDN

where we used the decomposition of p in terms of the orthonormal Pauli
basis {\/%}, and the fact that Tr[p?] = 1 for pure states. Thus, we can
interpret IT, (o) as a probability distribution on the set of Pauli strings. Thus

:
Mn(p) = TLlog Z My(o)™ —Nlog?2, (4.1.3)

apart from a constant, does coincides with the n-Rényi entropy of the distri-
bution TT, (o), and it reduces to the Shannon entropy

Mi(p) =— > Tiy(0)logTT,y(0) — Nlog(2). (4.1.4)

O'GjDN

or n — 1. It has been shown that SREs have the following properties [172],
accordingly being a good measure of nonstabilizerness: i) M;, vanishes for
stabilizer states whereas is positive for other states; ii) are invariant under
Clifford unitaries; iii) are additive. Moreover, they grow extensively with
the system size N, thus making possible to define nonstabilizerness density
mn = My /N [174]. A violation of monotonicity for the SREs with 0 <n < 2
has been reported for systems undergoing measurements in the computa-
tional basis [178].

Computing the SREs in Eq. (4.1.1) requires the evaluation of the expecta-
tion value of a generic power TT,(6)™" (or logTT, (o) for n = 1) over the
probability distribution IT, (o) itself. This suggests a natural way to estimate
the SREs, based on a sampling from IT, (o).

4.2 CONDITIONAL SAMPLING

The task of sampling from the set of the Pauli strings o, which has size
D = 4N, may appear as exponentially hard. To overcome this difficulty, we
rewrite the full probability in terms of conditional and prior (or marginal)
probabilities as

My(0) =y (01)mp(02l07) - - o (oNfog - - on—1) (4.2.1)

3 Notice that, on the contrary, of Py, PN is not a group, since for instance olo? =io3.

69



70 | NONSTABILIZERNESS VIA PERFECT PAULI SAMPLING OF MATRIX PRODUCT STATES

Figure 4.1: MPS evaluation of the marginal probability 7,(c7). Dotted lighter
shapes represent conjugate tensors. Contractions over the auxiliary in-
dices can be easily carried out thanks to the property in Eq. (4.3.3), to-
gether with the right-normalization of the A; tensors.

% is the probability that the Pauli ma-
trix o occurs at position j given that the string o7 ---0j_7 has already oc-
curred at positions 1...j — 1, no matter the occurrences in the rest of the sys-
tem (i.e. marginalising over all possible Pauli strings for the reaming qubits

j+T1...N). Specifically, one has

where 7, (0jlo7 -+ 0j_1) =

1
(07 -+ 05) = Z z—NTr[p 07 -‘-O'jO']z. (4.2.2)
O-G:PN,]‘

In other terms, the conditional probability at the step j, i.e. 7, (0jlo7 -+ 05_1),
can be thought as the probability 7, ,(0j) of getting oj in the partially
projected state

p|0'] '“0')‘_]

Pj—1 = (01 --0y_1)1/2 (4.2.3)
where we have defined the state
Ploy. oy = 2—N Z Trlpoy---0j_10]071--- 0510 (4-2.4)

oEPN_j+1

where, in the Pauli matrices decomposition of p, we are only keeping the
contribution with fixed o7 --- 05_7. Notice that such state is not normalised,
however Tr[pj2_1] = 1, and the probability that the remaining string o ¢
PN_j41 occurs is exactly given by 7, (0o --- 05_1). From the definition in
Eq. (4.2.3), we can easily get the recursive relation p; = 7t,,_, (0; )~1/2p54 lo-
Thanks to that, we can generate the outcomes (and the probabilities of that
outcomes) by iterating over each single qubits, and sampling each local Pauli
matrix according to the conditional probabilities. Once a local outcome oc-
curs, the state is updated accordingly, and the iteration proceeds until all
qubits are sampled. At the end of this procedure, as a result of Eq. (4.2.1), we
generated configurations ¢ with probability IT, (o). In order for this method
to be computationally affordable, we need an efficient way of: (i) evaluating
the conditional probabilities; (ii) updating the state according to the local
outcome. In the following Section, we show that these conditions are met
whenever the state admits an MPS representation.
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Algorithm 2 Pauli sampling from MPS

Input: an MPS ) of size N

=

Put the MPS in right-normalized form.
Initialize IL = (1) and IT = 1 (see Fig.4.2 a))
for(i=1,i=N,i++)do
Compute the probabilities n(x) = my(0%|o7---0i-7) for & €
{0,1,2,3}, as in Fig.4.2 b).
Generate a random value of « according to 7( o)
Set 0y = 0%, update T — TT- 7(x)
Update L as in Fig.4.2 c).
end for

£ w9 N

Output: a Pauli string o and the probability TT(o)

4.3 MPS ITERATIVE ALGORITHM

We consider a pure state \p) represented in the MPS form [27, 38, 126]

|1_l)> = Z A?]Azz "'ASNN|S],SZ/---/SN>/ (4‘3'1)

$1,82,--<,SN

with A].Sj being x x x matrices, except at the left (right) boundary where
AT (AXY) is a1 xx (x x 1) row (column) vector. Here [s;) € {|0),[1)}is a
local computational basis. The state is assumed right-normalised, namely
>, A].Sj (A]‘.c’j)Jr = 1. We refer the reader to Chapter 1 for a thorough intro-
duction to MPS. Following the conditional sampling prescription described
in the previous section, we start from the first term of the expansion in
Eq. (4.2.1). This can be written as

Tp(07) = ZLN Z (lorohp) (W*loTe™p™) , (4.3.2)

[ SH NI

where we used the fact that the Pauli matrices are hermitian. In terms of
the operators Ag, = 07 ® 0 and A; = J 2 o (01 ® 0F), each acting on the
local Hilbert space given by a spin and its replica, the previous equation
reads 71,(01) = [ (Y| ® (V¥ ]Ag, Az -+ AN [ D) ® h*) ]. Now, the following
property can easily be proven

[ <S{‘ ® <r1/.| ] Ai [ |Si> ® |Ti> } = 68{,T{651,T‘i 7 (433)

meaning that A; is just two copies of the identity operator connecting the
spin |s{) and its replica (whose local computational basis is now indicated
as |ry) € {|0),[1)}). Using Eq. (4.3.3) together with the right-normalization of
the MPS, the computation of Eq. (4.3.2) reduces in the following local tensor
contraction

!

1 1%
mo(or) =5 > (AT)VAT(01)gs, (07)rn AT (AT, (43.4)

N
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c) "
\/7r,,(01-|01-~1.u o1) \/7

Figure 4.2: The iterative sampling Algorithm 2.

which is represented in Fig. 4.1 by means of the standard Tensor Network
graphical notation [27, 38].

After evaluating 7, (07) for o7 € {09,067, 62, 03}, one can extract a sample
from this distribution, obtaining the first element of the string. The informa-

tion about the partially projected state Eq. (4.2.3) is encoded in an effective

. : _ 1 s] S1
environment matrix I = 7251,31(@;] )*(01)5151A1 . The calcula-

\/27'[0(0_1)

tion of the next terms of Eq. (4.2.1) and the extraction of the remaining o;
proceeds following the same line. The full sampling recipe is summarized
in the Algorithm 2, and graphically supported in Fig. 4.2. Extension of the
Algorithm to mixed states is discussed in Supplementary Materials.

4.4 SAMPLING ERROR

We now discuss the statistical errors of the sampling algorithm, and their
scaling with the system size N. We first consider the case of estimating the
n—SRE, with n > 1. As we saw, the estimation of

n = Z Mo(o)™ (4.4.1)

O'GjDN

is achieved by a statistical average over the samples {O'H}flf:], that means
using the estimator

N
1 _
Gn = N E ﬂp(o-p.)n ! . (4'4-2)
p=1

Afterwards, we evaluate the density of nonstabilizerness as

iy = (N(1=m)) "' log g —log2 (4-4-3)
Notice that ., is an unbiased estimator of g, since §n = qn (T indicat-
ing the average over the uncorrelated samples, each distributed according
to T, (0)). The fluctuations of §, are characterized by its variance, which
can be easily evaluated as Var[dn] = Var[ﬂgf]] /N. For every n > 1, one
has Var[ITp—'] < 1 and thus we can upper bound the variance of the estima-
tor obtaining Var[dn»] < const./N, where const. is a constant of o(1), whose
value is independent of the size D = 4™ of the support of I, (o). This means
that the statistical error on g, can be reduced arbitrarily by increasing the
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Figure 4.3: a) Density of nonstabilizerness of {p) = Upg \T¢>®N for N = 10,60,
N = 10* and Rényi index n = 1,2. In the lower strip we show the de-
viation from the analytical value A = (myp — My )/0My, My being our
estimation and 4, the propagated statistical error. b) The error o1
as a function of the system size N for fixed N = 103,10° and ¢ ~ /4.

number of samples, no matter the system size N. However, since the un-
certainty on m,, propagates (at first order) as 6m,, « 84n/gn and both g,
0 are exponentially vanishing with N for typical probability distributions,

(6mn)? ~ 1ﬂVar[l'[Bq] /(M3~1)? is generally exponentially increasing with
N 4. Nevertheless, for the physical states we have examined, the estimation
error Oy is always under control for reasonable values of N (see next Sec-
tion and Supplementary Materials for further details). For n = 1 we evaluate
q1 =X gy Np(0)1logTT,(0) via the estimator §1 = 1/N - 23:21 log T, (o).
We have Var([g;] = VarllogIT,]/N and thus we are interested in giving an
upper bound for Var[logTT,]. Several works, e.g. Ref. [155], establish that
Var(logIT,] < %logz(D) + 1. Thus, in our case, Var[gi] < Nzlogz(Z)/N
meaning that in the worst scenario the number of samples has to scale as N2
to reach a given accuracy in the estimation.

4 This because nﬁ(“’”/m[}*‘ )2 >1
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Figure 4.4: Nonstabilizerness density of the Ising ground state (g = 0) with periodic
boundary conditions, for a system of size N = 14 and Rényi index
n = 1,2. Exact results obtained in the free fermions representation [173]
are compared with MPS sampling (N = 10%).

4.5 SAMPLING OF MIXED STATES AND OPERATORS

The definition of the Stabilizer Rényi Entropies M,, can be easily extended
to arbitrary non-pure states p by normalizing the probability distribution TT,
with the purity Tr[p?] < 1, thus redefining

1 T 2
M,(6) = o gy (451

Our sampling approach can be generalized to estimate M, (p) in the case in
which p = pj 41N is the reduced density matrix describing the rightmost
N — L qubits embedded in a larger pure MPS state [\p) of size N. Exploiting a
mixed canonical form for \p), one can obtain pj ;1 Ny as in Fig. 4.5a). After
that, the only thing that changes in our algorithm is the initialization of the
environment matrix IL. As we saw, this is set to (1) for a pure state, whereas
in the general case L = 2/\/Tr(4) in terms of the Schmidt eigenvalues
associated to the bipartition between the first L qubits and the last N — L
qubits (see Fig. 4.5b)).

Moreover, it is straightforward to adapt the sampling technique to target
Matrix Product Operators (MPO). Indeed, any MPO can be reshaped as an
MPS whose local physical dimension is increased from 2 to 4 (see Fig. 4.6).
In this way, by applying the proposed method, one could gain access to the
SRE of an operator O written as MPO. In such scenario, the SRE serves as a
form of participation entropy characterizing the operator spreading over the
space of Pauli strings.
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Priim = ﬁ*l ﬁ*ﬁ -
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b)

Figure 4.5: a) The reduced density matrix p; ;1 N of the rightmost N — L qubits
embedded in a larger pure MPS state is obtained by tracing away the
first L qubits. represent the Schmidt eigenvalue associated to the bipar-
tition. b) The new appropriate initialization of the environment matrix

L, ie IL=2//Tr(%).

Figure 4.6: Any MPO can be reshaped as an MPS by merging the two physical
indices of each local tensor.

46 NUMERICAL EXPERIMENTS

As a first benchmark of our algorithm, we consider the T-state |Tg,) = (|0) +
et® [1))/v/2, with ¢ ranging in [0, 7t/2]. A straightforward calculation yields
to

M1 (ITg) (Tel) = —cos® ¢ log(| cos /) —sin? ¢ log(|sin ¢|)

6.
Ma(Te) (Tol) = —logl(1 + cos* b + sin* /2] (4:6.1)

Both quantities vanish for ¢ = 0,7t/2, while they have a maximum for ¢ =
7/4. We firstly initialize the system in the product state [bo) = [Tg)®™,
which is an MPS of bond dimension x = 1. Afterwards, we apply a random
Clifford circuit Ue of depth N. In each layer, we randomly choose a sequence

of one-qubits or two-qubits gates extracted from the generators [36]

1000

1/ 1 10 0100
H_ﬁ<1 —1> S‘(o e“z‘) NOT=15 0 0 1
0010

The final MPS [p) = Ue o) has a larger bond dimension x > 1, whereas its
nonstabilizerness is the same of ), since this quantity is invariant under
Clifford group. Thanks to the additivity of the SREs, the nonstabilizerness
density mn (p)) = Mn(lb))/N is equivalent to the nonstabilizerness of a
single T—state. We apply our sampling algorithm on [), obtaining the es-
timation Mm,. Results are shown in Fig. 4.3, for n = 1,2 and size between
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Figure 4.7: SRE density after a quantum quench in the transverse and longitudinal
field Ising model (N = 40). The system is prepared in the ferromag-
netic state |+...4) and quenched with parameters h = 0.5, g = 0.0 (solid
line), h = 0.5,g = 0.25 (dotted line). The estimation is obtained with
N = 103 samples and pale lines represent the corresponding statistical
uncertainty. Subplot: half-chain entanglement entropy.

N = 10 and N = 70. Notice that for N = 70, the bond dimension of [p)
grows up to x = 128, depending on the particular arrangement of the Clif-
ford layers. Values of x of this order would be extremely challenging to
target with previously known methods [174], whereas our approach takes
only ~ O(0.1) sec/sample on a single node simulation. Notice that the sam-
pling can be easily parallelized, provided that the MPS is stored in multiple
independent copies. All data points are in agreement with theoretical pre-
dictions within three error bars (see Fig. 4.3 a)). Moreover, a scaling of the
statistical error dm,, with N at fixed value of N suggests that the fluctuations
do not grow significantly with the system size, even though in principle we
might have expected them to increase exponentially with N for n = 2. After-
wards, we consider the quantum Ising model

H:—ZG’{U’{H—hZGf—gZG’{. (4.6.2)
i i i

For g = 0, this Hamiltonian can be mapped into a model of free fermions
[179, 180], thus allowing the evaluation of the SREs in terms of ~ 4N de-
terminants of matrices involving fermionic correlators [173]. In Fig. 4.4, we
compare exact results for m, (n = 1,2) obtained in the fermionic represen-
tation with MPS estimations, for a system of size N = 14. For the MPS, we
use Density Matrix Renormalization Group (DMRG) [27] (x = 32) to find
the ground state. MPS data are in perfect agreement with the exact values,
within small error bars.

We also use our algorithm to estimate the dynamics of the nonstabilizer-
ness density during an out-of-equilibrium protocol. In particular, we pre-
pare the system in the fully polarized state [{(0)) = [+---+), where [+) =
(10) +11))/+/2 is the eigenstate of 0 with eigenvalue +1, and we consider the
time-evolution generated by the Ising hamiltonian i.e. (p(t)) = e Mty (0)).
We set the transverse and longitudinal fields respectively to h = 0.5 and
g = 0, 0.25. The latter value corresponds to a phase in which the system
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is known to exhibit a dynamical confinement of the excitations [177, 181],
whereas in the free case (g = 0) the quasiparticles give rise to a light cone
spreading of correlations [182]. We use the Time Evolving Block Decima-
tion (TEBD) to compute the time evolution of the post-quench MPS [27, 183],
with bond-dimension up to x = 128. Results are shown in Fig. 4.7 for N = 40.
For g = 0, the nonstabilizerness density seems to saturate rapidly to a sta-
tionary value (see Ref. [184]), although the half-chain entanglement entropy
S = —Trlpn 2 log pn 2], is still growing linearly with the time t as expected
(see the subplot). In the confined phase g = 0.25, nonstabilizerness exhibits
large and persistent oscillations around a slightly lower stationary value,
whereas entanglement is strongly suppressed and approaches a low satura-
tion value.

In Fig.4.8, we present the power spectra of the time-dependent order pa-
rameter (0*(t)) and of m,(t), which were obtained using Fourier transfor-
mation. The dominant frequencies of the two signals (i.e. peaks in the power
spectrum) match with good accuracy. It is well-known that the time de-
pendence of the order parameter in the longitudinal Ising model is strongly
affected by the value of the longitudinal field g. As soon as g > 0, the model
exhibit confinement, meaning that the longitudinal field confines a pair of
domain wall excitations into a bound state dubbed meson. This physical
phenomenon results in persistent oscillations of (0*(t)), whose characteris-
tic frequencies are determined by the masses of the mesons (and their differ-
ences). Our plots in Fig. 4.8 provide evidences that also the nonstabilizerness
of the time evolved state is strongly affected by the outlined physical picture.

—_
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=
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Figure 4.8: The power spectrum of the signals m, (t) and (0*(t)) computed as the
squared modulus of the Fourier transform. The latter is evaluated by
means of the Fast Fourier Transform (FFT) algorithm.

Finally, we consider the dynamics of the SRE for an operator O initially
prepared as a localized Pauli matrix and undergoing temporal evolution in
the Heisenberg picture, expressed as O(t) = e'"'*O(0)e~tHt. In our case, we
set O(0) equal to the Pauli matrix o* localized in the central site of a chain
of length N = 51. The time evolution was evaluated by means of TEBD
applied to the MPO O(t) reshaped as MPS (see Fig. 4.6). The maximum
bond dimension used was x = 256. Results are shown in Fig.4.9 for h =
0.5,g = 0.0 (left) and h = 0.5,g = 0.25 (right). Note that we shifted m,
by log2 in order to eliminate the additive constant introduced in Eq. 4.1.3,
which is unnecessary in this case. This results in my +log2 = 0 at t =
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0, since the probability distribution associated to O has initially support
on only a single Pauli string. Results presented in Fig.4.9 are preliminary
and currently undergoing analysis. We are running multiple simulations to
determine if assessing the operatorial SREs can characterize the dynamics in
the Heisenberg picture. It would be very interesting if SRE behave differently
for integrable or chaotic systems.
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Figure 4.9: Operatorial SRE density after a quantum quench in the transverse and
longitudinal field Ising model (N = 51). The operator O is prepared
as a o* Pauli matrix localized in the central site of the chain, i.e.
O(0) = o5, and quenched with parameters h = 0.5,g = 0.0 (left, solid
line), h = 0.5, g = 0.25 (right, dotted line). Afterwards, we estimate the
operatorial SRE density m,, —log2 of the time evolved operator O(t).
The estimation is obtained with N = 103 samples and pale lines rep-
resent the corresponding statistical uncertainty. Lower plot: half-chain
entanglement entropy. Subplot: the truncation error of the Schmidt co-
efficients.

4.7 CONCLUSIONS

We have shown that a relatively new measure of quantum nonstabilizer-
ness, the Stabilizer Rényi Entropies [172], can be estimated efficiently in
the MPS framework via a perfect sampling of Pauli strings operators. Our
estimation neither suffers from the exponential growth of the size of the
many-body Hilbert space, nor shows an unfavorable scaling with the MPS
bond dimension. As a matter of fact, we are able to consider either equilib-
rium or non-equilibrium wave-functions with MPS bond-dimension up to
values that were out of reach by any of the previously proposed methods
for evaluating the nonstabilizerness. Specifically, we applied our method
to evaluate the amount of nonstabilizerness generated after a quench in the
quantum Ising chain, and its sensitivity to the presence of confinement of
excitations. Although we mainly focused on pure MPS, our algorithm can
be easily adapted to non-pure states obtained from an MPS tracing out a
subsystem consisting of the first or last qubits.

Our approach pave the way to novel numerical studies of the nonstabi-
lizerness, possibly providing new characterizations of the quantum phases
of matter, in and out-of-equilibrium. In addition, our new Pauli sampling
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technique for the MPS can be used to address crucial problems in quantum
many-body theory, as for instance the operator scrambling.

Finally, we mention that an estimation of the SREs analogous to what we
discussed is experimentally achievable in platforms enabling the prepara-
tion of duplicate states ) ® [) and joint Bell basis measurements.
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A VARIATIONAL MONTE CARLO

A1 THE VARIATIONAL PRINCIPLE

Let us suppose to have a family of quantum states parameterized by a set of
real parameters 6

) = () . (A1)
The aim of Variational MonteCarlo (VMC) is to minimize the energy func-
tional .
(WHR)
&= A2
i) (A2

on this manifold of states, and finding a (hopefully good) approximation of
the exact ground state of a many body Hamiltonian H. Let us assume that
{Is)} is a basis of our Hilbert space. We can re-write € as follows

Zs,s’q):Hss’ll)s’ Z |1‘1)S|2 ZS’HSS 1];

& = A1,
0P TR A1)
Let us now define the so-called local energy
Eloc Z Hss’ 11)5’ (A~1~4)
which is a function of the system configuration s. We get
&= Zp )Eloc(s Elon‘> p(s) = % . (A15)
Zs’ |1|)S"

Therefore, € is nothing but the expectation value of E . over the distributionp(s).
As we will show in the following, it is possible to define a stochastic algo-
rithm (i.e. a Markov chain), which generates a sequence of configurations
{sx} distributed according to our p.d.f. p(s). In this case we can estimate &

by means of the sample mean

N
— 1
Eloc = ﬂ Z Eloc(sk) . (A16)

Since typically H is a highly sparse matrix, the sum } ., in Equation A.1.4
is extended only to a tiny portion of the Hilbert space, i.e. to the states for
which Hggr # 0. For a given s, the number of s” such that Hgs/ # 0 is typically
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polynomial in the system size, so the computation of Ej. is straightforward
(in contrast to the computations of € and ) ¢ ps|? which requires to sum
over an exponentially large number of terms). The same arguments can
be used for the great majority of physical observables, i.e. of the hermitian
operators O. The legitimacy of using the estimator A.1.6 is strengthened by
observing that the energy variance

(WI(FL— &)%)

582 = (A.1.7)
(WD) ’
can be computed as the variance of Ej,.. Indeed
2 ws’ .
Zp Z ss’_ZHss’8+8 ss)lp -
S
» (A.1.8)
:ZP(S Z ZHss”Hs”s —& Dss) 2
s s’ ﬂ)s
The first term gives
WPsbg
Z Hss//Hs//s/‘ll)slll)s = Z p // //s s//slll) s”.q)s =
s,s’,s" s,s’,s" o " (A19)
= p(s")[Eic(s”)* = ([Erocl?) -
s//
Thus
= <|E10C|2> —| <Eloc> |2 . (A.1.10)

Since any eigenstates of H is such that 52 = 0, the variance of the stocastic
variable Ej,. will decrease by getting closer to the ground state of H. Thus,
the approximation in equation A.1.6 will progressively become better.

A.2 SAMPLING METHODS

We want to properly define a Markov chain of configurations {sy}, k =
1,2,3... in order to sample our probability distribution p(s). A Markov pro-
cess is completely specified by the transition matrix T5_,s/ = Tss/. Obviously
the matrix T must obey to

1= Z‘J’S_}S, = Z‘J‘ss, ) (A.2.1)

We have to require the detailed balance relation

p(s)Ts—>s’ :p(s/)j's’—m (A.2.2)

to have p as a stationary distribution for our Markov chain. Indeed, this
equation implies

D P(8)Tssr =p(s) ) Torms =p(s') (A23)
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which is the stationarity condition. The idea of the Metropolis-Hastings
algorithm is to split the elements of T as a product of two terms, i.e.

Tss' = Tss/Ags (A.2.4)

where T represents a local transition and A represents the acceptance. Now,
we observe that the detailed balance relation can be rewritten as

Asiys p(s) Tss/

= A.2.
Asos PIs/) Toros ( 5)
Interestingly, this condition is automatically fulfilled by
. p(s’) Tsrs )
A r=min | 1, — . A.2.6
S—S < p (s) Ts_>s/ ( )

The Metropolis—Hastings algorithm then involves generating new configu-
rations s’ according to a certain rule for updates and accepting or rejecting
them with a probability given by As_,s/. Often, the update is performed in
a deterministic way, meaning that Tss+ = 1 for a certain configuration s’. In
this case

As_,s/ = min (1, p(S’)> . (A.2.7)

A.3 STOCHASTIC OPTIMIZATION

We want to optimize the variational energy £(0). The simplest method is
the Stocastic Gradient Descent (SGD), in which we update the parameters
according to

On1 =00 —m0el . (A.3.1)

Let us compute the gradient of £ with respect to the real parameters 6. We
have

5 ¢ — (OIHEK)) + @k WHHM))  (WIHRD) (i) o 3
. (W) Whp) — (Whp) AT
(A.3.2)

Thus, by defining the log-derivative of the wave-function

Di(s) W (A33)

we find

01 € = (E1ocDi) + (EjocDic) — (Bloc) (D) = (Bioc) (D) =

A.3.
— { 2Re (D (e — (Eid))) ) = (G} - (434

As usual, we will find an approximation of 0x€ by computing a sample
mean of the gradient estimator Gi.. This method add some noise to the gra-
dient descent.

One major problem of SGD method is that it totally ignores the geometry
of the states manifold. This fact can be seen from equation A.3.1, in which
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we have a sum of two objects of different types: a contro-variant coordi-
nate vector with a co-variant coordinate gradient. Clearly, adding two such
different terms leads to an object which does not transforme properly under
change of coordinates (indeed, the ordinary gradient descent is not invariant
under coordinate transformations). We can make invariant the alghoritm by
trasforming the gradient to a contro-variant object. If we have a local metric
gij, this can be done by contracting with its inverse matrix gij = (g*] )ij-
Our new method is just

Ons1 =00 —1g '€, (A3.5)

This is called Natural Gradient Descent or also Stochastic Reconfiguration.
Now, we have to establish what is a good metric for our state manifold. Let
us begin by introducing a notion of distance between the states of the Hilbert
space, for example the Fubini-Study distance which is defined as follows

(Vo) (Php)

d(hp),l)) = arccos W) (bl

(A.3.6)

It is easy to show that infinitesimal distances are given by

2
) _(S0ls)  (Isw) (Sph)
as ‘(d(""”'w"w))) ) Wy ) o A7)

which defines the following quadratic form

Sij = (DiDj) — (DiDy5) ds® = S;d0*de . (A.3.8)

This is the local metric of our manifold. The SR method can also be viewed
as an approximate imaginary-time evolution in the tangent space of the wave
function.

S is computed in presence of statistical error, therefore it may be an ill-
conditioned matrix with very small eigenvalues, which affect the accuracy
of its inversion. This issue can be solved by regularizing the elements of S
on the diagonal, with the following regularization Si; — Sii(1+ €).



B TECHNICALITIES ON MPS
SIMULATIONS FOR QUANTUM
ANNEALING

In this Appendix, we present some technical results related to the MPS sim-
ulations of Quantum Annealing discussed in Chapter 3.

B.1 DMRG RESULTS

As outlined in Sec. 3.1, our MPS framework allows to represent any target
Hamiltonian H, in the form of Eq. 3.1.1 as an MPO. Thus, one might con-
sider using DMRG to find an MPS representation of a ground state, which
is essentially a superposition of classical solutions. To test this method, we
consider again the perceptron model (Eq. 3.1.4) with N = 21, Ng = 17 and
the same patterns {E,“}]:; considered in the main text. We employ the stan-
dard one-site DMRG algorithm [27], with different bond dimensions and
starting from different randomly-generated MPS. For each bond dimension
value x = 1,10,20 we run 5 different simulations. As an illustrative example,
we report the DMRG data for the first training set in the following table .

X | Run (H,) X | Run (Hz) X | Run (H;)
1 0.21822 1 0.65465 1 —643-10— 1%
2 0.65465 2 | —3.88-10714 3 | —643-10714
1 3 0.21822 10 3 1.01-10713 20 2 0.21822
4 —4.49.10"14 4 1.80-10713 4 0.21822
5 | —4.48-10714 5 | —3.60-10"14 5 | —643-10714

These results show that DMRG convergence strongly depends on the ini-
tial guess, in our case a random MPS. Indeed, since DMRG relies on a local
optimization of the MPS (see Sec. 1.6), we expect it to correctly converge to
a classical ground state only in some favorable cases where the initial MPS
state is already quite close to the absolute minimum, within the glassy en-
ergy landscape of M,. In other cases, DMRG will converge to an excited
classical state. We also measure the standard deviation of the target Hamil-
tonian oy, , as defined in Eq. 3.2.2, always finding oy < 10~8, confirming
that the final MPS is very close to be an exact eigenstate of H,. Furthermore,
we measured the overlap between the MPS resulting from DMRG with the
enumerated classical ground states of .. When the minimization problem
is solved properly (i.e. (H.) = 0) the resulting MPS has overlap 1 (at machine
precision) only with a single solution. This fact represents a major difference in
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comparison with the Quantum Annealing approach, where the final quan-
tum state always has a finite overlap with many different classical solutions
(delocalization).

B.2 MPS CONVERGENCE WITH BOND DIMENSION

In this section, we provide extra results and details about MPS simulations.
We restrict our numerics to an instance of the perceptron model (Eq. 3.1.4)
for N = 21 spins and Ng = 17 patterns, but the same qualitative results are
observed in general.

Throughout the Chapter, we set the bond dimension of MPS simulations
to x = 10, since the validity of our methods and the main results are ex-
pected to be robust by varying the bond dimension in a reasonable range.
More precisely, the bond dimension should be large enough to encode the
entanglement produced by dQA in the regime of small time-step (6t < 1),
allowing our MPS simulation to closely approximate the exact digitized dy-
namics. On the contrary, the large time-step regime (6t = O(1)) is dominated
by Trotter errors leading to high entanglement production, and we showed
that MPS simulations largely deviate from ED (see Fig. 3.6 and Sec. 3.2.3 for
details). Indeed, we argued that MPS simulations closely mimic a digitized
dynamics without Trotterization, which is an excellent approximation of the
continuous time-ordered dynamics of an ideal QA. Nevertheless, even in
this regime, one would expect that by increasing the bond dimension, our
MPS approximation of the digitized QA dynamics with Trotterization would
converge to its exact version, implying a degradation of performance.

107!
— ED X =30
—— x =10 x =40
* x =20
e "\A\A\N\“\-‘.
—
0.5 1.0 1.5
ot

Figure B.1: Binary perceptron. Residual energy density ¢(1) as a function of time
step length 6t (N = 21, Ng = 17 and P = 100). MPS results for increas-
ing values of the bond dimension x are compared with ED results.

Here, we investigate this aspect, by performing a series of simulations for
increasing values of bond dimension X, having fixed the total number of an-
nealing steps to P = 100. Fig. B.1 shows the final energy density ¢(1), for
different values of dt, with MPS data compared with ED data (black line). In
the small 5t regime, as expected, MPS data converge to ED by increasing ¥,
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Figure B.2: Binary perceptron. The energy density difference [epmps(s) — eep(s)]
between MPS and ED, as a function of the annealing parameter s. We
set N =21, Ng =17, P =100, 8t = 0.1 and we explored different bond
dimensions ¥.

confirming that our Algorithm 1 accurately simulates the exact Trotterized
dQA dynamics in this regime. This is also visible in Fig. B.2, where we plot
the energy density difference [epmps(s) — eep (s)| between MPS data and ED
data, in the small time-step regime (8t = 0.1) for P = 100; by increasing ¥,
this difference monotonically decreases to 0, for any value of s. On the con-
trary, in the large time-step regime &t ~ O(1) this interpretation seemingly
breaks down, as in Fig. B.1 the values of ¢(1) are relatively stable with the
increase of x, very far from ED results. We argue that the reason for this
apparent inconsistency is that, in order to correctly encode the large entan-
glement entropy due to (unwanted) spurious Trotter terms (see Sec. 3.2.3),
one would actually need much larger values of x. In the following, we show
this fact more quantitatively.
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Figure B.3: Binary perceptron. Half system entanglement entropy Sy /> as a func-
tion of the annealing parameter s during dQA. Here, 5t is fixed to 0.1
in panel a) and 1.0 in panel b). ED data are compared with MPS data
for increasing values of the bond dimension.

In Fig. B.3, we plot the entanglement entropy at half system Sy /,(s), de-
fined as in Eq. 3.2.5, which can be easily evaluated in the MPS framework
[27]. Once again, we fix two reference values of ot in the two regimes:
o0t = 0.1 (left) and 6t = 1.0 (right). In the first case, MPS data show a
clear convergence towards ED data upon increasing the bond dimension ¥.
On the opposite, in the second case, MPS and ED largely deviate. In partic-
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ular, the amount of entanglement produced by exact dQA reaches the value

SE?Z(U ~ 5.62: since the entanglement encoded by MPS is bounded by

logx, in order to encode the final steps of exact dQA in this regime, one

ED
would need (at least) x ~ e>n2(1) 5.62

values analyzed above.

~ e ~ 276, far outside the range of

Finally, we provide extra results on the MPS compression accuracy (see
Sec. 3.1.3). Let us address the Hilbert space distance between the compressed
and uncompressed MPS at each step of the Algorithm 1, which is the same
quantity being iteratively minimized in Eq. 1.4.9. This distance is written as

di(s) =l W (s)) —[PH(s)) 1> w=T,..Ng,

b (s)) being the uncompressed MPS after the application of the unitary
operator UL (y,) at a generic annealing step s = s, (with p = 1---P), and
[P (s)) the MPS resulting from the compression. Thus, di(s) is a measure
of the compression accuracy. In Fig. B.4, we plot dﬁ(s) vs the annealing pa-
rameter s € [0, 1], with a total number of annealing steps fixed to P = 1000.
Different color shades refer to different patterns u = 1... N (the operators
UL (vp) are applied sequentially, as sketched in Fig. 3.3). Two values of 5t
are considered: 6t = 0.1 (blue shades) and 8t = 1.0 (purple shades), corre-
sponding to the two usual regimes. Notice that dﬁ(s) takes lower values,
by some order of magnitudes, for the first case (with the exception of the
last part of the annealing s ~ 1). The reason can be traced back to Fig. 3.10:
in the small time-step regime, exact dQA dynamics produces low-entangled
states, thus the projection into the MPS manifold is easily performed by the
compression algorithm (reaching high accuracy, i.e. low values of dﬁ); for
large time steps, on the contrary, the dynamics produces large amounts of
entanglement, therefore the compression becomes rough (the projected state
pH(s)) is located at larger distance from the uncompressed state (p*(s))).

In the last stages of the annealing, however, the instantaneous state has
projection close to one on the zero-energy ground state eigenspace, thus the
unitary operators U} (yp) act almost trivially (if the state is exactly in the
ground state subspace, U} (v, ) equals the identity). This results into a sharp
decrease in dﬁ for s close to 1. In the case 6t = 1.0, the final values of dﬁ(s)
are smaller than for 6t = 0.1, since the final state has larger overlap on the
ground state eigenspace of M, as shown in Fig. B.2.

B.3 TIME DISCRETIZATION VERSUS TROTTERIZATION

The scope of this section is to provide supplementary results on the compar-
ison between dQA with and without Trotterization (see Eq. 3.2.3 for a precise
definition). In the first place, we test numerically a rather surprising fact, i.e.
the robustness to time discretization discussed in Sec. 3.2.3: the error intro-
duced by approximating the exact continuous time-ordered evolution with
P discrete time steps of length 5t is rather small, even for large 5t ~ O(1).
To show this, we simulate dQA without Trotterization (setting P = 100 and
dt = 0.1,1.0), and we evaluate the fidelity F between the evolved state \p(s))
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Figure B.4: Binary perceptron. Hilbert space distance dﬁ(s) between the com-
pressed and uncompressed MPS at each step of Algorithm 1. We set
N = 21, Ng = 17, P = 1000. Two different time steps are considered:
5t = 0.1 (blue shades) and &t = 1.0 (purple shades).

and a reference state, ideally representing the exact time-ordered evolution.
This reference state, which we dub \p’(s)), is actually obtained by running
a new approximate simulation with the same values of the total annealing
time (t = P&t = 10,100), now with a time discretization that is 50 times
denser (i.e. P’ = 50P = 5000, dt" = 6t/50 = 0.002,0.02). In practice, the sim-
ulation is performed with ED, for a perceptron model of size N = 18. Data
are reported in Fig. B.5, averaged over 5 different realizations of the random
patterns. Remarkably, fidelity values are very close to 1 along the whole
dynamics (1 —F < 1073), proving that time discretization injects negligible
errors in the dynamics, even for time steps as large as 6t = 1.0.
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Figure B.5: Binary perceptron. One minus the fidelity F(s) = [ (P (s)p’(s)) 12 be-
tween the states [\(s)) and [\p/(s)) both obtained with dQA without
Trotterization, setting respectively P = 100, 6t = 0.1,1.0 and P’ = 5000,
5t" = 0.002,0.02. Notice that 6tP = &6t'P’ = 10,100, meaning that
the simulations are different approximations of the same continuous
time evolution (with total annealing time T = 10,100). Data are av-

eraged over 5 realizations of the random patterns {E,}l:i]. We set
Ng = 3 (¢ >~ 0.17) in panel a) and Nz = 14 (x ~ 0.78) in panel b).
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Figure B.6: Binary perceptron. Final energy density (1) (left) and half-system en-
tanglement entropy Sy /(1) of the final state (right), for N = 18 and
Ng =3 (¢ ~ 0.17) in panel a) and N = 14 (x =~ 0.78) in panel b). We
set P = 100 and we perform dQA with and without Trotterization via
ED, compared with MPS results. Data are averaged over 5 realizations
of the random patterns, and the resulting standard deviations are plot-
ted as error bars (for dQA with Trotterization these are smaller than the
marker size).

An additional comparison of the two dQA methods with our MPS imple-
mentation is reported in Fig. B.6. Here, for the same model and data pa-
rameters specified above, we plot the final energy density ¢(1) and the half-
system entanglement entropy Sy /2(1) of the final state, for different values
dt. These plots are similar to those shown in Sec. 3.2, but they also include
dQA without Trotterization. Interestingly, residual energy data show that
Trotterization spoils the effectiveness of dQA at large time steps, whereas
the repeated projection on the MPS manifold can (partially) restore it. The
entanglement plots also confirm that Trotterization results in a strongly en-
hanced entanglement production, if compared to dQA without Trotterization;
the MPS simulation significantly reduces the entanglement of the final an-
nealed state, as already shown in Sec. 3.2.3.

Concerning the entanglement entropy of the final annealed state, let us
also notice a quite peculiar aspect of our results on QA. The (average) num-
ber of solutions N, is expected to decrease monotonically with the num-
ber of patterns N, interpolating the values ~ 2N~! for N; = 1 and ~ 0 for
Ng = N« (rigorously this holds for N — co) [185]. As a consequence, one
might expect the final entanglement entropy to be larger for a smaller value
of N (i.e. smaller «, for fixed N), since the final QA wave function could
acquire a non-vanishing overlap with many of these solutions. However,
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Fig. B.6 shows that, for dQA without Trotterization®, Sy /2(1) is smaller for
o = 0.17 than for o = 0.78 (for all values of 6t).

Moreover, the half system entanglement entropy of a linear superposition
of Ngo1 classical states is upper bounded by log(Nso1). For o < ac, we
expect Ngo1 ~ O(ZN_NE), and thus log(Ngo1) ~ (N —Ng)log 2, which finally
gives log(Nso1) ~ 151log2 for panel a). This is actually larger than the
theoretical upper bound N/2-log 2 = 9log 2; thus Sy /2(1) could saturate the
upper bound, but it is always observed to be much smaller. Consequently,
we argue that the QA dynamics, for the problem in exam, yields a final wave
function with non-vanishing overlap only with few of the many possible
classical solutions. This fact is particularly relevant for our MPS approach:
if QA resulted in highly entangled final states for small «, then MPS would
not be able to accurately follow its dynamics in this regime (i.e., looking back
at Fig. 3.1, () would not belong to the MPS manifold M,).

1 We assume again that dQA without Trotterization is a good approximation of the exact con-
tinuous QA. This is justified by the previous considerations.
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C INTRODUCTION TO THE
STABILIZER FORMALISM

Remark on the notation. Unlike the rest of the work, in this Appendix we
will use the symbols {X, Y, Z} to denote the Pauli matrices. Furthermore, we
are going to use the symbol g (or h) to denote a generic Pauli string, whereas
previously we used the symbol . The reason for these choices is to adhere
to the notation more commonly used in the literature. Finally, we will omit
the symbol " for operators.

C.1 PAULI GROUP AND STABILIZER GROUPS
Definition 1. The Pauli group P; is the 16—elements group consisting of the
following 2 x 2 matrices

Pr={=1, i1, £X, £1X, £Y, 1Y, £ 7, +i7}.

The Pauli group Py is the group obtained by taking the tensor product of
any N elements of Py, i.e.

Pn = {1, £il, £X, £iX, £Y, +iY, £Z, +iZ}®N .
Observation 1.

a) The elements of Py are hermitian or anti-hermitian

b) The elements of PN have eigenvalues +1 (if hermitian) or +i (if anti-
hermitian)

c) If g € Py, then g? = 1 (if g is hermitian) or g> = —1 (if g is anti-
hermitian)

d) The elements of P are unitary

e) If g,h € Py, then or they commute [g, h] = 0 or they anti-commute

f) With the exception of +1, £il, the elements of Py are traceless

Definition 2. We define stabilizer group any subgroup of Py that does not
contain the element —1. Given a stabilizer group §, we define Vs as the
set of N—qubits states [\p) such that ghp) = p),Vg € 8§ and V[P) € Vs.
Vs is by construction a subspace. It is called stabilizer subspace. If it is one-
dimensional, it defines a single state called stabilizer state.
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Notice that in order to have a non trivial subspace Vs it is necessary to

have —1 ¢ 8. Indeed otherwise we would have (—1) [{) = [{),V[p) € Vg =
Vs ={0}.
Observation 2. Any stabilizer group is an abelian group! Indeed, let us sup-
pose that 3g, h € § such that [g, h] # 0. Because of Observation 1 e), we have
{g,h} =0 = gh = —hg. Now, since gh € Py, it can be either (gh)? =1 or
(gh)? = —1. In the second case, we can conclude since we break the initial
hyphotesis. In the first case, we have (gh)(hg) = —(gh)(gh) = —(gh)? =1,
and therefore we find again the absurd.

Stabilizers are abelian groups, with all elements hermitian and squaring
to identity.

Observation 3. Any stabilizer group 8 is generated by an independent set of
k (commuting) elements of the Pauli group gj, ..., gk € PN, meaning that

k
8= {H (95)%, o5 € {0,1}}2 (91, s 9x)
=1

The size of 8 is therefore |§| = 2.

Definition 3. Given a stabilizer group 8, we define the operator

1
szﬁzg.

ges

It can be easily proven that Pg is nothing but the orthogonal projection on
Vs [161]. Indeed, given g € 8, Py = (1 + g)/2 is the orthogonal projector on
its eigenspace with eigenvalue +1. The projector on § is therefore

o= [ Po-ye X [10)" =520

g€{g1,-9x} {oa} j=1 ges

Observation 4. Let \p) be a stabilizer state. Its density matrix operator p =
[b) (W] is the orthogonal projection on [p). Thus

1
P:PS:*ZQ- (C.1.1)
||
ges

Lemma 1. The dimension of the stabilizer subspace Vg of a stabilizer group
generated by k elements of Py is 2N K. Indeed, since Ps is an orthogonal
projection its eigenvalues are 0 or 1 and its trace is equal to the number of
1 eigenvalues, i.e. to the dimension of V5. We have Tr[Pg] = 2% Zg cs Trlg]
and, since Tr[g] is non zero only if g =1, Tr[Pg] = 272N,

Observation 5. If 8 = (g1,...,gk) is the stabilizer group of Vs, you cannot
find any g’ € (Pn \ 8) such that g’ stabilizes entirely Vs. Indeed, otherwise
(g1, -, 9k, g') would be another possible stabilizer group for Vg, but this is

impossible, since 2N~k £ 2N=(k+1),

Observation 6. The stabilizer group of an N—qubits stabilizer state is gener-
ated by exactly N mutually commuting Pauli operators!
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Do the stabilizer states cover the entire N—qubits Hilbert space? Obvi-
ously not! Indeed, since PN has finite cardinality, the number of N mutually
commuting Pauli operators is finite. For instance, the stabilizer states for
N =1 are just six, namely

0) 11y 10)—11) [0)+il1) 0)—il)

R Y BV, SR

It can be shown that the cardinality of the set of pure stabilizer states is
N—1

Stab| = 2N TT (2N *+1).
k=0

C.2 THE CLIFFORD GROUP

Definition 4. The Clifford group Cy is the group of N—qubits unitaries that
map elements of the Pauli group into elements of the Pauli group

Cn = {U € uszzN s.t. U?NUT = TN}

One can prove that the Hadamard gate H, the phase gate S and the CNOT?,
ie.

1000

1T /1 1 1 0100
=70 5o ) eor={a oo )

0010

generate the entire Clifford group Cn. Another gate is necessary to construct
an universal set of gates, i.e. to span all the N—qubits unitaries. This is

usually chosen to be
1 0
T= <O ei2> !

which is non Clifford, since for instance TXTT = % (X +Y).

Importantly, the uniform distribution on the Clifford group is a 3—design
of random Haar unitaries, meaning that the average of any third order poly-
nomial over Cn equals the average over the entire unitary group Uy [186].
Consequently, Clifford group can be used for the simulation of random uni-
tary circuits, allowing the extraction of information up to the third order
moments.

The following result gives a connection between the Clifford group and
the set of stabilizer states.

1 CNOT can be replaced with controlled Z
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Lemma 2. A state \p) is a stabilizer if and only if it is equal to C|0)®™, for
some C € €. The second implication is very easy to show. Indeed, [0)®" is
clearly a stabilizer state having as generators

g1 =4R1®..®1
g2 = 1I®ZI®..1

N =101®..0Z.

Since C (g1, g2...gn) C! stabilize ) = C|0)®™N and since (g1, ¢2...gn) has
dimension 2N, we conclude that [) is a stabilizer (it has a stabilizer group
of size 2N). The converse can also be shown easily.

Consider now any stabilizer subspace Vs and an unitary operator U € Cy.
The action of U maps Vs to UVg. It is not difficult to realize that UVg is
the stabilizer subspace for the group USUT. Indeed, Yg’ = UgUf, V') =
URb) € UVs we have g/ [p") = g/URb) = UgUTU D) = Ughp) = Uhp) =
p’). This means that we can keep track of the action of any Clifford unitary
simply by applying it to the generator set of 3.

C.3 THE TABLEAU REPRESENTATION

A simple but useful mapping exists between elements of P; and the binary
vector space (Z;)?. The mapping is given by the following tableau [159, 187]

r(1) = (010)
r(X) = (1]0)
r(Y)=(111)
r(Z) = (011)

and neglects the overall phases +1 or +i (thus, r(—iX) = r(X)). It is not
difficult to show that r(gh) = r(g) @ r(h), & denoting the sum modulo 2.
The binary representation can be easily generalized to Pn. Indeed, if we
split r(g) as r((g)|r?)(g)), where (1) and r(?) are vectors of length N,
we can assign the value 1 to the jth component of r(')(g) (j = 1,2...N) iff
the jth Pauli matrix in g is X or Y, and the value 1 to the jth component of
1(2)(g) iff the jth Pauli matrix in g is Y or Z. Furthermore, if we define the

matrix
ONxN ]1N><N)
AN =
N (ﬂNxN ONxN

of dimension 2N x 2N, we can realize that the symplectic inner product of
two binary vectors evaluates whether the matrices commute or anticommute

(r(9) Ant(h) = {O if g,h commute

1 if g, h anticommute
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Definition 5. Given a stabilizer state, fully specified by § = (g1, g2...gn), its
generator matrix is the N x 2N matrix

r(g1)
c_ | T(92)

r(gn)
This matrix only specifies the generators up to an overall phase.
Observation 7. Notice that the stabilizer generators must be independent,
meaning that no product of them can produce 1. Since r(gig;) = r(gi) ®

1(g;), no rows of G can sum to zero and therefore G must have full rank
(over the field Z;). Furthermore, since generators must commute, then

G'ANG =0

Let us notice that the Hadamard gate H and the phase gate S act as follows
on the Pauli matrices

HXHf = Z SXSt =Y
HYHT = —Y SYST = —X
HZHT = X szst =z

In other words, H interchanges X and Z, giving Y a phase, and S inter-

changes X and Y, possibly adding a phase, and leaves Z unchanged. In the
tableau representation, this means:

(
) ) )
(1) (2) S5 (1) (1) . .(2)
<...rj ’ Ty ) & (...rj ‘ (rj oy ))

Regarding the CNOT gate, we have (CNOT = CNOT ')

CNOT (1®1) CNOT =11 CNOT (Y®1) CNOT =Y®X
CNOT (1@ X) CNOT =1®X CNOT (Y®X)CNOT =Y®1
CNOT (1®Y)CNOT =2®Y CNOT (Y®Y)CNOT =—-X®Z
CNOT (1®Z)CNOT =2 Z CNOT (Y® Z) CNOT =X®Y
CNOT (X®1) CNOT =X®X CNOT (Z®1) CNOT =Z®1
CNOT (X® X) CNOT =X®1 CNOT (Z®X) CNOT =2 X
CNOT (X®Y)CNOT =Y®Z CNOT (Z®Y)CNOT =1®Y
CNOT (X® Z) CNOT =-Y®Y CNOT (Z® Z) CNOT =1 Z

This table can be summarized in following update rule for a CNOT where
the qubit k control the target qubit j (j, k € {1,2,..N})

M (1) () (2) (2) ,.(2) CNOTYy; (m (M (2) (2)
( LS E SV O I Bt e ) — ( LR ‘r . >
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As a simple example, let us consider a system with N = 2 qubits. The initial
state is [00), which has {1;Z,, Z11,} as stabilizer generators. The stabilizer
matrix is therefore

0 01 0
G:Q 001)'

If we apply the gate H on the first qubit we can update the matrix G as

follows
, (1 010 0
G _<O 010 1>'

Then, we apply a CNOT, that gives
v (1 110 0
6= (0 o1 1)°

100) +1[10)  [00) +[1T)

V2 V2
and the final state has {X1X2,Z1Z,} as stabilizer generators, which are ex-
actly the operators encoded in the tableau G”.

Indeed, we have

CNOT; (H; [00) ) = CNOT;,

Other simple rules can be found to keep track of the overall sign £1 and
to update the generator matrix after a Pauli measurements [159]. These
observations lead to the following important Theorem.

Theorem 1 (Gottesman-Knill). Suppose we perform a quantum computation
which involves only state preparations in the computational basis, Hadamard
gates H, phase gates S, CNOT gates, Pauli gates and measurements of ob-
servables in the Pauli group, together with the possibility of classical control
conditioned on the outcome of such measurements. Such a computation
may be efficiently simulated on a classical computer, meaning that there ex-
ists an Algorithm to do this classically in a polynomial time, specifically at
cost O(NZM) operations, where N is the number of qubits and M the num-
ber of operations.

C.4 NONSTABILIZERNESS AS A QUANTUM RESOURCE

As we saw, a quantum computation involving only stabilizer states (or equiv-
alently, Clifford circuits and measurements in the computational basis) can
be simulated classically. Therefore, one has to consider nonstabilizer pro-
tocols to reach a true quantum advantage. In this sense, the “nonstabilizer-
ness” can be considered as a key “resource” of the quantum world, making it
more powerful of the classical one. This intuitive picture can be made math-
ematically rigorous by exploiting the meta-theory of quantum resources. In
this framework, one usually introduce a set if “free-operations” that by con-
struction do not generate resource. In the case of entanglement these are the
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local operations and classical communication (LOCC). In the case of the non-
stabilizerness, also dubbed quantum magic, they are the following stabilizer
operations *:

o Clifford unitaries, i.e. p — UpUT, with U € Cy

Composition with stabilizer states, i.e. p — p ® ps, where ps is a stabi-
lizer state

e Measurements in the computational basis, i.e. p — >, PxpPx, where
Py are the projectors on the computational basis (3_, Px =1)

Discarding some qubits, i.e. p — Tra [p], where A is any subsystem

The above operations conditioned on the outcomes of measurements

The goal is generally to evaluate the amount of resource stored into a state p
by means of a quantity M(p), usually named monotone, that is required to be
not increasing under any arbitrary free operations. For instance, M is a magic
monotone if it respects J\/[(E(p)) < Jv[(p) for any combinations € of the stabi-
lizer operations listed above. If one is able to identify and calculate a mono-
tone measure M, it can utilize it to discriminate between states that can or
cannot be prepared from an initial state using free operations. The resource
needed to prepare a state can be injected in the initial state, for instance hav-
ing access to many copies of the magic T—state |T) = \iﬁ( 10) + 4 [1)).

Examples of known genuine magic monotones are the following.
1. The robustness of magic, defined as

|Stab|
R(p) =min{ ¥ |xnlst.p=Y xap{"}, (C.4.1)
n=1 n

where pén) = N)“”) <1|)(“)|, n = 1,2...|Stabl, are all the pure stabilizer
states over N qubits.

2. The min-relative entropy of magic, which for pure states reads

D)) = —log (maxn| (™) |2> , (C42)

with the same notation as above.

However, both these quantity are very difficult to handle in practice since
their evaluation requires an optimization over exponentially large spaces. In
the next Section, we will introduce the Stabilizer Rényi Entropies, a possible
candidate for a simpler measure of quantum magic.

2 Sometimes an additional condition, known as strong monotonicity, is also imposed. It can
be expressed as Y, pxM(PkpPx) < M(p) and it ensures that M does not increase, on aver-
age, when the experimenter has the ability to post-select multiple outcomes of a quantum
measurement.



102

| INTRODUCTION TO THE STABILIZER FORMALISM

C.5 STABILIZER RENYI ENTROPIES

Definition 6. The projective Pauli group is the standard Pauli group Pn mod-
ulo global phases, i.e. PN = {1, X,Y, Z}*N.

Lemma 3. Given a stabilizer state () and a Pauli string g € P, we have

+1 ifges
(blghp) =40 ifgé¢8,—g¢8
—1 if —ge8

Indeed, the expectation value can be computed as
(lghh) = 5 Z Tr[gg']
g'es

and we can conclude using the fact that the trace of a tensor product factor-
izes and that the matrices {1, X, Y, Z} are trace-orthogonal.

Definition 7. Given a N—qubits state \p), we define its Stabilizer x-Rényi En-
tropies (SRE) [188] as

Ada(hpn =

1 1
1_ (xlog < Z N <¢|9|¢>2(X) . (C.5.1)

gePn

To understand the relation with usual Rényi entropies it is useful to intro-
duce the density matrix p = [p) (| and the function IT,(g) = ZLN(Tr[pg])z.
Let us observe that

Z My (9g) ZN Z Trlpg] - Trlpg] = 2N Z Trlpglg [ } 1.

gEjDN ngPN QE?N

We used the decomposition of the matrix p in terms of {7‘2%}965;]\], which

is a complete base set for the hermitian matrices of size 2N. We also use
the fact that for pure states Tr[pz} = 1. Thus, we can consider TT,(g) as a
probability distribution. We have

M (D)) = 1alog< > (np(g))“) —Nlog2, (C.5.2)

gePn

that shows that M ([\)) is the x-Rényi entropy of T1,(g), apart from a con-
stant. Notice that, to extend the definition of M to arbitrary density matri-
ces p, we have to normalize with the purity, i.e.

1 (Trlpg))?

Mo(g) = N T

(C.5.3)

Observation 8.

a) For a stabilizer state we have M([\p)) = 0. Indeed, by means of
Lemma 3, we have

Ada(hp» =

1 N | 20 ) _
1_(Xlog<2 -Z—N(iU >—O. (C5.4)
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b) In general, My (hp)) = O iff [\p) is a stabilizer and M (1)) > 0 other-
wise.

¢) The SRE are invariant under Clifford unitaries. Indeed, even if the
Pauli strings are reshuffled by a Clifford unitary, the probability values
T, (g) remain unchanged and consequently also the values of the Rényi
entropies.

d) The SRE are additive, i.e. M ([h) ® [$)) = M« (1)) + M«(Id)). This
is a trivial consequence of the fact that the sum over Pauli strings on
a system can be factorized into the sum of the Pauli strings of two
subsystems.

These properties have recently attracted a lot of attention to SREs, consid-
ered as a potential simpler monotone for magic. However, it was observed
that

e for any 0 < a < 2, SRE are not genuine monotones since there exist
protocols involving measurements and operations conditioned by their
outcomes for which M, increase;

e for any o, SRE are not strong monotones.

Cc.b ENTANGLEMENT

c.6.1 Entanglement entropy

Let us suppose to have a pure stabilizer state

o= 1) (bl = 30 Y g

ges

We aim to assess the entanglement entropy S(A|B) associated to the parti-
tioning of the system into a subsystem A consisting of N qubits and a
complementary subsystem B containing Ng = N — N qubits. We start by
computing the reduced density matrix pa = Trg[p]:

1
PA = ZiN ZTI‘B[Q] .
ges

Only some elements g of the group 8§ give a non vanishing contribution,
namely the Pauli strings that can be written as g = ga ® 1. Notice that this
subset 8 o is also a stabilizer group, since (ga @ 1g)(gy @ 1) = (gagh) @ 1s.
Let us denote kA the number of independent generators of 5. Now we have

1 N T
gESA gESA

The last part of the expression is the projector on the stabilizer subspace of
8, thus
1

pA = WPSA . (C.6.1)
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Now, since eigenvalues of Ps, are only 1 (with degeneracy 2NA~*2) and 0
(with degeneracy 2NA — 2NA—ka) we get

S(A|B) = —2Na—ka = (Na—ka)log2 .

INA—Kka log INA—ka
How to compute k in practice given the generator matrix G of \p)? It is
not difficult to show that ka is simply the rank of the matrix obtained by
setting to 0 all the entries of G corresponding to the subsystem B. Indeed,
this operation corresponds to projecting the original generators on the space
of operators having the form ga ® 1g.

c.6.2 Entanglement fluctuations: new results

Let us notice that the entanglement spectrum of Eq. C.6.1 is flat, meaning
that all non zero Schmidt eigenvalues take the same value. This is true for
any stabilizer state \) and any bipartition.

Let us now consider a possible measure of the flatness of the entanglement
spectrum. We define

Falp) =Tr[ph] — Tr’lpal. (C.6.2)

One can easily check that Fa(p) = 0 iff the entanglement spectrum is flat,
whereas Fa (p) > 0 in other cases. We have seen that being a stabilizer state
implies 54 = 0, while the converse is not true since there exist product states
with a flat entanglement spectrum that have an extensive amount of magic
(for instance, (T |0) )®N ). Nevertheless, it is possible to make the relationship
between Fo and the nonstabilizerness more precise. In fact, the following
result, obtained for the first time in Ref. [189], holds.

Theorem 2. For any pure state ), the flatness of the entanglement spectrum
averaged over the Clifford orbit is proportional to the linear SRE My;;,, which
is defined as

Miin (W) = 1 —exp (—Mz(l}))) =

=1-2N 3 (1Mp(g)” (C63)
gePn
Indeed
(Fa(Uc h)))en = (D, DA)Myin (), (C.6.4)

where (-)¢e, is the average over the Clifford group {Uc}uc.cey, D = 2N and
Da = 2N are the Hilbert space dimensions of the system and subsystem,
and the proportionality constant is ¢(D,Da) ~ (D? — D% )D 3 for large D.

As a Corollary, we have that \p) is a stabilizer state if and only if the en-
tanglement spectrum of any state in its Clifford orbit {Uc ) }u.ce, is flat
for any bipartition.

SRE is a very expensive quantity to measure, typically demanding expo-
nential resources (although it is more efficient than full state tomography).



C.6 ENTANGLEMENT |

1.050
= 1.025
Qv
)
= 1.000
=
(8
~ 0.975

2 4 6 8 10
Nlayors

Figure C.1: Ratio (?A>/(C(D, DA)Mnn) as a function of the number of layers Npayers
of a shallow Clifford circuit. The system is initially prepared in a vol-
ume law state. The ratio approaches 1 very fast verifying Eq. C.6.4.

The Theorem paves the way for a more efficient method of measuring SRE
by averaging Fa over the Clifford orbit of \p). In principle, this might re-
quire averaging over a very large number of Clifford unitaries, which would
be impractical. However, in Ref. [189], we numerically observed that this is
not always the case.

In Fig. C.1, we show that one can accurately estimate My;, even by shal-
low Clifford circuits provided one starts with volume law entanglement. We
consider a system of N = 14 qubits in a volume law phase by subjecting the
initial product state [(0)) = 27N/2(|0) + et® [1))®N to 1500 Clifford layers,
for various values of 6. We then plot the ratio (Fa)/ (C(D,D A)Mhn) as a
function of the number of Clifford Npayers. The theoretical line predicted by
the theorem, corresponding to the value 1, is shown as a solid red line. No-
tably, we observe that even for circuits as short as Npayers = 7 Clifford layers,
the average flatness reaches the value predicted by the above Theorem.

In Ref. [189], we also propose a simple Algorithm to determine if a given
state ) is a stabilizer state or possesses some nonstabilizerness. The proce-
dure works as follows: (1) Start with [{p). (2) Draw a random Clifford gate
Uc and apply it to the initial state: Uc p). (3) Measure the entanglement
spectrum flatness Fa (Uc [)). If the original state [\p) is a stabilizer state, the
output of the circuit is still a stabilizer state with zero flatness. On the con-
trary, if [\p) has some magic, we expect that even a modest exploration of the
Clifford orbit will result into a non flat entanglement spectrum. Therefore, if
after a number of Clifford unitaries we measure ¥4 > 0 we can establish that
the initial state possesses nonstabilizerness. In a real-world scenario, one has
to set both a number of iterations (which determines the maximum number
of Clifford layers applied) and a threshold e for measuring the flatness. In
Fig. C.2, we present the probability of success of this Algorithm pgyc. for
N = 12 qubits and for a different number of Clifford layers Npayers. We fix
the threshold € = 0.005 and we compute the probability as a function of the
SRE M;(J)) of the initial state. The plot shows that increasing the number
of iterations of the Algorithm push the probability of success to 1 for any
fixed values of nonstabilizerness.
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—®— NLayers = 1
0.8 - NLa_ycrs =10
NLaycrs =20
90.6{  Nyws =10
2] NLaycrs =50
- NLayers =100

M

()

Figure C.2: Probability of success psucc for a fixed threshold e = 0.005 and for differ-
ent Npayers. After collecting 103 realizations, we compute the probabil-
ity of success psucc as a function of the initial value of non-stabilizerness
calculated using the second SRE M, ([})).
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