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Abstract

The density-matrix renormalization group method (DMRG) has established itself over the last
decade as the leading method for the simulation of the statics and dynamics of one-dimensional
strongly correlated quantum lattice systems. In the further development of the method, the re-
alization that DMRG operates on a highly interesting class of quantum states, so-called matrix
product states (MPS), has allowed a much deeper understanding of the inner structure of the
DMRG method, its further potential and its limitations. In this paper, | want to give a detailed
exposition of current DMRG thinking in the MPS language in order to make the advisable im-
plementation of the family of DMRG agorithms in exclusively MPS terms transparent. | then
move on to discuss some directions of potentially fruitful further algorithmic development: while
DMRG is avery mature method by now, | still see potential for further improvements, as exem-
plified by a number of recently introduced algorithms.
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1. Introduction

Strongly correlated quantum systems on low-dimensional lattices continue to pose some of
the most interesting challenges of modern quantum many-body physics. In condensed matter
physics, correlation effects dominate in quantum spin chains and ladders, in frustrated magnets
in one and two spatial dimensions, and in high-temperature superconductors, to name but a few
physical systems of interest. More recently, the advent of highly controlled and tunable strongly
interacting ultracold atom gases in optical lattices has added an entirely new direction to this
field[1].

Both analytically and numerically, these systems are hard to study: only in very few cases
exact analytical solutions, for example by the Bethe ansatz in one dimension, are available[2, 3].
Perturbation theory fails in the presence of strong interactions. Other approaches, such as field
theoretical approaches, have given deep insights, for example regarding the Haldane gap physics
of integer-spin antiferromagnetic chaing4], but make potentially severe approximations that
must ultimately be controlled by numerical methods. Such agorithms include exact diagonal-
ization, quantum Monte Carlo, series expansions or coupled cluster methods.

Since its invention in 1992 by Steve White[5, 6], the density-matrix renormalization group
(DMRG) has firmly established itself as the currently most powerful numerical method in the
study of one-dimensional quantum lattices[7, 8]. After initia studies of the static properties
(energy, order parameters, n-point correlation functions) of low-lying eigenstates, in particu-
lar ground states, of strongly correlated Hamiltonians such as the Heisenberg, t-J and Hubbard
models, the method was extended to the study of dynamic properties of eigenstates, such as dy-
namical structure functions or frequency-dependent conductivities[9, 10, 11, 12]. At the same
time, its extension to the analysis of two-dimensional classical [13] and one-dimensional quan-
tum [14, 15] transfer matrices has given access to highly precise finite-temperature information
on classical two-dimensional and quantum one-dimensional systems; more recently the transfer
matrix variant of DMRG has also been extended to dynamics at finite temperature[16]. It has
even been extended to the numerically much more demanding study of non-Hermitian (pseudo-
)Hamiltonians emerging in the analysis of the relaxation towards classical steady states in one-
dimensional systems far from equilibrium[17, 18, 19, 20].
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In many applicationsof DMRG, the accuracy of resultsis essentially limited only by machine
precision, even for modest numerical resources used, quite independent of the detailed nature of
the Hamiltonian. It is therefore not surprising that, beyond the extension of the algorithm to
more and more problem classes, people wondered about the physical origins of the excellent
performance of DMRG and also whether the success story could be extended to the study of
real-time dynamics or of two-dimensiona systems.

Infact, both questionsare intimately related: aswasrealized quite soon, DMRG isonly mod-
erately successful when applied to two-dimensional lattices: while relatively small systems can
be studied with high accuracy[21, 22, 23, 24, 25, 26, 27, 28], the amount of numerical resources
needed essentially increases exponentially with system size, making large lattices inaccessible.
The totally different behaviour of DMRG in one and two dimensionsis, asit turned out, closely
related[ 29, 30] to the different scaling of quantum entanglement in many-body states in one and
two dimensions, dictated by the so-called area laws (for arecent review, see [31]).

In this paper, | will stay within the framework of one-dimensional physics; while the gen-
eralizations of DMRG to higher dimensions reduce naturally to DMRG in one dimension, the
emerging structures are so much richer than in one dimension that they are beyond the scope of
this work.

In an originally unrelated development, so-called matrix product states (MPS) were discov-
ered as an interesting class of quantum states for analytical studies. In fact, the structure is
so simple but powerful that it is no surprise that they have been introduced and used under a
variety of names over the last fifty or more years. In the present context, the most relevant pre-
history is arguably given by the exact expression of the seminal one-dimensional AKLT state
in this form[32, 33, 34], which gave rise to extensive studies of the trandationally invariant
subclass of MPS known as finitely correlated stateg[35]. This form was then subsequently
used in a variety of context for analytical variationa calculations, e.g. for spin-1 Heisenberg
antiferromagnets 36, 37, 38, 39] and ferrimagnets[40, 41].

The connection between MPS and DMRG was made in two steps. In afirst step, Ostlund
and Rommer [42] readlized that the block-growth step of the so-called infinite-system DMRG
could be expressed as a matrix in the form it takes in an MPS. As in homogeneous systems this
block-growth step leads to a fixed point in the thermodynamic limit, they took the fixed point
matrix as building block for atrandationally invariant MPS. In a further step, it was recognized
that the more important finite-system DM RG |eads to quantum statesin MPS form, over which it
variationally optimizes[43]. It was also recognized that in traditional DMRG the state class over
which is variationally optimized changes as the algorithm progresses, such that if one demands
in some sense “perfect” variational character, a small change to the algorithm is needed, which
however was found to increase (solvable) metastability problems44, 45].

It remains a curious historical fact that only a few of the DMRG practicioners took this
development very seriously up to about 2004. While it was considered useful for conceptual
purposes, surprisingly little thought was given to rethinking and reexpressing real-life DMRG
implementations purely in the MPS language; arguably, because the overwhelming majority of
conventional DMRG applications (i.e. ground states for quantum chains with open boundary
conditions) hardly profits. What was overlooked is that it easily opens up the way to powerful
extensionsto DMRG hard to see and expressin conventional DMRG language.

A non-exhaustive list of extensions would list real-time evolutions[46, 47, 48, 49, 50, 51,
52, 53], also at finite temperature] 50, 54], the efficient use of periodic boundary conditiong[55,
56], reliable single-site DMRG[45], numerical renormalization group (NRG) applicationg[60],
infinite-system algorithmg[61, 62, 63], continuous systems][64], not talking at all about progress

4



made in higher dimensions starting with [65] using a generalization of the MPS state class[66].

The goal of this paper cannot be to provide afull review of DMRG since 1992 as seen from
the perspective of 2010, in particular giventhereview[7], which triesto provideafairly extensive
account of DMRG as of summer 2004. | rather want to limit myself to more recent devel opments
and phrasethem entirely in the language of matrix product states, focussing rather on the nutsand
bolts of the methods than showing alot of applications. My hopewould be that this review would
allow newcomersto the field to be able to produce their own codes quickly and get afirm grasp
of the key building blocks of MPS agorithms. It has overlaps with the introductions[67, 68] in
the key methods presented, but focuses on different extensions, some of which arose after these
papers, and in many places tries to be more explicit. Nevertheless, in afirst “historical” step, |
want to remind readers of the original way of introducing DMRG, which does not make use of
theideaof matrix product states. This should make older literature easily accessible, but one can
jump to Section 4 right away, if one is not interested in that.

In asecond step, | will show that any quantum state can be written exactly in a very specific
form which is given by the matrix product states already alluded to. In fact, the restriction to
one dimension will come from the fact that only in this case MPS are numerically manageable.
I will highlight special canonical forms of MPS and establish their connection to the singular
value decomposition (SV D) as amathematical tool and the Schmidt decomposition as a compact
representation of quantum states. After this | will explain how MPS are a natural framework
for decimation schemes in one dimension as they occur in schemes such as DMRG and Wil-
son’s NRG. Asasimple, but non-trivial example, | will discussthe AKLT statein its MPS form
explicitly. We then move on to discuss explicitly operations with MPS: overlaps, normaliza-
tion, operator matrix elements, expectation values and MPS addition. These are operations one
would do with any quantum state; more MPS-specific are methods for bringing them into the
computationally convenient canonical forms and for approximating an MPS by another one of
smaller dimension. | conclude this exposition of MPS with discussing the relationship and the
conversionsbetween the MPS notation | favour here, an alternative notation dueto Vidal, and the
DMRG way of writing states; this relatively technical section should serve to make the literature
more accessible to the reader.

The MPS ideas generalize from states to the representation of operators, so | move on to
discuss the use of matrix product operators (MPO)[50, 68, 69, 70, 71]. Asfar as| can see, all
operators of interest to us (ranging from local operators through bond evolution operatorsto full
Hamiltonians) find a very compact and transparent formulation in terms of MPO. This leads to
a much cleaner and sometimes even numerically more accurate formulation of DMRG-related
algorithms, but their usage is not yet very widely spread.

Admittedly, at this point the patience of the reader may have been stretched quite a bit, as
no real-world algorithm e.g. for ground state searches or time evolutions has been formulated
in MPS language yet; but it will become obvious that alot of cumbersome numerical details of
DMRG agorithms have been hidden away neatly in the MPS and MPO structures.

I will discuss ground state algorithms, discussing the equivalences and differences between
DMRG with one or two center sites and fully MPS-based algorithms, including improvements
to avoid trapping. | will focus on finite systems with open boundary conditions, where these
methods excel.

After this, | move on to time-dependent methods for dynamics, for pure and mixed states.
After a discussion of the basic algorithms and their subtle differences, | will focus on the key
problem of extending the time-range of such simulations: The possibility to calculate highly
accurate real-time and imaginary-time evolutions of complex quantum many-body states has
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been particularly exciting for many people, also becauseit arrived just in time for studying highly
tunable ultracold atom systems. While this development has already led to numerousinteresting
insights and applications, it was quickly realized that the time-range of time-dependent DMRG
and related methods is limited by entanglement growth in quantum states out of equilibrium,
such that long-time physicsis out of reach. In this context, interesting progress in trying to go
beyond has been achieved recently.

The review concludes with two further axes of development. | will start out by discussing
the connection between DMRG and Wilson's NRG, showing how NRG can be expressed in a
very concise fashion as well as be improved in various directions. This closes an interesting
historical loop, as the utter failure of NRG for homogeneous one-dimensional quantum lattices
as opposed to quantum impurity models mapped to special non-homogeneous one-dimensional
guantum lattices was at the starting point of White's invention of DMRG[72].

I continue by looking at infinite-size algorithms using MPS that work directly in the thermo-
dynamic limit, one based on time evolution (iTEBD)[61]. The other (iDMRG)[63] is an exten-
sion of infinite-system DMRG algorithm, which has had an interesting history: in many early
discussions of DMRG it was presented as the key aspect of DMRG, with finite-system DMRG
as a practitioners’ add-on to further improve numerical accuracy. Later, it was recognized that
applying finite-system DMRG is essential even for qualitative correctness in many cases, and
infinite-system DMRG was seen as just a warm-up procedure. Only recently, McCulloch[63]
pointed out a way how to turn infinite-system DMRG into a highly efficient tool for producing
thermodynamic limit states for homogeneous systems.

Last but not least, | will give an outlook on further applications of MPS that | could not cover
here.

2. Density-matrix renor malization group (DMRG)

2.1. Infinite-system and finite-system algorithms
Asatoy model, let us consider an (anisotropic) S = % Heisenberg antiferromagnetic (J = 1)
spin chain of length L in one spatial dimension with external magnetic field h,

oI

L
_ %(Sﬁs;+l + &8+ 818, - > e (1)
i=1 i=1

We consider open boundary conditions (Fig. 1), which is well worth emphasizing: analytically,

periodic boundary conditions are usually more convenient; many numerical methods do not re-

ally depend strongly on boundary conditions, and some, like exact diagonalization, even become

more efficient for periodic boundary conditions. DMRG, on the other hand, prefers open bound-

ary conditions.

It should also be emphasized that, DMRG being a variational method in a certain state class,
it does not suffer from anything like the fermionic sign problem, and can be applied to bosonic
and fermionic systems alike.

The starting point of DMRG isto ask for the ground state and ground state energy of H. We
can ask this question for the thermodynamic limit L — oo or more modestly for finite L. In the
first case, the answer is provided by infinite-system DMRG albeit with quite limited precision; in
the second case, an answer can be read off from infinite-system DMRG, but it is more adequate to
run atwo-step procedure, starting with infinite-system DM RG and continuing with finite-system
DMRG.
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Figure 1: Our toy model: a chain of length L with open ends, where a spi n—% sits on each site and interacts with its
nearest neighbours.

In any case, the numerical stumbling block is provided by the exponential growth of the
Hilbert space dimension, in our exampleasd', whered = 2 isthelocal state space dimension of

aspin-1.

2.2. Infinite-system DMRG

Infinite-system DM RG deals with this problem by considering a chain of increasing length,
usualy L = 2, 4, 6, ..., and discarding a sufficient number of states to keep Hilbert space size
manageable. This decimation procedure is key to the success of the algorithm: we assume that
there exists areduced state space which can describe the relevant physics and that we can develop
aprocedureto identify it. Thefirst assumptionistypical for all variational methods, and we will
see that indeed we are lucky in one dimension: for all short-ranged Hamiltoniansin 1D thereis
such areduced state space that contains the relevant physics!

How isit found? Ininfinite-system DMRG (Fig. 2), the buildup is carried out as follows: we
introduce left and right blocks A and B, which in afirst step may consist of one spin (or site)
each, such that total chain length is 2. Longer chains are now built iteratively from the left and
right end, by inserting pairs of spins between the blocks, such that the chain grows to length 4,
6, and so on; at each step, previous spins are absorbed into the left and right blocks, such that
block sizes grow as 1, 2, 3, and so on, leading to exponentia growth of the dimension of the
full block state space as 2/, where ¢ is the current block size. Our chains then always have a
block-site-site-block structure, AeeB.

Let us assume that our numerical resources are sufficient to deal with a reduced block state
space of dimension D, where in practice D will be of O(100) to O(1000), and that for a block
A of length £ we have an effective description of block A in a D-dimensiona reduced Hilbert
space with orthonormal basis {|la;)5}. For very small blocks, the basis dimension may be less
than D, for larger blocks some truncation must have occurred, which we assume as granted for
the moment. Let me mention right now that in the literature, D —which will turn out to be akey
number — comes under a variety of names: in traditional DMRG literature, it is usualy referred
to asm (or M); more recent matrix product state literature knows both D and y.

Within this framework, we may now ask, (i) what is the ground state of the current chain of
length 2¢ + 2, also referred to as superblock, and (ii) how can we find the reduced Hilbert space
of dimension D for the new blocks Ae and eB.

Any state of the superblock AeeB can be described by

W= D Vawsosaslaldal)el®e = D ijslidal e, ")

apTA0 BB iaje



where the states of the site next to A are in the set {jo)a} of local state space dimension d,

and analogously those of the site next to B. By numerical diagonalization we find the |y) that
minimizes the energy .

W|Haeesl)

E=- 207/ 3

Wl ®)

with respect to the Hamiltonian of the superblock, answering (i). To this purpose, we need some
iterative sparse matrix eigensolver such as provided by the Lanczos or Jacobi-Davidson methods.
Given that our Hamiltonian [Eq. (1)] is available in the full tensor product space, this minimiza-
tion of course assumes that it can be expressed readily in the superblock basis. Let us postpone
this question, asiit is intimately related to growing blocks and decimating their state space. As
the matrix dimension is d?D?, for typical D the eigenproblem is too large for direct solution,
even assuming the use of quantum symmetries. As most matrix elements of short-ranged Hamil-
tonians are zero, the matrix is sparse, such that the basic matrix-vector multiplication of iterative
sparse matrix eigensolvers can be implemented very efficiently. We will discuss this question
also further below.

If we now take states {|i)} as the basis of the next larger left block Ae, the basis dimension
grows to dD. To avoid exponential growth, we truncate this basis back to D states, using the
following procedurefor block Ae and similarly for eB: we consider the reduced density operator
for Ae, namely

Pae = Traldwl  (oaiv = Y Wi, “)
i

The eigensystem of pa. isdetermined by exact diagonalization; the choiceisto retain as reduced
basis those D orthonormal eigenstates that have the largest associated eigenvaluesw. If we call
them |b) 5, the vector entries are simply the expansion coefficientsin the previousblock-site basis,
a{ar|b)a.

After an (approximate) transformation of all desired operators on Ae into the new basis, the
system size can be increased again, until the final desired sizeis reached. B is grown at the same
time, for reflection-symmetric systems by simple mirroring.

The motivation of the truncation procedure is twofold. The first one, which is on a weaker
basis, isthat we areinterested in the states of Ae contributing most to the ground statefor Ae em-
bedded in the final, much larger, even infinitely large system. We approximate this final system
ground state, which we don’'t know yet, to the best of our knowledge by that of AeeB, the largest
superblock we can efficiently form. In that sense, we are bootstrapping, and the finite-system
DMRG will, as we will see, take care of the large approximations this possibly incurs. Let me
remark right now that in the MPS formulation of infinite-system DMRG a much clearer picture
will emerge. The second motivation for the choice of states is on much firmer foundation: the
above prescription follows both from statistical physics arguments or from demanding that the
2-norm distance ||[¥) — ) yuncll2 Detween the current ground state |y) and its projection onto trun-
cated block bases of dimension D, [/) yyne, ISMinimal. Themost transparent proof followsfroma
singular value decomposition of the matrix ¥ with matrix elements'¥ (a,c4),(rsas) formedfromthe
wave function coefficientS y a, s popas- The overall success of DMRG rests on the observation that
even for moderate D (often only afew 100) the total weight of the truncated eigenval ues, given
by the truncation error € = 1 — Y, p W, if we assume descending order of the w,, is extremely
closeto 0, say 1070 or less.

Algorithmically, we may of course also fix a (small) e we are willing to accept and at each
truncation choose D sufficiently large as to meet this requirement. Computational resources are
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used more efficiently (typically, we will have a somewhat smaller D towards the ends of chains
because of reduced quantum fluctuations), the programming effort to obtain this flexibility is of
course somewhat higher.

An important aspect of improving the performance of any quantum algorithm is the exploita-
tion of quantum symmetries, ranging from discrete symmetries like a Z, mirror symmetry if
the Hamiltonian is invariant under mirroring from left to right through Abelian symmetries like
the U (1) symmetry of particle number (“charge”) or magnetization conservation to non-Abelian
symmetrieslike the SU(2) symmetry of rotational invariance[68, 73, 74, 75, 76]. A huge range of
these symmetries have been used successfully in numerous applications, with the most common
ones being the two U (1) symmetries of charge and magnetization conservation, but also SU(2)
symmetries[77, 78, 79, 80]. Let us focus on magnetization and assume that the total magnetiza-
tion, M = ¥; S? commutes with the Hamiltonian, [H, M] = 0, such that eigenstates of H can
be chosen to be eigenstates of M. Let us assume in particular that the good quantum number
of the ground state is M = 0. If the block and site states are eigenstates of magnetization, then
Yanoaosas # 0 ONY if M(la)a) + M(lo)a) + M(lo)g) + M(la)g) = O; M is a short-hand for the
magnetization of the respective blocks and sites, assuming that the states have magnetization asa
good quantum number. This constraint allows to exclude alarge number of coefficients from the
calculation, leading to a huge speedup of the calculation and (lessimportant) savingsin memory.

The decisive point is that if the states |a) 5 and |o-) o are eigenstates of magnetization, so will
be the eigenstates of the reduced density operator p a., Which in turn will be the states |a) 5 of
the enlarged block. As the local site states can be chosen to be such eigenstates and as the first
block in the growth process consists of one local site, the eigenstate property then propagates
through the entire algorithm. To prove the claim, we consider (o ae)iir = X ¥ijij,;. The states
liYa and |j)g are eigenstates of magnetization by construction, hence M(Ji) 5) + M(|j)g) = 0 =
M(i")a) + M(j>g) or M(liya) = M(Ji")a). The density matrix therefore decomposesinto blocks
that are formed from states of equal magnetization and can be diagonalized blockwise within
these sets, such that its eigenstates are also eigenstates of magnetization.

In practical implementations, the use of such good quantum numberswill be done by arrang-
ing matrix representations of operatorsinto block structureslabelled by good quantum numbers,
which are then combined to satisfy local and global constraints. While thisis conceptually easy,
the coding becomes more complex and will not be laid out here explicitly; hintswill be givenin
the MPS sections.

So far, we have postponed the question of expressing operators acting on blocksin the current
block bases, in order to construct the Hamiltonian and observables of interest. Let us consider
an operator O acting on site ¢, with matrix elements 077 = (adO}la}). Without loss of gener-
ality, assume that site ¢ is on the |eft-hand side and added into block A. Its construction is then
initialized when block A growsfrom¢ -1 — ¢, as

@l0a)y = > (adaraoXorlOloyXa107la)). (5)

a-1,0¢0,0%

Here, |a;) and |a,_1) are the effective basis states of blocks of length £ and ¢ — 1 respectively. Of
course, updates are necessary during the further growth steps of block A, e.g.

@alOa, ) = > (@ualaoraXalOa) @ oald), ). (6)

a(sa;o'ul



It isimportant to realize that the sum in Eq. (6) must be split as

> @l | D @lOa@eala, ) |, )

041 a

reducing the cal culational load from O(D“*d) to 20(D4d).

In Hamiltonians, operator products OP occur. It istempting, but due to the many truncation
steps highly imprecise, to insert the quantum mechanical one in the current block basis and to
write

(@lOPjay) = > (a0l @& Play).  NO! ®)
A

The correct way isto update thefirst operator (counting from the left for aleft block A) until the
site of the second operator is reached, and to incorporateit as

@IOPlayy = > (aday10eXar IOl Mol PloXay_yorlay). 9)

-1,8)_1,0¢,07

The further updates are then as for single operators. Obviously, we are looking at a straightfor-
ward sequence of (reduced) basis transformations, with a somewhat cumbersome notation, but it
will be interesting to see how much simpler these formulaewill ook in the MPS language, albeit
identical in content.

The ultimate evaluation of expectation valuesis given at the end of the growth procedure as

WOy = > Wlaaoarsas)anOlay@,oacsasly), (10)

apnd, oA BAB

where suitable bracketing turns this into an operation of order O(D 3d?). An important special
caseis given if we are looking for the expectation value of a local operator that acts on one of
the free sites e in the final block-site configuration. Then

WOy = > (WlanoarsasXoalOlo)(@acyrsashy), (11

QAT AC L0 BAR

which is an expression of order O(D?d®) (for many operators, even O(D?d?)). Giventhat D > d
in al practical applications, such evaluations are computationally highly advantageous.

L et me conclude these moretechnical remarks by observing that for an efficient construction
of H from such operators, it is essential never to build it as a full matrix, but to make use of
the specific block-site-site-block structure. Assume, for example, a term which contains one
operator acting on A and one on B (thisisin fact the most complicated case), h = OaOg. Then

(anoacsaslily) = > (@alOalay)| > (aslOslag)(@yoacsagv) |, (12)
a ag
which is a sequence of two O(D3d?) multiplications (instead of one naive O(D“d?) calculation)
for al coefficients (apnoacsag|hly) and similarly for al other terms.
If we stop infinite-system DMRG at some superblock size L, we can interpret the final wave-
function in two ways. We can take it as an approximation to the exact state for the superblock
10
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Figure 2: Theleft and right half of the figure present the iterations taken in the infinite-system and finite-system DMRG
procedures respectively. In both cases, new blocks are formed from integrating a site into a block, with a state space
truncation according to the density-matrix prescription of DMRG. Whereas in the infinite-system version this growth
happens on both sides of the chain, leading to chain growth, in the finite-system algorithm it happens only for one side
at the expense of the other, leading to constant chain length.

of size L and evaluate expectation values. The accuracy is limited not only by the truncations,
but also by the fact that the first truncations were carried out for extremely small superblocks:
the choice of relevant short block statesis likely to be a not too good approximation to those one
would have chosen for these short blocks embedded in the final system of length L.
Alternatively, we may ignore these boundary effects and focus on the central sites as an
approximation to the behaviour of an infinitely large system, provided L is large enough and
careful extrapolations of resultsto L — oo isdone. Thisis not so simpleto do in a very con-
trolled fashion, but as we will see, infinite-system DMRG can be used to build highly controlled
trandationally invariant (modulo, say, a unit cell of length 2) thermodynamic limit states.

2.3. Finite-system DMRG

Once the desired final system size is reached by infinite-system DMRG, it is important in
all but the most trivial applications to follow up on it by the so-called finite-system DMRG
procedure. This will not merely lead to some dlight quantitative improvements of our results,
but may change them completely: consider [81] for an example where even the central physical
statement changes: for at-J-V-V’ model on a ladder with moderate hole-doping 6 = 0.1, an
infinite-system DMRG calculation indicates the existence of alternately circulating currents on
plaquettes that are triggered by an infinitesimal current at the left end of the ladder, a signal
of a so-called d-density wave state. Only after applying the finite-system algorithm it becomes
obvious that this current is in fact exponentially decaying into the bulk, excluding this type of
order (Fig. 3).

The finite-system algorithm corrects the choices made for reduced bases in the context of a
superblock that was not the system of interest (of final length L), but some sort of smaller proxy
for it.

What the finite-system algorithm does is the following (Figure 2): it continues the growth
process of (say) block B following the same prescription as before: finding the ground state of the
superblock system, determining the reduced density operator, finding the eigensystem, retaining
the D highest weight eigenstates for the next larger block. But it does so at the expense of block
A, which shrinks (i.e. old shorter blocks A arereused). Thisis continued until A isso small asto
have a complete Hilbert space, i.e. of dimension not exceeding D (one may also continue until A

11



0y15‘w‘HH\HH\HH\HH\HH

--o--sweep1 — -sweep 6
-O -sweep2 —<—sweep7

Figure 3: Plagquette current on a t-J-V-V'-ladder, J = 0.4t, V = 3t, V' = t (V nearest, V' next-nearest neighbour

interaction) at hole doping 6 = 0.1, system size 2 x 60, as induced by a finite boundary current on rung 1. The absolute
current strength is shown; whereas infinite-system DMRG and the first sweep indicate the generation of a long-ranged
pattern, a fully converged calculation (here after 6 to 7 sweeps) reveals an exponential decay into the bulk. Taken from
Ref. [81].

is merely one site long; results are not affected). Then the growth direction is reversed: A grows
at the expense of B, including new ground state determinations and basis choices for A, until B
is small enough to have a complete Hilbert space, which leads to yet another reversal of growth
direction.

This sweeping through the system is continued until energy (or, more precisely, the wave
function) converges. The intuitive motivation for this (in practice highly successful) procedure
is that after each sweep, blocks A or B are determined in the presence of an ever improved
embedding.

In practice, thisalgorithminvolvesalot of book-keeping, as all the operatorswe need haveto
be maintained in the current effective bases which will change from step to step. This means that
the truncated basis transformations determined have to be carried out after each step; operator
representationsin all bases haveto be stored, asthey will be needed again for the shrinking block.

Another important featureisthat for finding the ground state |i) for each AeeB configuration
one employs some iterative large sparse matrix eigensolver based on sequentia applications of
H on some initial starting vector. To speed up this most time-consuming part of the algorithm,
it is highly desirable to have a good prediction for a starting vector, i.e. as close as possible to
the ultimate solution. This can be achieved by (approximately) transforming the result of the
last step into the shifted AeeB configuration [21] by applying two basis transformations: e.g.
Ae —A and B— B for a sweep to theright. The explicit formulae (see [7, 21]) can be derived
by writing

) = Z Yaormonabial@0Aloer Do e:2)Iber2)B, (13)

010420012
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where |a;), and |bg,2)g are the block states for block A comprising sites 1 through ¢ and block
B comprising sites £ + 3 through L (the label of the block states is taken from the label of the
bond their ends cut; see Fig. 13) , and inserting twice an approximate identity, namely =
2 lAcDaalaealandl = 3, 103 0r.3) g B{Dr+3l{0e+3]. One then obtains

W= D VaurmesbslanDaloe)lons)beae, (14)
A410042070:30743
with
l//a[+10'[+20'/+3b[+3 = Z l//a(O'/+10'[+2b/+2<a€+l|afo-f+l><bf+3o-[+3|bf+2>' (15)
a0 r41bes2

Thebasistransformationsrequired in thelast equation are al available from previous stepsin the
DMRG procedure. A similar operation can be carried out for a sweep to the left. Aswe will see,
this astute step, which led to drastic improvementsin DMRG performance, is already implicit if
one rewrites DMRG in the MPS language, such that we will not discussit here at length.

Animportant observationisthat both the infinite-system and finite-system algorithm can a so
be carried out by inserting only a single explicit site o, hence one would study superblocks of
the form AeB, with slightly adapted growth procedures. An advantage of this method would be
a speedup by roughly afactor d in the large sparse eigensolver; for example, the application of h
to astate in Eq. (12) would then lead to O(D d) operations. In the infinite-system algorithm an
obvious disadvantage would be that superblock lengths oscillate between odd and even; in the
finite-system algorithm the question of the relative merits is much more interesting and will be
discussed at length in Section 6.4.

Obvioudly, for D — oo, no truncations occur and DMRG becomes exact; increasing D re-
duces truncation and therefore monotonically improves observables, which one extrapolates in
D — oo (even better, in the truncation error e — 0, for which local observables often show
effectively linear error dependence on €) for optimal results.

For more details on DMRG and its applications, | refer to [7].

3. DMRG and entanglement: why DMRG works and why it fails

The DMRG agorithm quite naturally leads to the consideration of bipartite quantum systems,
where the parts are Ae and eB. For an arbitrary bipartition, ) = 3j ¢ijli)alj)g, Where the states
li)a and |j)g form orthonormal bases of dimensions Na and Ng respectively. Thinking of the v
as entries of a rectangular matrix ¥ (dimension Na x Ng), the reduced density matrices pa and
pp take theform

pa=P¥  pp=¥iY. (16)

If we assume that we know |) exactly, but can approximate it in DMRG only with at most D
states per block, the optimal DMRG approximation is provided by retaining as block states the
eigenstates belonging to the D largest eigenvalues. If we happen to know the eigenspectra of
reduced density operators of |i), we can easily assess the quality a DMRG approximation can
have; it simply depends on how quickly the eigenvaluesw, decrease. In fact, such analyses have
been carried out for some exactly solved systemsin one and two dimensions[82, 83, 84, 85, 86].
They reveal that in one dimension for gapped systems eigenvalues w, generically decay expo-
nentially fast (roughly as e ¢'"2), which explains the success of DMRG, but in two-dimensional
stripe geometriesof size L x W, L > W, ¢ « 1/W, such that with increasing width W (increasing
two-dimensionality) the eigenspectrum decay is so slow asto make DMRG inefficient.
13



Usually, we have no clear idea about the eigenvalue spectrum; but it turns out that in such
cases entanglement entropies can serve as “proxy” quantities, namely the von Neumann entan-
glement or entanglement entropy. It is given by the non-vanishing part of the eigenval ue spectrum
of pa (identical to that of pg, aswe will discuss below) as

It would seem as if we have gained nothing, as we don’t know the w,, but general laws about
entanglement scaling are available. If we consider a bipartitioning A|B where AB is in the
thermodynamic limit and A of size L?, with D the spatial dimension, the so-called area laws
[31, 87, 88, 89, 90] predict that for ground states of short-ranged Hamiltonians with a gap to
excitations entanglement entropy is not extensive, but proportiona to the surface, i.e. S(AB) ~
L?-1, as opposed to thermal entropy. Thisimplies S ~ cst. in onedimensionand S ~ L in two
dimensions. At criticality, amuch richer structure emerges: in onedimension, S = %_3 log, L+K,
where ¢ and C are the (an)holonomic central charges from conformal field theory[29, 30]; in two
dimensions, bosonic systems seem to be insensitive to criticality (i.e. S o« L)[88, 91], whereas
fermionic systems get alogarithmic correction S « L log, L for aone-dimensional Fermi surface
(with a prefactor proportional to its size), but seem to grow only sublogarithmicaly if the Fermi
surface consists of points[91, 92]. It should be emphasized that these properties of ground states
are highly unusual: in the thermodynamic limit, a random state out of Hilbert space will indeed
show extensive entanglement entropy with probability 1.

In a mathematically non-rigorous way one can now make contact between DMRG and the
area laws of quantum entanglement: between two D-dimensional state spaces for A and B, the
maximal entanglement is log, D in the case where al eigenvalues of p are identical and D1
(such that pa is maximally mixed); meaning that one needs a state of dimension 25 and more
to encode entanglement S properly. This implies that for gapped systems in one dimension an
increase in system size will not lead to a strong increase in D; in two dimensions, D ~ 2%,
such that DMRG will fail even for relatively small system sizes, as resources have to grow
exponentialy (this however does not exclude very precise results for small two-dimensional
clusters or quite large stripes). Critical systemsin one dimension are borderlinecases: D ~ L %°;
this means that the thermodynamic limit is not reachable, but the growth of D is sufficiently
sow (usually the power isweak, say 1/3 or 1/6, due to typical values for central charges) such
that large system sizes (L ~ O(10°%)) can be reached; this allows for very precise finite-size
extrapolations.

Obvioudly, this argument implicitly makes the cavalier assumption that the eigenval ue spec-
trum is close to flat, which |eads to maximal entanglement, such that an approximate estimation
of D can be made. In practice, the spectrum is dictated by the problem and indeed far from flat:
aswe have seen, it isin fact usually exponentially decaying. But numerically, it turns out that for
standard problems the scaling of the resource D is predicted correctly on the qualitative level.

It even turnsout that in amathematically strict analysis, von Neumann entanglement does not
allow a general prediction of resource usage: this is because one can construct artificial eigen-
value spectra that allow or forbid efficient smulation, while their von Neumann entanglement
would suggest the opposite, following the above argument [93]. Typical many-body states of in-
terest, however, do not have such “ pathological” spectra. Infact, Renyi entanglement entropies, a
generalization of von Neumann entanglement entropies, do allow mathematically rigourous con-
nections [93], but usually are hard to calculate, with criticality in one dimension as an exception
due to conformal field theory.

14



4. Matrix product states (MPS)

If we consider our paradigmatic problem, the one-dimensional Heisenberg antiferromagnet,
the key problem is that Hilbert space seems to be exponentially big (d- = 2%). Looking for the
ground state may therefore seem like looking for a needle in the haystack. The claim is that at
least for local Hamiltonians with a gap between ground state and first excited state, the haystack
isnot very big, effectively infinitesimally small compared to the size of the full Hilbert space, as
we have aready seen from the very peculiar entanglement scaling properties. What is even more
important, this relevant corner of Hilbert space can be parametrized efficiently, i.e. with modest
numerical resources, operated upon efficiently, and efficient algorithms of the DMRG type to
solve important questions of quantum physics do exist. This parametrization is provided by the
matrix product states (MPS).

Maybe the two DMRG algorithms explained above seem to be very cumbersome to imple-
ment. But it turns out that if we do quantum mechanics in the restricted state class provided by
matrix product states, DMRG and other methods almost force themselves on us. The manipula-
tion of matrix product states seems to be very complicated at first, but in fact can be formalized
beautifully, together with a graphical notation that allowsto generate permitted operations a most
automatically; as any good formalism (such as braand ket), it essentially enforces correctness.

4.1. Introduction of matrix product states

4.1.1. Sngular value decomposition (SvD) and Schmidt decomposition

Throughout the rest of this paper, we will make extensive use of one of the most versatile
tools of linear algebra, the so-called singular value decomposition (SV D), which is at the basis
of avery compact representation of quantum states living in a bipartite universe AB, the Schmidt
decomposition. Let us briefly recall what they are about.

SVD guaranteesfor an arbitrary (rectangular) matrix M of dimensions (N ax Ng) the existence
of adecomposition

M = USV', (18)

where

e U is of dimension (Na x min(Na, Ng)) and has orthonormal columns (the left singular
vectors), i.e. UTU = 1; if Na < Np thisimpliesthat it is unitary, and alsoUU T = I.

e Sisof dimension (min(Na, Ng) x min(Na, Ng)), diagonal with non-negativeentries S, =
Sa. These are the so-called singular values. The number r of non-zero singular valuesis
the (Schmidt) rank of M. In the following, we assume descending order: s1 > s > ... >
s > 0.

e VT isof dimension (min(Na, Ng) x Ng) and has orthonormal rows (the right singular vec-
tors), i.e. VIV = I. If Na > Ng thisimpliesthat it is unitary, and also VVT = 1.

Thisis schematically shown in Fig. 4. Singular values and vectors have many highly interesting
properties. One which is of practical importance in the following is the optimal approximation
of M (rank r) by amatrix M’ (withrank r’ < r) in the Frobeniusnorm [|M|2 = ¥;; |M;j|? induced
by theinner product (M|N) = Tr MTN. It is given by

M =USV' S =dag(s,,....5.0,...), (19)
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Figure 4: Resulting matrix shapes from a singular value decomposition (SVD), corresponding to the two rectangular
shapes that can occur. The singular value diagonal serves as a reminder that in M = USVT S is purely non-negative
diagonal.

i.e. one sets all but the first r’ singular values to be zero (and in numerical practice, will shrink
the column dimension of U and the row dimension of V' accordingly tor’).

As afirst application of the SVD, we use it to derive the Schmidt decomposition of a general
guantum state. Any pure state [v) on AB can be written as

W) = D WijlidalDe. (20)
i

where{li)a} and {|j)g} are orthonormal bases of A and B with dimension N 4 and Ng respectively;
we read the coefficients as entries of a matrix . From this representation we can derive the
reduced density operators pa = Trgly)(y¥| and pg = Tral¥){y¥|, which expressed with respect to
the block bases take the matrix form

poa=Y¥  pg=¥V (21)

If we carry out an SVD of matrix ¥ in Eq. (20), we obtain

min(NA,NB)
UiaSaaV;‘a“)A' J )B
ij a=1
a=1

min(NA,NB)
(Z uia|i>A] S Zv;yn]
i i
min(NA,NB)

Sal@)al@)e. (22

2%

a=1

Due to the orthonormality properties of U and V7, the sets {|a),} and {|a)g} are orthonormal and
can be extended to be orthonormal bases of A and B. If we restrict the sum to run only over the
r < min(Na, Ng) positive nonzero singular values, we obtain the Schmidt decomposition

W) =) si@alade. (23)
a=1

Itisobviousthat r = 1 correspondsto (classical) product statesand r > 1 to entangled (quantum)

states.
The Schmidt decomposition allows to read off the reduced density operators for A and B

introduced above very conveniently: carrying out the partial traces, one finds

pa=) Sl a@  ps= ) Sl s@, (24)
a=1 a=1
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showing that they share the non-vanishing part of the spectrum, but not the eigenstates. The
eigenvalues are the squares of the singular values, w, = <2, the respective eigenvectors are the
left and right singular vectors. The von Neumann entropy of entanglement can therefore be read
off directly from the SVD,

Sae(¥)) = ~Trpalog, pa = - ) 100, . (25)
a=1

In view of the large size of Hilbert spaces, it is also natural to approximate |y) by some | )
spanned over state spaces of A and B that have dimension r’ only. This problem can be related
to SVD, because the 2-norm of i) isidentical to the Frobenius norm of the matrix ¥,

I = > 193517 = W2, (26)
1]
if and only if the sets {|i)} and {|j)} are orthonormal (which is the case here). The optimal ap-
proximation is therefore given in the 2-norm by the optimal approximation of ¥ by ¥ in the
Frobenius norm, where ¥ is a matrix of rank r’. As discussed above, ¥ = US'V', where
S’ = diag(ss,...,S,0,...), constructed from the largest singular values of ¥. Therefore, the
Schmidt decomposition of the approximate state reads

) =) sala)alave, (27)
a=1

where the s, must be rescaled if normalizationis desired.

4.1.2. QR decomposition

While SVD will be seen to cover all our needs, sometimesit is an overkill: in many cases of
the expression M = USVT, we are only interested in the property U TU = | and the product SV,
for example whenever the actual value of the singular values will not be used explicitly. Then
there isa numerically cheaper technique, QR decomposition, which for an arbitrary matrix M of
dimension (Na x Ng) gives adecomposition

M= QR (29)

hence the name, where Q is of dimension (Na x Na) and unitary, QTQ = | = QQ', and Ris of
dimension (Na x Ng) and upper triangular, i.e. Rjj = 0if i > j. Thisfull QR decomposition can
be reduced to a thin QR decomposition: assume Na > Ng: then the bottom Na — Ng rows of R
are zero, and we can write

M=Q-

ARHHE

where Q; is how of dimension (Na x Ng), Ry of dimension (Ng x Ng), and while QIQl =1,in
general QlQ} # |. Whenever | will refer to a QR decomposition in the following, | will imply
the thin one. It should also be clear that the matrices Q (or Q1) share properties with U from
SVD, but are not the same in general; but as we will see that the MPS representation of statesis
not unique anyways, this does not matter.
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4.1.3. Decomposition of arbitrary quantum states into MPS

Consider a lattice of L sites with d-dimensional local state spaces {oj} on sitesi = 1,..., L.
In fact, while we will be naturally thinking of aone-dimensional lattice, the following aso holds
for alattice of arbitrary dimension on which sites have been numbered; however, MPS generated
from states on higher-dimensional lattices will not be manageable in numerical practice. The
most general pure quantum state on the lattice reads

|l10> = Z CO'1...O'L|o-l’ MR O-L>’ (30)

where we have exponentially many coefficientsc,, -, with quite oblique contentin typical quan-
tum many-body problems. Let us assume that it is normalized. Can we find a notation that gives
amorelocal notion of the state (while preserving the quantum non-locality of the state)? Indeed,
SVD allows usto do just that. The result may look quite forbidding, but will be shown to relate
profoundly to familiar concepts of quantum physics. There are three ways of doing thisthat are
of relevanceto us.

(i) Left-canonical matrix product state. In afirst step, we reshape the state vector with d“
componentsinto a matrix P of dimension (d x d-~1), where the coefficients are related as

\P()'l,(u'z‘.‘()'L) = CU'1.‘.U'|_ . (31)
An SVD of ¥ gives
ra Iy
Coy.op = \I'Io-l,((rz‘.‘(rL) = Z U(rl,alSal,al(VT)al,(Uz.‘.()'L) = Z U()'l,alcalo'z.‘.,(ru (32)
ag ap

where in the last equality S and V' have been multiplied and the resulting matrix has been
reshaped back into a vector. Therank isr; < d. We now decompose the matrix U into a
collection of d row vectors A”* with entries A = Uy, 5,. At the sametime, we reshape Ca,r,. o,
into amatrix ¥ (a,o), (o) Of dimension (r1d x d-2), to give

M

CU'1MU'|_ = Z Agf\}l(aurz),(()'&“(n_)' (33)

ap
Y is subjected to an SVD, and we have

o r o r

Coyop = Z Z A(al U(aw‘z) ap Saz a (V )az (03...0) = Z Z alAgl az\}l(azag),(aét.‘.(n_)» (34)

a & a &

where we have replaced U by a set of d matrices A7z of dimension (ry x rp) with entries AZ?,, =
U(ayep).2, @nd multiplied S and V7, to be reshaped into a matrix ¥ of dimension (rd x d-=3),
wherer, < rid < d?. Upon further SVDs, we obtain

_ 01 AT2 O—Ll oL
Coyool. = Z A Aa1a2 L2aL—1 |1 (35)

R

or more compactly
Cop.o, = ATTATZ L ATHLATE, (36)
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where we have recognized the sums over a;, a, and so forth as matrix multiplications. The last
set of matrices A?t in fact consists of column vectors. If we wish, dummy indices 1 may be
introduced in the first and last A to turn them into matrices, too. In any case, the (arbitrary)
guantum state is now represented exactly in the form of amatrix product state:

= > ATAT L ATAT oy, o). 37)

Let us study the properties of the A-matrices. The maximal dimensions of the matrices are
reached when for each SVD done the number of non-zero singular values is equal to the upper
bound (the lesser of the dimensions of the matrix to be decomposed). Counting reveals that the
dimensions may maximally be (1xd), (dxd?), ..., (d“?71xd"/?), (d“2xd-/?Y), . .., (d?xd), (dx
1), going from the first to the last site (I have assumed L even for simplicity here). This shows
that in practical calculationsit will usually be impossible to carry out this exact decomposition
explicitly, as the matrix dimensions blow up exponentialy.

But thereis more to it. Because at each SVD U U = | holds, the replacement of U by a set
of A” entails the following relationship:

¥
63(,32 Z (U )a(,afflo'[uamtnga}
ar-10¢

ot g
Z (A ‘ )a(»ai—lAa,i_l,a}

ar-10¢

Z(AWTAW)a{,a;

ar

or, more succinctly,

Z AT AT = (38)
oy
Matrices that obey this condition we will refer to as left-normalized, matrix product states that
consist only of left-normalized matrices we will call left-canonical. In fact, a closer look reveals
that on thelast site the condition may be technically violated, but as we will see once we calculate
norms of MPS this correspondsto the original state not being normalizedto 1. Let usignorethis
subtlety for the moment.
In view of the DMRG decomposition of the universe into blocks A and B it is instructive to
split the lattice into parts A and B, where A comprises sites 1 through ¢ and B sites £ + 1 through
L. We may then introduce states

e = Y (ATAT AT, 00) (39)
O01,...,0¢

s = Y, (ATRATE AT lo,. ., 0L (40)
[0, PO L

such that the MPS can be written as
W) =) laalacs. (41)
ar

This pairing of states looks tantalizingly close to a Schmidt decomposition of |i), but this is
not the case. The reason for this is that while the {|a;)»} form an orthonormal set, the {|a,)g} in
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general do not. Thisis an immediate consequence of the left-normality of the A-matrices. For
part A we find

A@jlan, = Z (AT AT (A7 A1,

where we have iteratively carried out the sums over o1 through o, and used left-normality. On
the other hand, the same calculation for part B yields

B<a2;|a{’>B — Z (A7 AO'L);ZJ(AO'[A LAY
T 415001
= Z (/AO-LJr R A(T[*'IT)]_,a} (A\O—i+1 e AO-L)a(,l
T 41501
= Z (Affz+1 '.'AO—LA(TLT “'AU'HIT)a;’a“
T 41501

which cannot be simplified further becausein general 3, A”A™ # |.

The change of representation of the state coefficients can also be represented graphically
(Fig. 5). Let us represent the coefficient ¢, , as ablack box (with rounded edges), where the
physical indices o1 through o stick out vertically. The result after the first decomposition we
represent as in the second line, where we have on the |eft hand site an object representing A3?,
on theright Ca,0,.» - Theauxililary degrees of freedom (a;) are represented by horizontal lines,
and the rule is that connected lines are summed over. The second step is then obvious, we have
Az, then AZ2,, and on theright Ca,er,.., , With al connected lines summed over. In the end, we
have arrived at L A-matrices multiplied together and labelled by physical indices (last line of the
figure).

The graphica rules for the A-matrices, that on the first and last site are row and column
vectors respectively, are summarized in Fig. 6: a site ¢ is represented by a solid circle, the
physical index o, by avertical line and the two matrix indices by horizontal lines.

L et me conclude this exposition by showing the generation of aleft-canonical matrix product
state by a sequence of QR decompositions. We start as

C(Tl...(TL = lP(Tl,(O'z...O'L) = Z Qo’l,alRal,(O'Z...(rL) = Z Ailalllj(alo'z),(o'g...O'L)’ (42)
aq ap
wherewe reshape Q — Aand R — W in analogy to the SVD procedure. The next QR decompo-
sition yields
Coyo = Z A(:LT,;Q(alo'z),az Raz;(ﬂ's»-»ffL) = Z A(I,lalAglz,az\y(azt??)’(ﬂu-»-m) (43)

ag,a a,a

and so on (on the right half of the chain, thin QR is needed, as an analysis of the dimensions

shows). Q'Q = | implies the desired left-normalization of the A-matrices. If numerically fea-

sible, this is faster than SVD. What we lose is that we do not see the spectrum of the singular
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Figure 5: Graphical representation of an iterative construction of an exact MPS representation of an arbitrary quantum
state by a sequence of singular value decompositions.

a1

Figure 6: Graphical representation of A-matrices at the ends and in the bulk of chains: the |eft diagram represents A

lap’
the row vector at the left end, the right diagram represents A;LLl, the column vector at the right end. In the center there
iISAZ. 4
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Figure 7: Graphical representation of an iterative construction of an exact MPS representation of an arbitrary quantum
state by a sequence of singular value decompositions, now starting from the right.

values; unless we use more advanced rank-revealing QR decompositions, we are also not able to
determinetheranksry,ro, ..., unlikein SVD. This means that this decomposition fully exploits
the maximal A-matrix dimensions.

(i) Right-canonical matrix product state. Obviously, there was nothing specific in the de-
composition starting from the left, i.e. site 1. Similarly, we can start from the right in order to
obtain

Yoy oo

= Z U(G'l-»-O'L—l)saL—ISaL—l»aL—l (VT)aL—lyo'L

C()'l.‘.O'L

a -1
— 0L
= Z \P(‘Tlm(TL—Z)s(U’L—laL—l) BaL_l
a1
— ¥ oL
= Z U(or..oi2)as Saszyasz(V )aL—Zs((rLflaLfl) BaL,l
a 2,81
_ o1 oL _
= Z \P(o—l»-»(TL—S)s(U'L—ZaL—Z) BaL_z,aL_l BaL_l =
a 2,81
_ o1 RO2 o1 o
- Z Ba1 Bal,az te BaL-z,aL-l BaL-l'
ag,...,a -1

Here, we have reshaped (V7)a,_,.», into d column vectors B3t |, (V%) a o0, 1)a, iNt0 d mar
trices B3, _,, ad so on, as well as multiplied U and S before reshaping into ¥ at each step.
The obvious graphical representation is given in Fig. 7. We do not distinguish in the graphical
representation between the A- and B-matricesto keep notation simple.
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We obtain an MPS of the form

w= 3 BB BB Y. 00) (44)

where the B-matrices can be shown to have the same matrix dimension bounds as the A matrices
and also, from V'V = 1, to obey
Z BB = |, (45)
o
such that we refer to them as right-normalized matrices. An MPS entirely built from such matri-
ceswe call right-canonical.
Again, we can split the lattice into parts A and B, sites 1 through ¢ and ¢ + 1 through L, and
introduce states

> (BB B Vialo,....00) (46)

O01,...,0¢

(BU'(+1 Bo+2 B(rL)a,,llo-f‘Fl’ ey O-L> (47)
oL

[ae) A

lae)s

such that the MPS can be written as

W) =) laralarde. (48)
a

This pairing of states looks again tantalizingly close to a Schmidt decomposition of i), but this
is again not the case. The reason for this is that while this time the {|a,)g} form an orthonormal
set, the {|lag)a} in general do not, as can be shown from the right-normality of the B-matrices.

Again, the right-normalized form can be obtained by a sequence of QR decompositions. The
difference to the left-normalized form is that we do not QR-decompose ¥ = QR, but ¥ * = QR,
such that ¥ = R'Q'. Thisleads directly to the right-normalization properties of the B-matrices,
if we form them from Q. Let me make the first two steps explicit; we start from

Coyo, = lIJ(‘Tl»-»(TL—l)sU'L = Z RZO'L-»O'L-l),aL_l Q;L_l,o—L = Z lIJ(U'l»-»U'L—Z)s(U'L—laL—l) BZLL_L]_’ (49)
a1 a-1

reshaping R into ¥, Q' into B, and continue by a QR decomposition of ¥ as

_ 1 T L _ o1 L
Coyoor. = Z R(0'1~~U'L72),a|_72 QaL—Z»(U'L—laL—l) BaL—I»]- - Z lIJ("'l'-"TL—3)’(U'L—251L—2) Ba,_,z,a._,l BaL—lvl.
a-1,a.-2 a 1,82
(50)

We have now obtained various different exact representations of |y) in the MPS form, which
already indicates that the M PS representation of a state is not unique, a fact that we are going to
exploit later on.

(iii) Mixed-canonical matrix product state. We can aso mix the decomposition of the state
from the left and from theright. Let us assume we did a decomposition from the left up to site ¢,
such that

CO'1-»-ffL = Z(A(rl e Ao—i)afsai,ai (VT)a{»(‘THl-»-O'L)' (51)
as
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Figure 8: Graphica representation of an exact MPS obtained by a sequence of singular value decompositions, start-
ing from the left and right. The diamond represents the diagonal singular value matrix. Matrices to the left are left-
normalized, to theright are right-normalized.

We reshape V' as W(a0p1..01).0. 8N carry out successive SV Ds from the right as in the original
decomposition from the right, up to and including site o ¢,2; inthelast SVD U(a.o.1).a01 Sars,ai:
remains, which we reshapeto B3/} ,. Then we obtain

VMawmon = D, Bild, B, (52)
Api1,eemL-1

All B-matrices are right-normalized. Thisis simply dueto the SVD for sites ¢ + 2 through L; on
site ¢ + 1, it follows from the property V'V = I

651{,&} Z (VT)a(»(O'ul.~0'L)V(0'i+1~uU'L)‘a}

T 415

(> B BB B g

T41seee

(Z BU'Hl B(rHlT)a[,a},

O+l

where we use in the last line the right-normalization property of all the B-matrices on sites
£+ 2,...,L toobtain the desired result.
We therefore end up with a decomposition

Coyool. = A%t ATSBIHL B(TL’ (53)

which containsthe singular values on the bond (¢, £ + 1) and can be graphically represented asin
Fig. 8.

What is more, the Schmidt decomposition into A and B, where A runs from sites 1 to ¢ and
B from sites £ + 1 to L, can now be read off immediately. If we introduce vectors

@) = Y (AT AT)ialo o) (54)
lagys = Z (B7*...B")a,tloes1, - 0L) (55)
then the state takes the form (Sa = Saa)
W) =) sladalade, (56)
a

whichisthe Schmidt decomposition provided the stateson A and B are orthonormal respectively.
But thisisindeed the case by construction.
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(iv) Gauge degrees of freedom. By now, we have three different ways of writing an arbitrary
guantum state as an MPS, all of which present advantages and disadvantages. While these three
are arguably the most important ways of writing an MPS, it isimportant to realise that the degree
of non-uniqueness is much higher: MPS are not unique in the sense that a gauge degree of
freedom exists. Consider two adjacent sets of matrices M7 and M7+ of shared column/row
dimension D. Thenthe MPSisinvariant for any invertible matrix X of dimension (D x D) under

M — M7 X, M+t — X1 (57)

This gauge degree of freedom can be used to simplify manipulations drastically, our three con-
structions are just special cases of that.

Severa questions arise. |s there a connection between this notation and more familiar con-
cepts from many-body physics? Indeed, there is a profound connection to iterative decimation
procedures as they occur in renormalization group schemes, which we will discussin Section
4.1.4.

The matrices can potentially be exponentially large and we will have to bound their size on
a computer to some D. Isthis possible without becoming too inaccurate in the description of the
state? Indeed thisis possible in one dimension: if we consider the mixed-canonical representa-
tion, we see that for the exponentially decaying eigenval ue spectra of reduced density operators
(hence exponentially decaying singular values s,) it is possible to cut the spectrum following
Eq. (27) at the D largest singular values (in the sense of an optimal approximation in the 2-norm)
without appreciable loss of precision. This argument can be generalized from the approximation
incurred by a single truncation to that incurred by L — 1 truncations, one at each bond, to reveal
that the error is at worst [94]

L
19 = Wreunc)li3 < 2 &(D), (58)
i=1

where ¢ (D) is the truncation error (sum of discarded squared singular values) at bond i incurred
by truncating down to the leading D singular values. So the problem of approximability is asin
DMRG related to the eigenvalue spectra of reduced density operators, indicating failure in two
dimensions, and (a bit more tenuously) to the existence of arealaws.

4.1.4. MPSand single-site decimation in one dimension
In order to connect MPS to more conventional concepts, let us imagine that we set up an
iterative growth procedure for our spin chain, ¢ — ¢ + 1, as illustrated in Fig. 9, such that
associated state spaces grow by afactor of d at each step. In order to avoid exponentia growth,
we how demand that state space dimensions have aceiling of D. Oncethe state space dimension
grows above D, the state space has to be truncated down by some as of now undefined procedure.
Assume that somehow we have arrived at such a D-dimensional effective basis for our system
(or left block A, in DMRG language) of length £ — 1, {|a,_1)4}. If the D basis states of the (left)
block A of length ¢ after truncation are {|a,)»} and the local states of the added site {|o-;)}, we
must have
[@oa= D a@-odana lac-aaleoe) (59)
-10¢
for these states, with a{a;—107¢|ay) A as of now unspecified. We now introduce at site £ d matrices
Alde: of dimension (D x D) each, one for each possible local state |o-,). We can then rewrite
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|a£—1>A |Gé> |a£>A
@ —> |
1 l-1 ¢ 1 Y4

Figure 9: A block of length £ — 1 is grown towards the right to ablock of length ¢ by adding asite ¢.

Figure 10: Graphical representation of A-matrices. the left diagram represents A;’;;l,a[, the right diagram the conjugate
A g}fl,a[. The solid circle represents the lattice sites, the vertical line the physical index, the horizontal lines the matrix
indices.

Eq. (59) as
lada= > A% lar1)aloe) (60)

107

where the elements of the matrices A1 are given by
A[ai]—(;é{ = A<a{7—10—[|a{7>Ao (61)

L et usmake ashort remark on notationsright here: in Al¢¢_ [¢] indicateswhich set of A-matrices
is considered, and o, which A-matrix in particular. In the present case, this is a notational
overkill, because the local state |o,) is taken from the site where the matrices were introduced.
In such cases, we drop one of the two ¢, usually [£]:

Aldoe A7, (62)

We will, however, encounter situations where matrices A are selected by local states not on the
site where they were introduced. 1n such cases, the full notation obviously hasto be restored!
Similarly, we will shorten |a;)a — |a¢), when the fact that the state lives on block A is
irrelevant or totally obvious.
The advantage of the matrix notation, which contains the decimation procedure yet unspeci-
fied, isthat it allowsfor asimple recursion from ablock of length ¢ to the smallest, i.e. vanishing
block. Quantum states obtained in this way take a very special form:

Z Z AL e lae-aloe)

-1 O¢

= > D A AT Ao Do) =

Ar-1,8¢-2 0¢-1,0¢

= Z Z ATL Aoy - AL o loDlo2) o)

a1,82,...,8¢—1 01,02,...,0¢
= DUATAT L AT)igloDlod) o), (63)
O’iGA
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Figure 11: Graphical representation of the recursive construction of a state |g) by contraction (multiplication) of A-
matrices. Contractions run over all connected legs.

|a€>B |04+1> |a/,7+1>B
| -— @ |
/+1 L /+1 (2 L

Figure 12: A block B of length L — ¢ — 1 is grown towards the left to ablock B of length L — ¢ by adding site ¢ + 1.

wherei runsthrough all sites of block A. Theindex’ A’ indicatesthat we are considering stateson
the left side of the chain we are building. On the first site, we have, in order to keep in line with
the matrix notation, introduced a dummy row index 1: the states of block length 1 are built from
the local states on site 1 and the block states of the “block” of length O, for which we introduce
adummy state and index 1. This means that A“* isin fact a (row) vector (cf. Fig. 6). We also
see that the left or row index of A correspond to states “left” of those labelled by the right or
column index. Quite generally, we can show this construction asin Fig. 11, if — as before — we
introduce the rule that all connected legs are summed over (contracted). The advantage of the
matrix notation is that we can hide summations in matrix multiplications.

Similarly, we can build blocks to grow towards the left instead of to the right (Fig. 12): we
have

s = ), s@n1oralades aa)eloe) (64)
Q410741
or
s = ), BLaan)elora) (65)
Q4107 ¢+1
with
Bl et = glag,10ialar)s. (66)

We call matrices B to indicate that they emerge from a growth processtowards the left, in DMRG
language this would mean block B. Recursion gives

lae)e = Z (B7*1B7%2 ... B"" a1l ei)los2) .. o), (67)

oieB

where i runsfrom ¢ + 1 to L, the sites of block B. A similar dummy index as for position 1 is
introduced for position L, where the B-matrix is a (column) vector.

Note a dight asymmetry in the notation compared to the A-matrices: in order to be able to
match blocks A and B later, we label block states according to the bond at which they terminate:
bond ¢ connectssites ¢ and ¢ + 1, hence alabeling asin Fig. 13.

If we introduce A-matrices and B-matricesin this way, they can be seen to have very special
properties. If we consider the growth from the left, i.e. A-matrices, and demand reasonably
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a4 bond ¢ la’s)p
O O 00 0 0 0 060 00 0 060 0 0
1 ¢ /+1 L

Figure 13: Blocks A (sites 1 through ¢) and B (sites ¢ + 1 through L) are joined at bond ¢. States are labelled |ay)» and
8;)g-

I4

ay

ay

Figure 14: If two left-normalized A-matrices are contracted over their left index and the physical indices, aéam line
results.

that the chosen states should for each block length be orthonormal to each other, we have using
Eq. (60)

5a;,a( = A<a,[|a[>A = Z Z A:;ita}Ag{il,a[ A<a/_10'2|a[_1O'Z>A (68)
00 &1 81
= > A AL = D UATT Ay g (69)
or Q-1 o

Summarizing we find that the A-matrices are | eft-normalized:

Z ATTAT =, (70)

A graphical representation is provided in Fig. 14: The multiplication can aso be interpreted as
the contraction of A and A* over both o and their left index.

Similarly, we can derive for B-matrices of blocks B built from the right that the right-
normalization identity

Z BYB” = | (72)
o

holds (usually, A and B will be used to distinguish the two cases). See Fig. 15. This means that
orthonormal states can always be decomposed into left- or right-normalized matricesin the MPS
sense and that all states constructed from left- or right-normalized matrices form orthonormal
sets, provided the type of normalization and the direction of the growth match.

Let ustake a closer look at the matrix dimensions. Growing from the left, matrix dimensions
goas(1xd), (dxd>?), (d?x d3), (d° x D), where| have assumed that d* > D. Then they continue
at dimensions (D x D). At the right end, they will have dimensions (D x D), (D x d3), (d® x d?),
(d? x d) and (d x 1).
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ay

dy

Figure 15: If two right-normalized B-matrices are contracted over their right index and the physical indices, ady a line
results.

o bbb bbb

Figure 16: Representation of an open boundary condition MPS.

We can now again write down a matrix product state. Putting together a chain of length L
from a (left) block A of length ¢ (sites 1 to £) and a (right) block B of length L — ¢ (sites¢ + 1 to
L), we can form ageneral superposition

V) = D Wagladald)g. (72)

v
a.a,

Inserting the states explicitly, we find

W) = D (AT A7) 10 Wa (BT .. BT )]0, (73)
(0

The bold-faced o stands for all local stateindices, |o) = |01, 02, . . ., o). The notation suggests
to interpret ¥ as a matrix; then the notation simplifies to

)= > AT ATWBT . Bo). (74)
o

If we alow general matrices and don’t worry about left, right or no normalization, we can
simply multiply the ¥-matrix into one of the adjacent A or B matrices, such that the general MPS
for open boundary conditions appears:

W) = Z ML, M7 |o) (MPSfor OBC), (75)
g

where no assumption about the normalization isimplied (which iswhy | call matrices M). Due
to the vectorial nature of the first and last matrices the product resultsin a scalar. Thisis exactly
the form of an MPS aready discussed in the last section.

At thispoint it is easy to see how a matrix product state can exploit good quantum numbers.
Let us focus on magnetization and assume that the global state has magnetization M. This
Abelian quantum number is additive, M = }; M;. We choose local bases {o-j} whose states are
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M(lap)

Figure 17: Representation of an open boundary condition MPS with good (additive) quantum numbers. Physical states
and bonds become directed, such that the quantum numbers on the ingoing lines equal those on the outgoing lines. For
the dummy bonds before the first and after the last site we set suitable values to fix the global good quantum number.

eigenstate of local magnetization. Consider now the growth process from the left. If we choose
the states |a; ) to be eigenstates of local magnetization (e.g. by taking just the|o 1)), then Eq. (59)
allows us to construct by induction states |a,) that are eigenstates of magnetization, provided the
matrices Az’ 5, obtain ablock structure such that for each non-zero matrix element

M(las-1)) + M(lo¢)) = M(lar)) (76)

holds. Thiscan berepresented graphically easily by giving directionsto the lines of the graphical
representation (Fig. 17), with ingoing and outgoing arrows. The rule is then simply that the sum
of the magnetizations on the ingoing lines equals that on the outgoing lines. In order to enforce
some global magnetization M, we may simply give magnetization values 0 and M to the ingoing
and outgoing dummy bonds before the first and after the last site. We may enviseage that the
indices of the MPS matrices are multiindices for a given magnetization allowing degeneracy,
leading to elegant coding representation. An inversion of the bond arrows would directly tie in
with the structure of B-matrices from the growth from the right, but proper book-keeping gives
us lots of freedom for the arrows: an inversion means that the sign has to be reversed.

In order to use good quantum numbers in practice, they have to survive under the typical
operations we carry out on matrix product states. It turns out that all operations that are not
obviously unproblematic and maintain good quantum numbers can be expressed by SVDs. An
SVD will be applied to matrices like Ag,_,0p).o- |f We group states [a;_;07) and |a;) according to
their good quantum number, Awill consist of blocks; if we rearrange labels appropiately, we can
wiittA=Aj @A @...=U1S1V, ®U,SVj @...or A= USVi whereU = Uy @ Uz @.... and
so forth. But this means that the new states generated from |aj_10) via U will also have good
guantum numbers. When the need for truncation arises, this property of course still holds for
the retained states. If we replace SVD by QR where possible and carry it out on the individual
blocks, A = QiR;, the unitary matrices Q; transform within sets of states of the same quantum
numbers, hence they remain good quantum numbers.

Let us now assume that our lattice obeys periodic boundary conditions. At the level of the
state coefficients ¢, -, thereis no notion of the boundary conditions, hence our standard form
of an MPS is capable to describe a state that reflects periodic boundary conditions. In that
sense it is in fact wrong to say that Eq. (75) holds only for open boundary conditions. It is
true in the sense that the anomalous structure of the matrices on the first and last sites is not
convenient for periodic boundary conditions; indeed, the entanglement across the bond (L, 1)
must be encoded as stretching through the entire chain. Thisleadsto numerically very inefficient
MPS representations.

For periodic boundary conditions the natural generalization of the MPS form is to make all
matrices of equal dimensions (D x D); as site L connects back to site 1, we make the MPS
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Figure 18: Representation of a periodic boundary condition MPS; the long line at the bottom corresponds to the trace
operation.

consistent with matrix multiplications on all bonds by taking the trace:

)= TH(M™* ... M7)|o)  (MPSfor PBC). 7
(o

While a priori not more accurate than the other, it is much better suited and computationally far
more efficient.

In this section, our emphasis has been on approximate representations of quantum states
rather than on usually unachievable exact representations. While we have no prescription yet
how to construct these approximate representations, some remarks are in order.

Even an approximate MPS is still a linear combination of al states of the Hilbert space,
no product basis state has been discarded. The limiting constraint is rather on the form of the
linear combinations: instead of d- coefficients, dL matrices of dimension (D x D) with amatrix-
valued normalization constraint that gives LD? scalar constraints have (d — 1)LD? independent
parameters only, generating interdependencies of the coefficients of the state.

The quality of the optimal approximation of any quantum state for given matrix dimensions
will improve monotonically with D: take D < D’, then the best approximation possible for D
can be written as an MPS with D’ with (D x D) submatrices in the (D’ x D’) matrices and all
additional rows and columns zero. They give further parameters for improvement of the state
approximation.

Product states (with Schmidt rank 1 for any Schmidt decomposition) can be written exactly
using D = 1 MPS. Real quantum physics with entangled states starts at D = 2. Given the
exponential number of coefficients in a quantum state, it may be a surprise that even in this
simplest non-trivial case interesting quantum physics can be done even exactly! But there are
important quantum states that find a compact exact expression in this new format.

4.1.5. The AKLT state as a matrix product state

In order to make the MPS framework less abstract, let us construct the MPS representation of
anon-trivial quantum state. One of the most interesting quantum states in correlation physicsis
the Affleck-Kennedy-Lieb-Tasaki state introduced in 1987, which isthe ground state of the AKLT
Hamiltonian[32, 33]

- 1

H = Zs 'S+ 5SS (78)
wherewedeal, exceptionally in this paper, with S = 1 spins. It can be shown that the ground state
of this Hamiltonian can be constructed as shownin Fig. 19. Each individua spin-1isreplaced by
apair of spin-3 which are completely symmetrized, i.e. of the four possible states we consider
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spin-1 singlet spin-1/2
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Figure 19: The Affleck-Kennedy-Lieb-Tasaki (AKLT) state is built from expressing the local spin-1 as two totally sym-
metrized spi n—% particles which are linked across sites by singlet states. The picture shows the case of PBC, for OBC the
“long” bond is cut, and two single spi nsr% appear at the ends.

only the three triplet states naturally identified as S = 1 states:

+) = 1T
[T +1ID
0 = —~ =~ 79
0) 7 (79)
= = 1D
On neighbouring sites, adjacent pairs of spin-3 arelinked in asinglet state
[TL-11D
L 80
N (80)

Asit turns out, this state can be encoded by a matrix product state of the lowest non-trivial
dimension D = 2 and contains already lots of exciting physics [32, 33, 34]. In the language of
the auxiliary 2L spi n—% states on achain of length L any state is given as

)= > > calab) (81)
a b

with [a) = |ag,...,a ) and [b) = |by,...,b.) representing the first and second spin-% on each
site. We now encode the singlet bond X; on bond i connecting sitesi and i + 1 as

0y = 3" Shalbidlai) (82)
biaisa
introducing a2 x 2 matrix £
0 1
T = { 1 g } (83)
R

Then the state with singlets on all bonds reads

|l102> = Z Z Eblazzbzag L EbL_laLszallab> (84)
a b

for periodic boundary conditions. If we consider open boundary conditions, £ p, 5, IS omitted and
thefirst and last spin-3 remain single.

Note that this state is a product state factorizing upon splitting any site i into its two con-
stituents. We now encode the identification of the symmetrized states of the auxiliary spins
with the physical spin by introducing a mapping from the states of the two auxiliary spins- 2,
[y € {| 1).]1))®? to the states of the physical spin-1, o) € {|+),|0),|-)}. To represent
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Eq. (79), we introduce Mg |o){abl, with |ab) and |o) representing the auxiliary spins and the
physical spin on sitei. Writing M7, asthree 2 x 2 matrices, one for each value of |o), with rows
and column indices standing for the values of |a)y and |b), we find

10 0 00
M+=[ ] Moz[ 1 ﬁ} M‘=[ ] (85)
00 - 0 0 1
The mapping on the spin-1 chain Hilbert space {|o")} then reads
Z Z MZL MZ . MZY o) abl. (86)
o ‘ab
|¥s) thereforeis mapped to
DT M S, M Sig - S MY, Zoalor) (87)
o ab
or
)= TMTIMZE... M7 5])|or), (88)
g
using the matrix notation. To simplify further, we introduce A = Mz, such that
. 0 L1 ~ -1 9 ~ 0 O
A = 2 | A= 2 A = . 89
o B [T 5] Ao o ®9
The AKLT state now takes the form
) = Z Tr(AT A . A7Y)\|or). (90)
(o

Let us left-normalize the A”. 3, A”TA” = 21, which implies that the matrices A should be
rescaled by % such that we obtain normalized matrices A,

2 _1 0 0 0
a| 0 |2 Aoz[ e 1} A = - 91)
0 0 0 5 -J2 o
This normalizes the state in the thermodynamic limit: we have
Wy =

Z Tr(A7t .. A7) Tr(A%: ... A7)
g

Tr [Z AT ® A‘”) . [Z AT ® A‘TL)

o1 oL

4
TrEb = > A
i=1

In this expression, the 4; are the 4 eigenval ues of

1o 0
_1
E=) A" QA = 8 J _0; 8 , (92)
o 4
Lo 0

33



lo'e'elelelele.
ECEEEEEY
TeTeTOTOTOT®

Figure 20: Overlap between two states |¢) and [). All contractions (sums) over same indices are indicated by arrows.

namely 1, -1, -1, -1 But then (yly) = 1+ 3(-1/3)" — 1for L — oo.

The methods of the next section can now be used to work out analytically the correlators of
the AKLT state: antiferromagnetic correlators are decaying exponentially, (S7S%) o (-1/3)",
whereas the string correlator (S7e™ Zicki SiSJ?) = —4/9for j —i > 2, indicating hidden order.

To summarize, it has been possible to express the AKLT state asa D = 2 matrix product
state, the ssimplest non-trivial MPS! In fact, the projection from the larger state space of the
auxiliary spins which are linked by maximally entangled states (here: singlets) onto the smaller
physical state space can also be made the starting point for the introduction of MPS and their
higher-dimensional generalizationg 55, 65].

4.2. Overlaps, expectation values and matrix elements

Let us now turn to operationswith M PS, beginning with the cal cul ation of expectation values.
Expectation values are obviously special cases of general matrix elements, where states |y) and
|¢) areidentical. Staying in the general case, let us consider an overlap between states /) and
|¢p), described by matrices M and M, and focus on open boundary conditions.

Taking the adjoint of |¢), and considering that the wave function coefficients are scaars, the
overlap reads

(Ply) = Z Mo MO Mt M, (93)
g

Transposing the scalar formed from the M...M (which is the identity operation), we arrive at
adjoints with reversed ordering:

oy = > N7 MM M (94)
(o

In a pictorial representation (Fig. 20), this calculation becomes much simpler, if we follow the
rule that all bond indices are summed over.

4.2.1. Efficient evaluation of contractions

Evaluating expression (94) in detail shows theimportance of finding theright (optimal) order
of contractions in matrix or more generally tensor networks. We have contractions over the
matrix indicesimplicit in the matrix multiplications, and over the physical indices. If we decided
to contract first the matrix indices and then the physical indices, we would have to sum over d -
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Figure 21: Overlap between two states |¢) and ) with indication of the optimal sequence of contractions, running like
azipper through the chain.

strings of matrix multiplications, which is exponentially expensive. However we may regroup
the sums as follows:

(@lyy = M M

oL

Z MLt MOt

o1

[Z i

a2

. ] M. (95)

This means, in the (special) first step we multiply the column and row vectors Mt and M7t to
form amatrix and sum over the (first) physical index. In the next step, we contract a three-matrix
multiplication over the second physical index, and so forth (Fig. 21). The important observation
is, that from the second step onwards the complexity does not grow anymore. Also, it is of
course most efficient to decompose matrix multiplications ABC as (AB)C or A(BC). Then we
are carrying out (2L — 1)d multiplications, each of which is of complexity O(D 2), ignoring for
simplicity that matrices are non-square in general at the moment. The decisive point is that we
go from exponential to weak polynomial complexity, with total operation count O(LD 3d).

What isalsoimmediately obvious, isthat for anorm cal culation (y/|y) and OBC having astate
in left- or right-normalized form immediately impliesthat it has norm 1. In the cal culation above
it can be seen that for left-normalized matrices A, theinnermost sumisjust the left-normalization
condition, yielding I, so it drops out, and the next left-normalization condition shows up, until
we are through the chain (Fig. 22):

<w|w) - Z AO'HL [ B Z AO'ZT [Z A(TlTAcn) Ao‘z) A
oL a2 o1
= ZA‘T”[... > et ...)A‘TL =...
oL o
= ZA"”A"L =1
oL
To calculate general matrix elements, we consider (¢| OO . |y, tensored operators act-
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Figure 22: Steps of a norm calculation for aleft normalized state |y) by subsequent applications of the contraction rule
for left-normalized A-matrices.

BEDOEINY

Figure 23: Matrix elements between two states |¢) and ) are calculated like the overlap, with the operators inserted at
the right places, generating a double sum of physical indices there, as indicated by the arrows.

ing on sitesi and j. The matrix elements of such operators are taken from

A= > 0" lor))| (96)

o0

Let us extend this to an operator on every site, which in practice will be the identity on almost
all sites, e.g. for local expectation values or two-site correlators. We are therefore considering
operator matrix elements O7+10727% - .. Q-1 Inthe analytical expression, we again transpose
and distribute the (now double) sum over local states (matrix multiplications for the M-matrices
are as before):

§ Mot Mot Q0010727 . .. QUL ML, MYL

oo
= Z o LILNTLT | . Z QU202 \72t Z O LMo M7L | M2 | .. [ ML
oo 02,07 01,07

This amounts to the same calculation as for the overlap, with the exception that formally the
single sum over the physical index turnsinto a double sum (Fig. 23). For typical correlatorsthe
double sum will trivially reduce to a single sum on most sites, as for most sites only the identity
acts, Ol = [ on the few non-trivial sites, of the up to d2 matrix elements, most will be zero for
conventional operators, strongly restricting the number of terms, so essentially the operational
count is O(LD3d) again.

Important simplifications for expectation values (y|Ol4|y) are feasible and should be ex-
ploited whenever possible: Assume that we look at alocal operator Ol and that normalizations
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Figure 24: <¢|Om [y for a state |yr) with left- and right-normalized matrices to the left and right of site ¢.

are such that to theleft of site ¢ all matrices are left-normalized and to the right of site ¢ all matri-
ces are right-normalized; the status of site ¢ itself is arbitrary. Then left- and right-normalization
can be used to contract the network as in Fig. 22 without explicit calculation, such that just two
matrices remain (Fig. 24). The remaining calculation is just

@Iy = 3" 07T (M7 M), (97)

7
oo

an operation of order O(D?d?), saving one order of D in calculation time. As we will encounter
algorithms where the state is in such mixed-canonical representation, it makes sense to calculate
observables “on the sweep”. Thisisjust identical to expectation values on the explicit sites of
DMRG.

A frequently used notation for the calculation of overlaps, expectation values and matrix
elements is provided by reading the hierarchy of brackets as an iterative update of a matrix,
which eventually gives the scalar result. We now introduce matrices CL4, where CI% is a dummy
matrix, being the scalar 1. Then an overlap (¢|) can be carried out iteratively by running ¢ from
1 through L.:

cld = Z Mot Cle-Upor, (98)

ar
where CIY will be a scalar again, containing the result. For operators taken between the two
states, the natural extension of this approachis

cld= 3 omrineicl-ime, (99)

ooy

Again, the right order of evaluating the matrix products makes a huge difference in efficiency:

0,07, [6-1] oy
ZO o anu,a;_lMa;_l,a;]] (100)
o a

reduces an operation O(D*d?) to O(D3d) + O(D?d?) + O(D3d).
Of course, we can also proceed from the right end, introducing matrices D[4, starting with
DIY = 1, ascalar. To this purpose, we exchange the order of scalarsin (¢,

[a _ A0+
Ca(,a}_ Z Mg;:,az

oA

(Bl = Z M7t MOM7t* . M7, (101)
(0
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and transpose again the M-matrices, leading to a hierarchy of bracketed sums, with the sum over
oL innermost. The iteration running from ¢ = L to ¢ = 1 then reads:

ple-1 = M7 Dl |\7|0'[T’ (102)
2
which can be extended to the calculation of matrix elements as
D8 = " o7eoiM DN, (103)

a0

DI then contains the result.

This approach is very useful for book-keeping, because in DMRG we need operator matrix
elementsfor left and right blocks, whichisjust the content of the C- and D-matrices for blocks A
and B. Asblocksgrow iteratively, the above sequence of matriceswill be conveniently generated
along with block growth.

4.2.2. Transfer operator and correlation structures

Let us formalize the iterative construction of Cl-matrices of the last section a bit more,
because it is useful for the understanding of the nature of correlations in MPS to introduce a
transfer (super)operator ELY1, which is a mapping from operators defined on block A with length
¢ — 1 to operators defined on block A with length ¢,

{lag-1)¢@,_,41} = {lagXall, (104)
and defined as

El = Mo o pmlde
% %[ mmeeme

" "
&-1,8,_; a,q,

(lag-1)¢a)_; D(lar)@l), (105)
18 ;,8,a,

where we read off the expression in brackets as the matrix elements of E [l of dimension (D2 ; x
DZ) the M-matrix dimensions at the respective bonds. It generalizes to the contraction with an
interposed operator at site £ as

EY) = Z o e Mldoer @ mIAe, (106)

o0

How does E[9 act? From the explicit notation

[f’]ff* [f]tr[
EL o ZM RO (107)

we can read E[Gl¢-1] as an operation on a matrix OF "

EM[Ol-Y] = Z Mt ol poe (108)

oy¢

or on arow vector of length D2 | with coefficients vay = Og;,l] multiplied from the left,

D D Ve MZaMy . (109)

O a-1,8)
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The C-matrices of the last section are then related as
cld = gldpcte1, (110)

but we will now take this result beyond numerical convenience: If D,_; = D,, we can also ask
for eigenvalues, eigenmatrices and (left or right) eigenvectors interchangeably. In this context
we obtain the most important property of E, namely that if it is constructed from left-normalized
matrices A or right-normalized matrices B, all eigenvalues|iy| < 1.

Infact, for 1; = 1 and left-normalized A-matrices, the associated left eigenvector vy = day,
as can be seen by direct calculation or trivialy if we trandateit to the identity matrix:

E[I]:ZA‘TT~I-A‘T=1~I. (112)

o

The right eigenvector for E constructed from left-normalized A matrices is non-trivial, but we
will ignoreit for the moment. For right-normalized B matrices, the situation is reversed: explicit
calculation shows that Voo = daa IS NOW right eigenvector with 1; = 1, and the left eigenvector
isnon-trivial.

To show that 1 isthe largest eigenvalue[95], we consider C’ = E[C]. Theideais that then
one can show that s; < s for the largest singular values of C’ and C, if E is constructed from
either left- or right-normalized matrices. This immediately implies that all eigenvalues of E,
[4i] < 1. C’" = ACimplies s; = |Aj|s;, such that |4;| > 1 would contradict the previous statement.
The existence of several |1;| = 1 cannot be excluded. The proof runs as follows (here for |eft-
normalized matrices): consider the SVD C = U SV. C issquare, henceU'U = UUT = VTV =
VVT = . We can then write
S VAL

C = ZA"TUTSVA" =[ (UAYT . (UAY S = p S

S
(112)
We have PP = | and Q'Q = | (however PPT # |, QQ" # 1), if the A” are left-normalized:
PP =Y, A TUTUA" = 3 A’TA = | and similarly for Q; they therefore are reduced basis
transformations to orthonormal subspaces, hence the largest singular value of C’ must be less or
equal tothat of S, whichiss;.

Independent of normalization, the overlap calculation becomes

S VAd

(i) = EMERER | EL-2EL-Ugl], (113)
and expectation value cal culations before proper normalization by (y|y) would read

WOMGA g1y = EPIESIES .. ESFES TESL (114)
Numerically, this notation naively taken is not very useful, as it implies O(D ®) operations; of
coursg, if itsinternal product structure is accounted for, we return to O(D ) operations as previ-
ously discussed. But analyticaly, it revealsvery interesting insights. Let us assume atranslation-
aly invariant state with left-normalized site-independent A-matrices (hence al so site-independent
E) with periodic boundary conditions. Then we obtaininthe limit L — oo

Al AL _ 1 i-1] =[] gli+d -1 =il =1+ L
Wondlyy = Tl El ;SC',E['*]...E“ IEJENY . EM
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k

where A are the eigenvalues of E. We have used |1x| < 1 for E from normalized matrices
and that 1; = 1 is the only eigenvalue of modulus 1; but relaxing the latter (not necessarily
true) assumption would only introduce a minor modification. |k) and (k| are the right and left
eigenvectors of (non-hermitian) E for eigenvalues 1. (1| corresponds to the eigenoperator | for
E from left-normalized A. .
The decisiveobservationisthat correlators can belong-ranged (if the matrix elements (1/E 1|1

arefinite) or are a superposition of exponentialswith decay length £ = —1/ In Ay, such that MPS
two-point correlators take the generic form

<¢|O[' Oliljy r/4
=C+ e ek 115
Wi ch (19
wherer = |j —i - 1] and ¢, = (LEDKW(KIEU!|2) fori < j.

A simple example can be extracted from the AKLT state of the previous section. The eigen-
values of E were already found to be 1,-1/3,-1/3,-1/3. For the spin-operators, the matrix
elements for long-range order vanish, such that the correlation ( $75?) = (12/9)(~1)/-'e"(-)In3
for j > i, apurely exponential decay with correlation length ¢ = 1/In3 = 0.9102. On the other
hand, for the string correlator, the long-range matrix elements are finite, and long-range order
emergesin the string correlator.

Theform of correlators of MPS has important consequences: the usual form correlators take
in one dimensional quantum systems in the thermodynamic limit is either the Ornstein-Zernike
form

e‘x/f
(GoOx) ~ (116)
or the critical power-law form (maybe with logarithmic corrections),
(OgOx) ~ x7°. (117)

The AKLT state belongsto a very specia state class whose correlation functions mimic a quan-
tum system in a lower spatial dimension (so-called dimensional reduction), which removes the
y/x-term; the AKLT state sits on a so-called disorder line, where such phenomenaoccur [96].

Any finite-dimensional MPS therefore will only approximate the true correlator by a super-
position of exponentials. It turns out that this works very well on short distances, even for power
laws. What one observes numerically is that the true correlation function will be represented ac-
curately onincreasingly long length scales as D isincreased. Eventually, the slowest exponential
decay will survive, turning the correlation into a pure exponential decay with ¢ = —1/Ina, where
A isthe largest eigenvalue of E that contributes to the correlator. The comparison of curves for
various D istherefore an excellent tool to gauge the convergence of correlation functions and the
length scale on which it has been achieved.
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4.2.3. MPSand reduced density operators
As we have already seen for DMRG, the concept of reduced density operatorsis of impor-
tance in variousways. Let us express them using the MPS notation. We have

W) = Z AT ATLATE AT oo | = Z AT ATCATLE Ao o] (118)
ag.0’ ag.0’

We now bipartition into AB, where A contains sites 1 through ¢ and B sites ¢ + 1 through L.
Tracing out the degrees of freedom of B in the last expression we obtain

AR =Treywl = > AL AT AT oo, (119)
O.0'cA
where
p;[:] — ZA0'i+1...AU'LAU'LT...AU'HN'. (120)
JeB

This equation immediately implies a recursion relation between different reduced density matri-
ces, namely

A = S ArplIAce, (122)
ar

In the thermodynamic limit L — oo, £ — oo of a trandationally invariant system, we may
therefore ask whether afixed point relationship

pu =D ATppAT (122)
o

isfulfilled.

All these equations hold even if the matrices of the MPS are not left-normalized. In the case
that they are, we can directly express the density operator in the orthonormal basis generated by
the A-matrices, namely

AR = (P Daalanana). (123)
ara;

Similar relationships hold for the reduced density operator of B, where (using B-matrices
now) we obtain

PR =Tyl = > B BTl B BT oK, (124)
g.,0’¢B
where
P = 3 B BB BT (125)
OcA

and the recursion relationship
ol = > Bl B (126)
ar

giving rise to a potential fixed point relationship

pl = Z B"'pLB". (127)
a1



Again, al these relationships would hold for arbitrary MPS matrices, but if they are right-
normalized, we again get an expression in an orthonormal basis, now generated by the B-
matrices,
A = D (oD lades@]. (128)
.
In the case of a mixed-canonical state [) = Yo A%t...A7“¥YB7+1 . B7t|o) a rerun of the
calculation shows that
P = (129)

and
A =y, (130)

expressed in an orthonormal basis.

4.3. Adding two matrix product states

An operation that one needs comparatively rarely in practice is the addition of two MPS. Let
usfirst consider the PBC case, whichis easier. Taking two MPS, with no normalization assumed,

W) = ZTr(M‘” LMYYeY g = ZTr(M”l . NV (131)
g g
we can write down
Y +1g) = Y Ti(N"*...N")jor) (132)
o
where .
N7 = M% @ M. (133)

This means that we simply take M and M as diagonal blocks of a matrix N. The diagonal
block structure implies that upon multiplying the N matrices the result is again diagonal, with

MMMMM ... in thefirst and MMMMM ... in the second block. Then the trace can be split,
and we are back at the original states:

MMMMMM 0\
Tr(NNNNNN):Tr( 0 KKK T KA ):Tr(MMMMMM)+Tr(MMMMMM).
(134)

In the case of OBC, we can proceed in exactly the same fashion. On the first and last sites,
something special has to happen: naively, thefirst and last dimensions would go up to 2, and the
scalar nature be lost. Physically, these indices are dummies anyways. So what we have to do
(and a simple calculation shows that this works) is to form arow vector [M M] and a column
vector [M M]T on the last sites, from the row and column vectors of the original states.

Addition of MPS therefore leads to new matrices with dimension D = Dy + Dy, such that
MPS of acertain dimension are not closed under addition. It is also obviousthat in many cases
thisway of describing a new state is uneconomical: the extreme case would be adding |y) + |y),
where the resulting state is the same, just with a prefactor 2, so matrix dimensions should not
increase. So after additions it is worthwhile to consider compressing the MPS again to some
lower dimension, which depending on the states added may or may not (like in the example)
incur aloss of information.
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Figure 25: For canonization, sets of matrices on a given site are brought together in a single matrix.

4.4. Bringing a matrix product state into canonical form

For a general matrix product state, no particular demands are placed on the matrices M i
except that their dimensions must match appropriately. Certain classes of matrices are to be
preferred, namely |eft- and right-normalized matrices, leading to left- and right-canonical MPS:
certain contractions becometrivial, orthonormal reduced bases are generated automatically.

In order to bring an arbitrary MPS to canonical form we exploit that SVD generates either
unitary matrices or matrices with orthonormal rows and columns which can be shown to obey
the left- or right normalization condition.

4.4.1. Generation of a left-canonical MPS
Setting out from a general MPS, without normalization assumption, making the contractions
explicit,
Wy = > > ML M2 M, . 1o) (135)
g a,..
we reshape M7} by grouping physical and left (row) index to carry out an SVD onthe new M,
yieldingM = ASVT.

Z Z M(O’1 1), al ay, azMg;% o)

g a,.
= ;;ZA«nl)slSslslelalMgfaz .o
1,
- DS Ys. ] MEL o)
g ap,.

)y Z Z AT MZ MG, 10). (136)

g a,.

As ATA = | due to SVD, after reshaping to A’t, left-normalization holds for A°t. The re-
maining two matrices of the SVD are multiplied into M2, such that a new MPS with MZ2,, =
Ya, Ssis Vi a, M32, is generated.

Now the procedure can be iterated: M‘S’faz is reshaped to M(‘T2 s).2 (Fig. 25), singular value
decomposed as ASV7, generating A, s,).s,, reshaped to a left-normalized AZ2,. The right two
matrices of the SVD are again multiplied into the next ansatz matrix, and so forth. After the last
step, left-normalized matrices AZ' ¢ live on all sites. Sy11(VT)11, ascalar as At is a column
vector, survive at the last site, but this scalar is nothing but the norm of ). We may keep it
seperately if we want to work with non-normalized states.
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This procedure extends trivially to normalization: we identify the prefactor of the state, but
instead of storing it, we simply set it to 1. As we do not use the singular values explicitly,
the above procedure can be easily reformulated using QR decompositions, along the lines of
Section 4.1.3. Standard QR, however, does not show us whether the matrices used are bigger
than necessary, i.e. have singular values that are zero, such that matrices can be trimmed to a
smaller size without loss of accuracy; this would only be possible using rank revealing QR; for
many MPS it is however clear from the underlying physics that the spectrum of singular values
has a long tail, such that this issue does not arise. The same argumentation holds also for the
generation of aright-canonical MPS, which we turn to in the following.

4.4.2. Generation of aright-canonical MPS

The same procedure can be applied to arrive at a state of right-normalized matrices, by car-
rying out a sequence of SVDs starting from the right on reshaped matrices (M7} - M = USB,
splitting B into matrices B that are right-normalized (dueto BB = I), and multiplyingU and S
to the left, creating the matrix to be singular value decomposed next:

o2 o1 oL
Z Z MaL3aL2MaLzaL 1MaL11|0->

g ..a-1
— o2 o1
- Z Z MaL 3,81 -2 MaL 2,8 -1 MaL—L(O—L;l)'O-)
o ..a.
— =
= Z Z Z cee Ma._ MaL 2.8 1UaL71sSL—ISSL71»5L71 BSl:L(("le)|a->
A1 S
— oL-2 o1
= Z Z Z Ma._ 3,802 Z MaL,z,aL,lufiL-l,SL-lSSL-l,SL-l BSL-L(G'L,l)|0->
A2 S
— o2 (= L
- Z Z Z MaL 3,a- ZMaLZSL 1BSL 1l|0->’ (137)
A2 S

proceeding as before, with the sole differencesthat (i) the direction is reversed and (ii) reshaping
now groups the physical index with the column instead of therow index: Mg, s — Ma_, (o5) —

Bs 1.(is) = Bsfl,s

4.5. Approximate compression of an MPS

The (rare) addition of MPS and various agorithms that can be formulated with MPS lead
to asubstantial increase in matrix dimensions of the result. It is therefore a recurrent issue how
to approximate a given MPS with matrix dimensions (D{ x D, ;) by another MPS with matrix
dimensions (D; x Dj,1), where D; < D, as closely as possible.

Fundamentally, two proceduresare available, SVYD compression and variational compression.
Both have advantages and disadvantages: for small degreesof compression, D ~ D', SVD isfast,
but it is never optimal; it becomesvery slow if D’ > D. Variational compression is optimal, but
dlow if the starting point is chosen randomly, can however be greatly speeded up by providing a
good trial state e.g. from the SVD approach. Generally, issues of getting stuck in a non-optimal
compression may arisein the variational ansatz.

Depending on the specific nature of the state to be compressed, procedures can be optimized,
for exampleif the MPS to be compressed is a sum of MPS or if it is the result of the application
of amatrix product operator (MPO; Sec. 5) to an MPS.
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4.5.1. Compressing a matrix product state by SVD
Let us consider an MPS in mixed canonical representation,

Wy = S AATE L AT ABT BB, (138)
(0

fromwhich we read off the Schmidt decomposition|y) = ¥2_; S, |ac)ala)s, Wherethe states on
A and B form orthonormal sets respectively; this follows from the canonical construction. Let
us suppose there are D’ states each for this decomposition. We now look for the state |/) that
approximates |) best in the 2-norm and can be spanned by D states each in A and B. We have
shown that SV D providestheresult by retaining the D largest singul ar val ues, and the compressed
state simply reads|y) = 22:1 S lar)alag)s, providing asimple truncation prescription: retain the
first D columns of A%, the first D rows of B?*, and the first D rows and columns of A1, If
normalization is desired, the retained singular values must be rescaled.

This procedure rests on the orthonormality of the states on A and B, therefore can only be
carried out at one bond. In order to shrink all matrices, we have to work our way through all
mixed canonical representations, say from right to left, truncate, and shift the boundary between
left- and right-normalized matrices by one site to the left, using techniques from canonization.

After thefirst step of right-canonization of aleft-canonical state, it reads:

Pty = > AT ATUSB o), (139)
(o

where | have already reshaped B, which is right-normalized and guarantees that states formed as
lai-1)g = X (B7)a,.1loL) are orthonormal. But so are the states

A da= Y, (A" AN o o), (140)

J1...0L-1

as SVD guarantees UTU = 1: we are just doing a basis transformation within the orthonormal
basis set constructed from the left-normalized A%. Hence, we have a correct Schmidt decompo-
sition as

D) = " s lacadalac e (141)

a1

The differenceto aright canonizationis now the truncation: matricesU, S and Bt are truncated
(and singular values possibly renormalized) to U, S and Bt just as explained before: retain the
D largest singular values. Bt is still right-normalized. The next A7 to the left, U and S are
multiplied together to form M“t-1. By reshaping, SVD and reshaping as

Mi; = Mioj) = Z UikSkk B (o) = Z UikSikBy; (142)
K K

we obtain right-normalized B“--1, truncate U, S and B+ to U, & and B”'-1, and the procedure
continues:
)y = Y AT ATSAT (ATUS) BT
g
- Y AT AT (A7 08) Bo
(0
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- Z ATt AT AT MO BT o)
o

= ) AT AT (AT2US) BT BTo)

(0
S S AT AT (A208) BB o)
g

At the end, the compressed MPS |¢) is right-normalized and given by B-matrices. Aswewill see,
this compression procedure is just the truncation that is carried out by (time-dependent) DMRG
or TEBD asthey sweep through the chain. Both methods at each bond have correctly normalized
matrices (i.e. orthonormal states) to the left and right, carry out the cut and proceed.

The disadvantage of the procedure is that a one-sided interdependence of truncations oc-
curs; the matrix M always contains a truncated U from the previous step, hence is truncation-
dependent. Generally, truncations cannot be independent of each other because for each decom-
position (138) truncations of the A- and B-matrices affect the orthonormal systems, but here the
dependence is one-sided and “unbalanced”: truncations further to the left depend on those to
the right, but not vice versa. If the truncation is small —which it usualy is for small time steps
in time-dependent DMRG — the introduced additional inaccuracy is minor; however, for cases
where large truncations may occur, the dependence might become too strong and the truncation
far from optimal.

A second concern regards efficiency: for matrix dimensions (mx n), m > n, the cost of SVD
is O(mn?). This means that the SVD cost O((D’)?dD) if D’ < dD and O(D’d?D?) otherwise;
the matrix multiplications cost O(dD(D’)?). In many applications, D’ > D; then this method
becomes quite slow. The situation is even worse if the original state is not in canonical form and
has to be brought to that form first by a sequence of SVDs, that are of order O((D*)3).

Let me conclude this section with the remark that of course we can of course also compress
by imposing some ¢ which at each truncation we accept as maximal 2-norm distance between
the original and the compressed state (given by the sum of the squares of the discarded singular
values), implicitly defining D.

4.5.2. Compressing a matrix product state iteratively

Theoptimal approachisto start from an ansatz M PS of the desired reduced dimension, and to
minimizeits distance to the MPSto be approximated iteratively, i.e. by changing its M 7 matrices
iteratively. The matrices play the role of variational parameters.

The mathematically precise form of optimal compression of |y) from dimension D’ to |1}
with dimension D is to minimize |||} — [)/12, which means that we want to minimize (y|y) —
W) — Wy + (Pl with respect to |¢). Let us call the matrices M and M respectively, to
emphasize that we make no assumption about the normalization. Expressed in the underlying
matrices M, thisis a highly nonlinear optimization problem.

But this can be done iteratively as follows. Start with an initial guess for |, which could
be an SV D-compression of |¢), arguably not optimal, but a good starting point. Then we sweep
through the set of M7 site by site, keeping all other matrices fixed and choosing the new M,
such that distance is minimized. The (usually justified hope) is that repeating this sweep through
the matrices several times will lead to a converged optimal approximation.

Oj*

The new M7 is found by extremizing with respect to '\7|a,-_1,a, which only shows up in
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Figure 26: Linear equation system to be solved for iterative compression of an MPS. The fatter lines correspond to the
state to be compressed, the thinner lines to the compressed state. The unknown matrix is circled.
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The sum over o~ runs over all physical sites except i. This system looks complicated, but isin
fact quite easy. Keeping the matrix to be found, M7, explicit, we may rewrite this equation as

o cor
Z Oai’lai’a{flair Ma{_la{ = O;—lai' (143)
&

If, for each o, we interpret the matrix M as a vector v of length D2, O as a matrix P of
dimension (D? x D?) and O“i as avector b of length D2, we have alinear equation system

Pv=bh. (144)

Theresult v can then taken to be the matrix we are looking for. As this system is usually too big
for adirect solution, an iterative solver has to be used, such as a conjugate gradient method. The
system is Hermitian, as can be seen from the construction of P: unconjugated and conjugated M
simply reversetheir role under transposition. Once again, the graphical representationis simplest
(Fig. 26).

Asinthelater case of finding ground states variationally, it isimportant to realize that the cost
of the matrix-vector multiplicationsin the conjugate gradient method is not O(D #) as dimensions
would naively suggest. There is an obvious factorization, which becomes particularly obvious
graphically, that then leads to a cost of O(D3):

Oasaa o = Lasa, Raa (145)
where

- M i1

Ea,lm (146)
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and similarly R. In the graphical representation (Fig. 28), they are simply the contracted objects
to the left and right of the circled M-matrix we are solving for.
Then

: (147)
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2, Gara Mg 4 = ) Las, {Z RaaMy o
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Figure 27: Equation for iterative compression of an MPS for a suitably normalized state. The fatter lines correspond to
the state to be compressed, the thinner lines to the compressed state.

Figure 28: Iteratively constructed objectsi and R for compression.

two operations of cost O(D3).
A similar decomposition simplifies the calculation of the vector b, which is formed from
O;i—lai as
D Laa M o Raa (148)
a8

with L and Rasindicated in Fig. 27. In fact, calculating L and R is nothing but carrying out the
first steps of an overlap calculation, starting from left or right. The result would then be the C
matrix produced there at intermediate steps. If one sweeps through the system from | eft to right
and back one can build L and Riteratively from previous steps, which is the most efficient way.

We can however drastically simplify the compression procedure if we exploit the canonical
form! Assume that | isin mixed canonical form A%t ... A%-tM?i B+t ... B7t and we want to
update Mi: to the left of the matrix to be updated, everything is left-normalized, to the right
everything is right-normalized and the form of M does not matter, as it will be recalculated
anyways.

Then Eafl,a{,l = 0,5, Pecause of left normalization, and similarly ﬁa,a{ = g2 because of
right normalization, hence CN)a_l,ai,a{_l,a{ = 0a 1.8 ,0aa- INthelinear equation system this means
that P = | and we havetrivialy

v=b, (149)

so thereis no need to solve alarge equation system (Fig. 27).

To makethiswork for an entire chain, we haveto shift the boundary between the left and right
normalized matrices as we move through the chain. Assume we begin with all left-normalized
matrices. Then we move through the chain from right to left, start by solving on the last site for
M@, right-normalizeit via SV D (or, aswe do not need the singular values, more cheaply by QR)
as before, to obtain A7t ... A7-2 M- Bt where M7t is in general without normalization. It is
now optimized as

: (150)

A0 — T
Ma'ia = Z Laifl’a{fl {Z Ra%»%-’ Ma{_la{
a &
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Figure 29: Equation for iterative compression of an MPS in atwo-site approach.

where

Laa, = M7t (151)

3 K [ .

Ti-1

Z M”lTle)...

o1

8-1.8(_y
and similarly R, the result is right-normalized, and so on as we go through the chain. At the end,
al matrices are right-normalized, and we restart from the | ft.

In order to assess convergence, we can monitor at each step [|ly) — | ¥)||2, and observe the
convergence of this value; if necessary, D has to be increased. The calculation may seem costly,
but isn’t. If we keep |¢) in proper mixed normalization, and use Eq. (150) to simplify the overlap
(Wly, we find

) = 1IP = 1= > TN KA ™), (152)
whichiseasy to caculate. The subtracted sumisjust (|¢); at theend, thisalows usto normalize
the state |¢/) by simple rescaling.

Asalready hinted at for single-site DMRG —and we will discussthisissue at length in Sec. 6
—thereisadanger that thisvariational ansatz gets stuck in anon-globa minimum for the distance
between the compressed and the original state. Often (but not always) it ishelpful to consider two
sites at the sametime, by anal ogy to two-site DMRG, for optimization. An operation count shows
that thisis somewhat slower. Assume the compressed |/} is in a mixed-canonical representation

gy = A Arafirerm e B o). (153)
(o

Running through the same arguments as before, optimizing with respect to Mg/7%%" , yields an
oo 7

equation asin Fig. 29 for Mg . The major change occurs now: we reshape the new M7coe
8 M(a,_10)).,(c12180.)» CAITY OUt @an SVD to obtain

Z U(affl(ri)»aisa( (VT)a(v(U'HlaHl) = Z Mg;i_la, Bg,[é,lﬂ’ (154)
& Y

where the M is formed from reshaping US. In fact, it is discarded because we shift one site
towards the left, looking for M?-17¢, We can also use a cheaper QR decomposition of M*
instead, to obtain B from Q.
L et me conclude this section on compression by discussing the rel ative merits of the methods.
If the compression is only small, the interdependency of the SVD approach will not matter too
much. Still, the variational ansatz is superior; its only weakness is that because of its iterative
nature one has to provide an initial guess for the compressed state. Taken randomly, the method
will waste alot of time on just getting into the right vicinity. Therefore, the smart proposal isto
take the SV D-compressed state as thefirst input into the iterative method. How can we avoid the
potentially high costs dueto D’ at least partially?
In practice, compressions occur mainly in two situations: (i) MPS have been added, hence
the matrix dimensions have been added; (ii) a matrix product operator (MPO) has been applied
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to an MPS; we will see that this leads to the multiplication of the matrix dimensions of MPS and
MPO.

In the first case, the variational compression can be speeded up by using the fact that |) =
|p1) + |d2) + ... |¢pn). Then we may rewrite the variational equation as

0
OMaa

_0

——— (W) — (Wlp1) — Plp2) — ... — (PlgnY) = O. (155)
8Mail-134'

(yly) = Wly)) =
If wework out the equation (assuming mixed canonical representation), the right-hand side con-

sists now of a sum of n overlaps involving D-dimensiona matrices, instead of one overlap in-

volving D- and nD-dimensional matrices (costing up to O(n?D?) and O(nD?) in the two types of
matrix multiplications occuring in the overlap) we now have n overlaps costing O(D 3). For large
n, the “decomposed” approach should be up to n times faster.

The second case we postpone for details until we have discussed MPOs. The idea is to
carry out an SVD compression, but without the particularly costly step of previously ensuring
correct normalization; if for some reason the block states are almost orthonormal nevertheless,
the outcome should be quite reasonable (and can be brought into canonical form, whichis cheap
after compression) or can at least serve as a reasonable input for the variational method [97].

4.6. Notations and conversions

So far, we have explored an MPS notation based on one set of matrices per site; special
normalization properties for these matrices were exploited to arrive at MPS with attractive ad-
ditional features (like the generation of orthonormal sets of states or the encoding of a Schmidt
decomposition). If we consider our lattice with sites 1 through L, it would be useful in view of
the DMRG construction to be able to access easily all L — 1 possible bipartitionings of the system
AB that can be obtained with asingle cut.

Such a notation has been introduced by Vidal[46] and takes the following form:

) = Z [ AT Ao ARl o AL o1, ..., oL), (156)

where weintroduce on each site £ aset of d matricesT"?¢ and on each bond ¢ one diagonal matrix
A, The matrices are specified by the demand that for arbitrary 1 < £ < L we can read off the
Schmidt decomposition

W) = ) Salae)alacs (157)
as

where the Schmidt coefficients are the diagonal elementsof Al1, s,, = A, and the states on A
and B are given as

lagds = Z (roAlrez .A["‘l]r‘”)aml, ce ), (158)
T Lyenns ar

g = Z (oAl tipeee AT, 10y, Lo, (159)
O (4+15--,0L

where the states on A and on B are orthonormal respectively, reminding of similar constructions
from A- and B-matrices. Graphically, the new notation can be represented as in Fig. 30. It is
obviously amore explicit version of the A-matrix notation with the advantage of keeping explicit
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reference to the singular values, reduced density matrix eigenvalues and entanglement: Cutting
bond ¢, the reduced density operators g a and pg read in eigenbasi s representation

Pl = pl = (Al)2, (160)

more precisely (but irrelevant for real and diagonal A7) pld = AIIAT and pldl = AlTALD,
where the eigenstates of pl! and pl!l are given by {la)a} and {|a,)g) respectively. The von Neu-
mann entropy of entanglement can be read off directly from A [ as Sy = ~Tr(Al7)210g,(AlD)2.

Before exploring the connections to other notations, let us first show that any quantum state
can indeed be brought into that form by a procedurein close analogy to the one that decomposed
[y into aproduct of A-matrices(or B-matrices, for that matter). Starting from coefficientsc», .,
we reshape to W, (..o, Which is SVDed iteratively. We label the singular value matrices Al
After thefirst SVD, we rename At to I'?t. In the subsequent SV Ds, as before we form the next
matrix to be SVDed by multiplying A and V' into ¥, reshaping such that there is always one
a- and one o-index for the rows. Using the reshaping of U (5,_,+).a, — Aa,,.a, aready used, we
obtain

Yo, (o2...00)
= ZAgl Agll al(v )31(0'2 o)
—_———

C(Tl,.,(TL

- Z I Yiaer) (a0

3 A AV e
\—\f—-/

Q1,32

1]
= Z Fo—l Agl a1ra12,az \I’(azo'g),(ﬂ'4...O'L)

ap,ay
= Z Fo-l A[a]i]éurgf azA(arz3a3 Ag ag (V )&" (0-4 O-L)
S—— —

Q1,382,383

(1 [2
Z Fo—l Aa1 alrglz ap Aaz azra:m \P(a3(r4),(<)'5.‘.(r|_)

Q1,382,383

and so on. The crucial difference to the decomposition into A-matricesis that each A is decom-
posed, using the knowledge of A~ obtained in the previous step, into

[—1
Aal[ 1 a/ <[i/ I]ai 1ng[—1>ai’ (161)

which implies a division by the diagonal elements of A=Y, If in our SVD we keep only the
non-zero singular values, thisis a mathematically valid operation, albeit potentially fraught with
numerical difficulty. Ignoring this issue in this conceptual demonstration, we do arrive at a
decomposition of the desired form; in order to provethat it isindeed correct, we have to show that
at each iteration we indeed obtain a Schmidt decomposition. But thisis easy to see: The matrices
to theleft of any Al can all be groupedinto (or rather, have been generated from) left-normalized
A-matrices, which generate a set of orthonormal states on the part of the lattice ranging from site
1 to £. On the right hand side of any A9, there is a matrix V¥ with orthonormal rows, which
means that the states |a,)g = Z(WW(VT)a,,(,M_,Jo-M ...y are also orthonormal. Hence, the SVD
giving Al indeed leads to avalid Schmidt decomposition.
51



o1 Alll T2 Al2] _ _ 01 AIL-1] o

[ H H —_—

A A A A B B B B B

Figure 30: Representation of an MPS in Vidal's notation. Singular values remain explicit on bonds (diamonds). A sit
on bonds, I' on sites. By construction, adjacent A and I' can be contracted to A or B matrices, that are either left- or
right-normalized. The state can be trivially grouped into a string of A (giving orthonormal block states), a singular value
matrix, and a string of B (giving orthonormal block states).

An alternative way of obtaining this notation would beto carry out a standard |eft-normalized
decomposition, and store all singular value matrices generated (and previously discarded) as A [,
and to insert afterwards the identities AL(Al1)~! between all neighbouring A-matrices A% and
A”+1, Then using Eq. (161) leads to the same resullt.

Similarly, starting the decomposition from the right using the right-normalization of B-
matrices the same state i s obtained with a grouping

Bgi[—l»a[ = ng[-i,ai Ag]»a(’ (162)
where for notational simplification for this and for the corresponding equation for the A-matrix,
Eq. (161), it is useful to introduce dummies A[® and AlY that are both scalar 1.

The groupingsfor A and B-matrices allow to reexpress the left- and right-normalization con-

ditionsin the I'A-language: The left-normalization condition reads

| = Z A()'iTA(ri — Z r(riTA[i—l]TA[i—l]r(ri (163)
or, more compactly,
DT =1, (164)

The right-normalization condition reads

r7ipllpoit = (165)
A

Interestingly, Eqns. (164) and (165) also arise if we trandlate the density operator recursions
Egns. (121) and (126) using Egns. (161) and (162). A matrix product state in the form of
Eq. (156) which meets the constraints Eq. (164) and Eq. (165) is called canonical.

Conversions between the AB-notation, the I'A-notation and aso the block-site notation of
DMRG are possible, abeit fraught with some numerical pitfalls.

ConversionT’A — A, B: The conversion fromI'A — A, B is easy. If one introduces an
additional dummy scalar A% = 1 as a“matrix” to the very left of |), we can use the above
defining Eq. (161) to group

(A7) (AIT72)(APATos) . ATTATZATS (166)
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Figure 31: Vidal’s MPS notation, A, B-matrix MPS notation, and DMRG block notation. The A-matrices generate the
left block states, the B matrices generate the right block states. The matrix Al connects them via singular values.
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Figure 32: Representation of astate in single-site DMRG: translating Vidal's MPS notation and A, B-matrix M PS notation
into DMRG block notation. The A-matrices generate the left block states, the B matrices generate the right block states.
The matrix elements of ¥7¢ are just the coefficients of the DMRG state.

or using Eq. (162)
(T AT AP rsAB . - BT1B2Bs . .. (167)

In view of what DMRG and other MPS methods actually do, it is interesting to consider
mixed conversions. Consider bond ¢ between sites £ and ¢ + 1. We could contract AT — A
starting from the left, giving left-normalized matrices, and 'A — B from the right, giving right
normalized matrices, leaving out just A9 in the center (Fig. 31):

(APITYAMTD) (AR AID) AT ALY ALY (TAL). (168)

Asthe bracketing to the left of bond ¢ generates|eft-normalized A-matrices and right-normalized
matrices B on the right, we can multiply them out as done in the recursions of the previous
Section to arrive at orthonormal block basesfor A and B, hence at a Schmidt decomposition

EPPCOICHCHS (169)
a
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Figure 33: Representation of a state in two-site DMRG: trandlating Vidal's MPS notation and A, B-matrix MPS notation
into DMRG block notation. The A-matrices generate the left block states, the B matrices generate the right block states.

The elements of matrix ¥ ¢“¢+1 are just the coefticients of the DMRG state.

What is more, we can aso take one site (¢) or two sites (¢, £ + 1) and multiply all matrices into

onethere (Fig. 32 and Fig. 33):

(APITYAMTD) (AR AITAY T ALY ALY (TA).

Calling the central matrix ¥ = AU Al we can write

) = Z AT ATCYPTRTEL BT o)
(o
or, again building block bases,
W= > larDa¥q alade.
Q-1,8,0¢

If we group even two sites, we have
(AOD)(AMD) .. (AL AU AT AT ALY (TAM)
or, with central matrix P01 = Ao Aldpoea AT

) = Z AT TP BT B
o

or, using block bases,
R YR VN G

A-1,841,0¢,0¢+1

(170)

(172)

(172)

(173)

(174)

(175)

These are just the states considered by “single-site” and the origina “two-site” DMRG, which

keep one or two sites explicit between two blocks.

Conversion A,B — T'A: Conversion in the other direction A,B — T'A is more involved.
The idea is to obtain iteratively the Schmidt decompositions (hence singular values) of a state,
hence the diagonal matrices A, from which the I'”-matrices can be calculated. The procedure
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A - A=AT - FA - B=T'A > B

Figure 34: Conversions of representations: c is the explicit representation by the exponentialy large number of state
coefficients; A, B and I'A stand for left-canonical, right-canonical and canonical MPS; M stands for an arbitrary MPS.
Solid lines indicate computationally feasible conversions, dashed lines more hypothetical ones.

isin fact very similar to that used to show the existence of a canonical T'A representation for an
arbitrary quantum state.

Let usassumethat |i) isright-normalized, then state coefficientstaketheform B B72B7: B+ . . ..
Then we can proceed by a sequence of SVDs as

B :B"2B73B’* . ..
= (A" AlVH)B72B73B ..
= T7*M72B73B% ...
= Iy (A2AVTBIsB
= 1Az mospre

and so forth. Here, the to-be-SVDed matrices M 7 = Al‘-1V B, The'“t-matrices are obtained
from the A”-matrices by remembering Al“~1 and using Eq. (161), which implies a division by
singular values.

The division by singular values is a numerical headache as they can and will often be very
small, in particular if a high-precision calculation is attempted and even very small singular
values will be carried along. It is numerically advisable to proceed as in the calculation of the
(pseudo)inverse of an almost singular matrix and set al s, < ¢, with, say, e = 1078, to 0 and
exclude them from all sums (e.g. in a Schmidt decomposition). As we order s, by size, this
implies shrinking matrices U and V' accordingly. These small singular values carry little weight
in the reduced density operators (their square), hence the loss of accuracy in the state description
is very small compared to the numerical pitfalls. In fact, the problem is that at various placesin
algorithms we implicitly rely on (ortho)normality assumptions that may no longer hold after a
“wild” division.

Let me conclude this long section by summarizing the various conversion and canonization
proceduresin adiagram (Fig. 34), whereit should however be kept in mind that some conversions
are only possible in theory, not in numerical practice.
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5. Matrix product operators (M PO)
If we consider a single coefficient (o |y of an MPS,
(o) = MTEM72 .. MM,
itisanatural generalizationtotry to write coefficients(a| Olo”') of operatorsas[50, 68, 69, 70, 71]
(Olo”y = WITi W22 | \WILTLa WLt (176)

where the W are matrices just like the M7, with the only difference that as representations of
operators they need both outgoing and ingoing physical states:

6= > MM M7 ML o) (o], (177)
g.0’

with the same extension to periodic boundary conditionsasfor MPS. The pictorial representation
introduced for MPS can be extended in a straightforward fashion: instead of one vertical line for
the physical state in the representation of M, we now have two vertical lines, one down, one up,
for theingoing and outgoing physical statein W (Fig. 35). The complete MPO itself then looksas
in Figure 36. If we want to use good quantum numbers, the methods for MPS translate directly:
we introduce an ingoing local state quantum number from the top, an outgoing one towards the
bottom, and an ingoing quantum number from the left and an outgoing oneto theright. Therule
is, as for MPS, that the total sum of ingoing and outgoing quantum numbers must be equal, or
M(loi)) + M(bi_1)) = M(lo)) + M(|l;)), where | have interpreted the bond labels as states for the
notation. We may also think about dummy indices before the first and after the last site asin an
MPS, which reflect in which (definite!) way the operator changes the total quantum number. For
aHamiltonian, which commutes with the corresponding operator, the changeis zero, and we can
ignore the dummies. The MPOs we are going to build can all be shown to have good quantum
numbers on the bonds, because they originate either from SVDs (e.g. for time evolutions) or
from rules that involve operators with well-defined changes of quantum numbers (e.g. for MPOs
for Hamiltonians).
In fact, any operator can be brought into the form of Eq. (177), because it can be written as

6 = > Crodoplon. oK
O Lyees T L0 sees O
= D CoupeolTn T o (178)

O LyesT LT s

and we can decompose it like we did for an MPS, with the double index o o taking the role of
theindex oj in an MPS.

Asfor MPS, we have to ask how we operate with them and how they can be constructed in
practice, because the naive decomposition might be exponentially complex. Asit turns out, most
operationsrun in perfect analogy to the MPS case.

5.1. Applying an MPO to an MPS
The application of a matrix product operator to a matrix product state runs as

é|¢> — Z (Wn,a'lvv(rz,(r’z B .)(M(r/l MU"2 . )|0_>
o0’
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Figure 35: Elements of amatrix product operator: (i) acorner matrix operator V\kl](rw/1 at the left end of the chain; (ii) a

bulk matrix operator V\éq 0t ; (iii) acorner operator V\é lovr at the right end: the physical indices points up and down,
the matrix indices are repr&eented by horizontal lines.

4

Figure 36: A matrix product operator acting on an entire chain: the horizontal matrix indices are contracted, and the
MPO is ready to be applied to an MPS by simple contraction of vertical (physical) indices.
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The beauty of an MPO is that it leaves the form of the MPS invariant, at the prize of an
increase in matrix size: the new MPS dimension is the product of that of the original MPS and
that of the MPO (Fig. 37).

The result can be summarized as |¢) = 6|¢,/;) with |¢) an MPS built from matrices N with

T oy o
No_r.a2).08) = Z W;_lbi Ma'sa - (179)

7
7

If we use (additive) good quantum numbers, one can show from the sum rules at each tensor that
they are additive on the in- and outgoing horizontal bonds.

Once again, a seemingly exponentially complex operation (sum over exponentially many o)
is reduced to a low-cost operation: the operational count is of order Ld?D3,D?, Dw being the
dimension of the MPO.
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Figure 37: A matrix product operator acting on amatrix product state: matching physical (vertical) indices are contracted,
anew matrix product state emerges, with multiplied matrix dimensions and product structure in its matrices.

5.2. Adding and multiplying MPOs

Operations with MPOs follow very much the lines of MPS. If we consider the addition of
two operators, O and P, that have M PO representations Wi and W77/, then the resulting MPO
is formed exactly asin the case of MPS, by the direct sum W71t @ Wi for all sites1 < i < L,
with the same special rulesfor sites 1 and L. In essence, we (again) just have to consider o-; and
o} asone*“big” physical index. L

The multiplication of (or rather, subsequent operation with) two operators, PO, can also be
understood easily: the application of O to some state |y} leads to a new MPS with matrices

NG o obay = S Wo o Ma',a. Then the subsequent operation of P gives a new MPS with

i _ TNl . . .
Kb ib1a )Gy Za{ Bi,lﬁi_N(biflafl),(bi a)" But from this we can read off right away (and this
is also obvious from the graphical representation of a sequence of two MPOs applied to a state)

that the new MPO (with matrices V7i7) is given by

aio]

Vit oGy = 22 W 5 VoL (180)

Hence, MPO dimensions simply multiply as for tensors. If we consider an MPS as an MPO with
dummy indices in one physical direction, the rule for applying an MPO to an MPS follow as a
special case.

5.3. Compressing MPOs and MPO-MPS products

Asfor MPS, the question of compressing an MPO may arise. This should be obvious from
the last section, where MPO dimensions summed up or multiplied. If it is no option to shift the
issue of compression to the application of an MPO to an MPS (then of dimension DD and a
natural candidate for compression), we have to compress the MPO. A typica example would be
given by the representation of a longer-ranged Hamiltonian in MPO form, which quickly leads
to large dimensions.

But we can apply the same techniques as for compressing MPS, both by SVD and iteratively,
in order to approximate the exact MPO by one with smaller Dyy. The only changeis that instead
of one physical index o, we have now two physical indices o, o’, which we may take as one
single index (o, o). The approximation is then done in the Frobenius norm, which naturally
extends the 2-norm of vectors we used for MPS approximations.
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At this paint it is worthwhile mentioning that it has been proposed [97] that in the special
case of compressing an MPO-MPS product, an important speedup over the standard methods
may be achieved: SVD may be very slow if normalization has to be carried out first at a cost
O(D3,D3), but a good starting point for the variational method would be essential to have. But
the proposed solution from SVD compression may not be bad if the block states are almost
orthonormal and it seems that in the MPO-MPS product case this is essentially true if both the
MPO and the MPS were in canonical form (for the MPO again formed by looking at the double
index as one big index), which can be achieved at much lower cost (O(dD 3) and O(d?D3), where
Dw < D usually, versus O(dD3Dg,)). Even if the proposed compression is not too good, it will
still present amuch better starting point for the variational compression. So the procedurewould
be: (i) bring both MPO and MPSin the same canonical form; (ii) do SV D compression, of course
only multiplying out MPO and MPS matrices on the fly; (iii) use this as variational input if you
don’t trust the result too much.

6. Ground state calculationswith M PS

Assume we want to find the ground state of some Hamiltonian H. In order to find the optimal
approximation to it, we have to find the MPS |y/) of some dimension D that minimizes

£ _ WiRw)
Wlyy
The most efficient way of doing this (in particular compared to an imaginary time evolution

starting from some random state, which is also possible) is a variational search in the MPS
space. In order to make this algorithm transparent, let usfirst express H as an MPO.

(181)

6.1. MPO representation of Hamiltonians

Due to the product structure inherent in the MPO representation, it might seem a hopeless
task — despite its guaranteed existence — to explicitly construct a compact MPO representation
for aHamiltonian such as

i+1

A=Y 388+ 5880+ 78187, -h Y &7 (182)
i

This common notation is of course an abbreviation for sums of tensor products of operators:

H = FSieSieieiel...+
lelSieSieiel... +

It is however surprisingly easy to express this sum of tensor products in MPO form [68] — to
this purposeit is convenient to reconsider the building block W7 " combined with its associated
projector |o){o”’| to become an operator-valued matrix Wy = Yoo Woy "lo-Xo”'| such that the
MPO takes the simple form

O = WIHWA | Wit (183)
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Each Wi acts on a different local Hilbert space at site i, whose tensor product gives the global
Hilbert space. Multiplying such operator-valued matrices yields sums of tensor products of op-
erators such that expressing H in acompact form seems feasible.

To understand the construction, we move through an arbitrary operator string appearing in H:
starting from the right end, the string contains unit operators, until at one point we encounter one
of (in our example) 4 non-trivial operators. For the field operator, the string part further to the | eft
may only contain unit operators; for the interaction operators, the complementary operator must
follow immediately to complete the interaction term, to be continued by unit operators further to
the left. For book-keeping, we introduce 5 corresponding states of the string at some given bond:
state 1: only units to the right, states 2,3,4: one S+, §-, §7 just to the right, state 5: completed
interaction or field term —hS? somewhere to the right. Comparing the state of a string left and
right of one site, only afew transitions are allowed: 1 — 1 by the unit operator I, 1 — 2 by S+,
1-3byS,1—- 4by 8% 1 — 5by —hS2 Furthermore2 — 5by (J/2)5-, 3 — 5by (J/2)§*
and 4 — 5 by J287 to complete the interaction term, and 5 — 5 for a completed interaction by
the unit operator I. Furthermore all string states must start at 1 to the right of the last site and
end at 5 (i.e. the dimension Dy, of the MPO to be) to the left of the first site. This can now be
encoded by the following operator-val ued matrices:

1) 0 0 0 0
N St 0 0 0 0
Wi =1 & 0 0 0 0 (184)
S 0 0 0 0
-hS? (J/28- (J/28+ 32S% |
and on thefirst and last sites
;
§+
W = -h&? (/25 (/28 & 1] WH=| & | (18
éz
-h§?

Indeed, a simple multiplication shows how the Hamiltonian emerges. Inserting the explicit op-
erator representations gives the desired W7 -matrices for the MPO. It is therefore possible to
express Hamiltonians exactly in a very compact MPO form; a similar set of rules leading to the
same result has been given by [98].

For longer-ranged Hamiltonians, further “intermediate states” have to be introduced. Let us
consider amodel with just $2SZ-interactions, but between nearest and next-nearest neighbours,

H=0 > 887, +% ) 85, (186)

Then the bulk operator would read

i o 0 0

. 8 0 0 0

Wil = o i o o (187)
0 J8% 38 T
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While the J;-interaction can be encoded as before (movingas 1 — 2 — 4), for the next-nearest
neighbour interaction, one has to insert an additional step between 2 and 4, an intermediate state
3, whereexactly oneidentity isinserted (movingas1 — 2 — 3 — 4). It merely serves as abook-
keeping device. Similarly, one can construct longer-ranged interactions. Except the top-left and
botton-right corner, the non-vanishing parts of Wil are all below the diagonal by construction.

It might seem that for longer-ranged interactionsthe dimension Dy will grow rapidly as more
and more intermediate states are needed (one additional state per unit of interaction range and
per interaction term). While thisistruein general, important exceptions are known which can be
formulated much more compactly [71, 98]; consider for example the following exponentially de-
caying interaction strength J(r) = Je™"/¢ = JA", wherer > 0 and 1 = exp(—1/&). Aninteraction
term ¥, J(r)SZS?,, would be captured by a bulk operator

1+r

Wil —

I 0 O
§ A o ] ) (188)
0 s i

But even if such a simplification does not occur, it turns out that MPOs with quite small
dimensions and moderate loss of accuracy can be found, either by approximating an arbitrary
interaction function J(r) by a sum of exponentials coded as above[69, 98], minimizing the L »
distance [|3(r) — XL, aiAf|l in @i, Ai, where n is given by the Dy and loss of accuracy one is
willing to consider. Alternatively [71], one can of course construct the exact MPO wherefeasible
and compress it by adapting MPS compression techniques to an acceptable D (and loss of
accuracy).

6.2. Applying a Hamiltonian MPO to a mixed canonical state

Let us consider |y in the following mixed canonical representation, identical to the single-
site DMRG representation,

Yy = ). AT ATEPTRT BT o) (189)
o
or
W)= D DA%, 5 lae. (190)
a-1,8¢

Let us now look at the matrix elements (ag_lo-[a[|l:||a’[_lo-;a’[) obtained using the MPO repre-
sentation for H. By inserting twice the identity i = > lo){o|, we obtain (the sums with a star
exclude site ¢)

(ar-107calHlay_oa)

Z Z WIRTE WLy yoaglon)(oral,_ o a))

g o

Z Z WILOL WO WL

T O«

(@-1loy...oeaX@dopsr...oLXo] ..o _gl@, Ko - oL 1@y
Z Z WILOL WO WL

T O«
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Figure 38: Representation of the DMRG expression <ag,1o-ga[|H|a2,710-2,a'[) in MPO/MPS language. The Hamiltonian
MPO is contracted with four block state expansions in MPS form (two bras, two kets, two on block A, two on block B).
The contracted network decouplesinto parts L, W and R, corresponding to blocks A and B and the center site.

(A7 AT (BT BT, (AT AT g (BT B )y

_ 1% 7'1»(7'/1 0'3 O 2,0"2 (7'/2 [>0'}
_ Z Z ATEW AT, Z A WA | X W
{&.b,a} \o10) 0207%
(41 % (410741 RO 141 Z 07| * LIl RIL
[ Z Bac,amwl(ar[,b[+1 Ba;,a;,+1 Ba._,l,lvvt(;_,l,l Ba1’_71,1 :
Te10, oo

All the beauty of the MPO formulation seems gone, but a graphical representation restores it
(Fig. 38). It can be understood most easily from the second or third line of the explicit expressions
above: the Hamilton MPO (expressed in the product basis) is projected on the block states of A
and B, which have an expansionin the o-basis.

In fact, we can a so encode the obvious tripartite structure of the expression as

a7 rar\ 1.8 0.0 533
(@aoadfila_joa) = > L W R, (191)
b,-1.b

where L and R contain the contracted left and right parts of the graphical network:

T A oy 1,07 AT o1 0-1:07_1 AT7_1
b1 - Z Al,alvvibl Al,a:’1 tee Aa[—Z»al’fl\A/g[,z,bf,l Aa}72,3271 192)
abai<t-1) \oro =
a'f’a2 — O 4 1% [+1’0-;’+1 0‘;’+1 O * I-'UJL ()'L
Rbi - Z [ Z Bahaﬁlwgmbml Ba},a}ﬂ T BaL-l,l\Ns-L-l,l Ba'L_l,l (193)
{& »biya{;|>€} 0‘[+10—}+1 O’LO"L

We can now write the action of H on a state | in the mixed canonical or single-site DMRG
representation as

Hvy= > >, Lyt "W o ey lanaloolans. (194)

be-1.br &)_y,07.a;

As we will discuss in an instant, H|y) is the key operation in an iterative ground state search.
Evaluating this expression naively is inacceptably slow; it can be drastically accelerated on two
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Figure 39: Update from Fli-1 to Flil by contracting with All*, WITT and Alll. While it makes sense mathematically to
consider the three added tensors as one object, in numerical practice, they are contracted into the network sequentially
for efficiency.

counts: first, L and R can be built iteratively in order to maximally reuse available information;
this involves an optimal arrangement of a network contraction. Moreover, the final action of L,
Rand W on |y) can also be arranged highly efficiently.

Let usfirst consider building L and R. In actual applications, we will never carry out the full
network contraction that stands behind them, because in the spirit of DMRG we are looking at
blocks that are growing and shrinking in size site by site. The construction of L and R, however,
is iterative in a way that directly matches block growth and shrinkage. | will illustrate it for L,
using A-matrices; left-normalization will be exploited explicitly for further simplification at one
point only such that the formulae are generic. We start by considering the block of size 1: we
contract A and AT with WIX, The block basis representation is then given by

[ _ [0 a[1]ort [a [1]o}
b = D0 W (A oo FOL ALY (195)
01,0,80,D0,8,
where we have introduced a dummy scalar F g)’]bo a4 = 1, and where ap, bo, a; can just take the

value 1; thisisjust to makethefirst step more consistent with all that follow. The resulting object

isatensor FLJ, o+ COrresponding to the three legs sticking out.

We can now simply continue to contract A, A" and W on the next site, and the contraction
update reads

[il _ liloia] ; aliloit [i-1] [i]o]
Fai,bi,a{ - Z Wbi—lsbi (A )a"aH Fai-l,bi-ba{,lAa{,l,a{ (19)
7i,01,8i-1,bi1,8_;
and can be represented pictorially asin Fig. 39.
This construction can be calculated most efficiently by optimal bracketing as

(i] — [iloif [iloio [i-1] [ilo}
Fai»bisa{ = Z (A 7 )ai,ai-l{ Z Wbi_l,bi {Z Fail,bil,a{_lAa{_l,a{]]' (197)

0,81 ol.big a

Here, we have contracted the three new tensors into the network one by one, at operationa

counts O(dD3Dy) in the innermost bracket, then O(d2D?D3,) and last O(dD3Dw). In fact, the

second operation is faster in practice, as we know that most operatorsin W are simply zero; the

remaining ones also often have a ssimple structure. Another acceleration is possible in the case

of building L from left-normalized matrices for indices b; = Dy, if we build H following the

rules outlined in the previous section: we know that in this case only identities operate towards
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the left, implying that FQ],DW’%, = 844, Smplifying both the innermost bracket and the outermost
operation. The same idea applies for indices b; = 1 on the right side for building R from right-
normalized matrices.

Note that this construction is a generalization of the representation update explained for
DMRG: atypical situation is the representation of Oiéj, where the two operators act locally on
sitesi and j respectively. Then the MPOs are of dimension (1 x 1) everywhereand W7 = ¢,
everywhere but on sitesi and j, where they read W7 = Ol1“-%i and similarly for j. Pushing
forward the contractions, Fli-1 is still ascalar 1. Then

Elil = Z oliloi.of pliloit plilo! (198)
where Fl1, AlleiT and Al are matrices and a multiplication Alloif Allo7 js implied. The Fll-

matrix is just the operator representation in the block basis, comprising sites 1 throughii.
The update up to site j — 1 then simplifiesto

FIM = 37 AR RN (i < k< j) (199)

ok

matrix multiplicationsimplied, and at site j we get again anon-trivial step,
glil = Z olilei.oj plilejt L= aliles (200)

()'j,()'}
after which updates continue as on the previous sites. Making the matrix multiplications explicit,
one sees that thisisjust the construction discussed for the DMRG algorithm.

In the end, H|y) can be bracketed advantageously as follows:

g _ a-1,8) 70,07 3.8\ 1,0
Hllp) - Z Lb[_l [Z V\/E)[_l,b/ {Z Rb[ \Pa}_l,a;

be1.8)_; beor, a

[ae-1aloedlae)s, (201)

which scales at worst as O(D?3). More precisely, the innermost operation is O(D3Dywd); the next
oneis O(D?Dg,d?), after thiswe have asum of cost O(D3D37,d?). It is advantageousto keep track
of the structure of W, namely exploiting for which (b,_1, b;) configurationsit is zero and nothing
has to be calculated (usually, for most of them), and to use the simplifications for L and R just
discussed if the state is in mixed-canonical form.

6.3. Iterative ground state search

Let us now turn to the algorithm. Assume H given in MPO form and consider a class of
MPS with predefined matrix dimensions (simply think about a random MPS with matrices M &
of desired shape and size, but no normalization assumed for the moment). In order to find the
optimal approximation to the ground state within this class, we have to find the MPS |y) that
minimizes .

£ = iR
W)

It turns out that this can be turned into a ground state algorithm much more efficient than imag-
inary time evolution from some random state. In order to solve this problem, we introduce a
Lagrangian multiplier A, and extremize

WA — Al (203)
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Figure 40: Network to be contracted to obtain the functional to be extremized to find the ground state and its energy. The
left-hand side represents the term (¥/|H|y), the right-hand side the squared norm (Y |w).

in the end, ) will be the desired ground state and A the ground state energy. The MPS network
that represents Eq. (203) is shown in Fig. 40.

The problem with this approach is that the variables (the matrix elements M Z,,) appear in
the form of products, making this a highly non-linear optimization problem. But it can be done
iteratively, too, and this is the idea that also drives DMRG: while keeping the matrices on all
sites but one (¢) constant, consider only the matrix entries Mg/ 5, on site ¢ as variables. Then
the variables appear in Eq. (203) only in quadratic form, for which the determination of the
extremum is abenign linear agebraproblem. Thiswill lower the energy, and find avariationally
better state, but of course not the optimal one. Now one continues to vary the matrix elements
on another site for finding a state again lower in energy, moving through all sites multiple times,
until the energy does not improve anymore.

Let us first consider the calculation of the overlap, while keeping the chosen M 7« explicit.

We find
Wiy =" a;{ azd WA MIGa M o, (204)
O 188,48
where
Wh o, = Z (M7 MTTMT LMY, (205)
~0-1
\P:a} — Z (MU'Hl MotMmeLt M()'HlT)a;”a{' (206)

Asisparticularly clear in the graphical representation, for obtaining the last two expressions the
same rules about smart contracting apply as for overlaps, moreover, if we move through sites ¢
from neighbour to neighbour, they can be updated iteratively, minimizing computational cost. In
the case where sites 1 through ¢ —1 are left-normalized and sites ¢+ 1 through L right-normalized,
normalization conditions lead to a further simplification, namely

W 651{71,&},1 \P:a} = 0aa (207)

a-1,&_; a

_ Letusnow consider (y|H|y), with H in MPO language. Taking into account the analysis of
Hly) in the last section, we can immediately write

W)= 37 > 3, X L W RME o My (208)

0,0 &_ @ 818 1,0y

with L and R as defined before; how such an expression can be evaluated efficiently has been
discussed previoudly.
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Figure 41: Generalized eigenvalue problem for the optimization of Mg/ , 5. The unknown matrix is circled on the left
and right networks.

If we now take the extremum of Eq. (203) with respect to Mg/, o, wefind
1.8, 70,07, ~a,&, B (r( _
Z Z Z Lb[l ilvvéiﬂgf [ i [1 _/].Z\I’aflail a(a, [[1a}_0' (209)

AP
o, &1 bra,be &,

Thisisinfact avery simple eigenval ue equation if weintroduce matricesH and N by reshapi ng

_ 1,8, 0.0, A
Hiacsan s = Zooab Lot W' T R and N asan orar ) = ¥ bera Voo, 8

well asavector vwith Vs, ,a, = M3’ ,a,, Wearrive at ageneralized eigenvalue probl emof matrix
dimension (dD? x dD?),
Hv - ANv =0, (210)

represented in Fig. 41. Solving for the lowest eigenvalue 1 givesus av® 18,18, Whichisreshaped
back to M3/ 5., o being the current ground state energy estimate.
A few remarksare in order.

e Theproblemis Hermitian; both H and N are Hermitian, as can be seen from the construc-
tion and the Hermiticity of the M PO employed.

o Ingeneral, dD? is too large for an exact diagonalization, but as we are only interested in
the lowest eigenvalue and eigenstate, an iterative eigensolver that aims for the ends of the
spectrumwill do. Typical methods are the Lanczos or Jacobi-Davidson large sparse matrix
solvers. The speed of convergence of such methods ultimately rests on the quality of the
initial starting or guess vector. As this eigenproblem is part of an iterative approach to the
ground state, the current M?* is avalid guess that will dramatically speed up calculations
close to convergence.

e Generalised eigenvalue problems can be numerically very demanding, if the condition
number of N becomes bad. But this is no issue for open boundary conditions, if one
ensuresthat the state is left-normalized up to site ¢ — 1 and right-normalized from site £ + 1
onwards. Then the simplifications for ¥# and W& imply that N is just the identity matrix
|. The eigenvalue problem then simplifies to a standard one,

1.9 700 538§ 1T p
Z Z Z Lb[l il\/\/;i[1b[Rb[ iM ' AMaffla( 0. (211)

(T} a}_la} b/_l,b[

or Hv — Av = 0, as represented in Fig. 42. The evaluation of the sums will be done using
the optimal bracketing for H|y). To achievethissimplification, onewill sweep the position
¢ from right to left and vice versa through the chain, such that the optimal normalization
configuration can be maintained by asingle step of the left or right canonization procedure
after each minimization.
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Figure 42: Standard eigenvalue problem for the optimization of Mg/, 5,. The unknown matrix is circled on the left
network.

The optimal algorithm then runs as follows.

Start from some initial guessfor i), which isright-normalized, i.e. consists of B-matrices
only.

Calculate the R-expressionsiteratively for al site positions L — 1 through 1 iteratively.

Right sweep: Starting from site ¢ = 1 through site L — 1, sweep through the lattice to
the right as follows: solve the standard eigenproblem by an iterative eigensolver for M 7¢,
taking its current value as starting point. Once the solution is obtained, left-normalize M 7«
into A’ by SVD (or QR) to maintain the desired normalization structure. The remaining
matrices of the SVD are multiplied to the M“#1 to the right, which will be the starting
guessfor the eigensolver for the next site. Build iteratively the L expression by adding one
more site. Move on by onesite, £ — ¢ + 1, and repeat.

Left sweep: Starting from site £ = L through site 2, sweep through the lattice to the left
asfollows: solve the standard eigenproblem by an iterative eigensolver for M 7¢, taking its
current val ue as starting point. Oncethe solution is obtained, right-normalize M 7¢ into B¢
by SVD (or QR) to maintain the desired normalization structure. The remaining matrices
of the SVD are multiplied to the M7 to the left, which will be the starting guess for the
eigensolver for the next site. Build iteratively the R expression by adding one more site.
Move on by onesite, £ — ¢ — 1, and repeat.

Repeat right and left sweeps, until convergence is achieved. Convergence is achieved if
energy converges, but the best test is (using M PO) to consider (| H2[y) — ((w|H|))? to see
whether an eigenstate has been reached; this expression should approach 0 as closely as
possible.

If we call matrices A, B, M depending on their normalization (M always being the one on the
site currently attended to), and giving them an subscript index i to label the number of iterations
they have undergone, the algorithm would formalize as

MoBoBoBoBoBo
diag

L M1BoBoBoBoBo s ArMoBoBoBoBo

.
T AM1BoBoBoBo o ArA;MoBoBoBo

.
Y ALAIMBoBoBo s AAr A MoBoBo
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y
D A AL AAIMBo 25 AcAL AL AL A Mo

diag SVD
- AlAIAJAJAIM; - AJALAJAIM1 By
diag

A A AAIMBL 25 AcALAL M BBy

;
o AIMLB,B,B,B; 25 My B,B,B,B,B,

and again moving from left to right, starting with a diagonalization step.

Inthisiterative process, the energy can only go down, as we continuously improve by varying
the parameters. Two problemsoccur: starting from arandom state, the guessesfor the M ¢ inthe
iterative eigensolverswill be very bad in theinitial sweeps, leading to largeiteration numbersand
bad performance. Moreover, we cannot guarantee that the global minimum is actually reached
by this procedureinstead of being stuck in a non-global minimum.

One way of addressing the first issue is to start out with infinite-system DMRG to produce
an initial guess; an optimal MPS version of infinite-system DMRG is discussed in Section 10.
While thisinitial guess may be far from the true solution, it will usually fare much better than a
random starting state. Moreover, one can try to balance the number of iterations (high in thefirst
sweeps) by starting with small D, convergein that ansatz class, enlarge D and add zeros in the
new matrix entries, convergeagain, and so on. When D getslarge, the guess states will hopefully
be so close to the final state that only very few iterations will be needed. It turns out, however,
that starting with too small D may land us in a non-global minimum that we will not get out of
upon increasing D. Quite generally, asin DMRG, one should never calculate results for just a
single D, but increaseit in various runs until results converge (they are guaranteed to be exact in
the D — oo limit).

If we are looking for low-lying excited states instead of a ground state, two typical situations
occur: (i) The excited state is known to be the ground state of another sector of the Hilbert
space decomposed according to some good quantum number. Then the calculation is just a
ground state calculation in that different sector. (ii) The excited state is the first, second, or
higher excitation in the sector of the ground state. Then we have to calculate these excitations
iteratively, and orthonormalize the state with respect to the lower-lying states already identified;
this clearly limits the approach to a few low-lying excitations. The place where the algorithm
is to be modified is in the iterative eigensolver; e.g. in the Lanczos iterations, the next Lanczos
state generated is orthonormalized not only with respect to the previous Lanczos states, but also
already constructed eigenstates of the Hamiltonian. Thisis a standard extension of the Lanczos
algorithm.

The variational MPS algorithm just introduced is quite prone to getting stuck. How thisis
going to happen, actually depends abit on how initial states are chosen in the procedure: Assume
that, asis the case for the anisotropic Heisenberg chain, there is a quantum symmetry with some
commuting operator [H, O] = 0, in this case the total magnetization operator M = 3; §7, giving
rise to magnetization M as a good quantum number. Then initial states fall into two categories,
whether they are eigenstates of M or not. The latter will generally be the case if the state is
chosen randomly; the former is the case if it is generated by infinite-system DMRG or its MPS
variant.

Decomposing the Hilbert space into eigenstates of magnetisation, H = & yHu, we canwrite
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initial states as
W)= > ymIM) M) € Hu. (212)
M

The ground state we are looking for is |y o) € Hy; theinitial state will then have either arbitrary
Ym of Yy = 0if M # M (assuming that we don't run into the desaster of offering an initial
state in the wrong symmetry sector). Let us assumethat in thefirst case, sweeping will eliminate
contributions from the wrong symmetry sectors; if they don’t, the variationally optimal state can
never be reached anyways because wrong admixtures survive. As an iterative ground state search
by e.g. Lanczosis an optimized version of the power method lim p_,, H"y) for finding the largest
eigenvalue and associated eigenstate, one can show that in thefull Hilbert space wrong symmetry
sectors will definitely be projected out. In our algorithm, this iterative projection proceedsin a
highly constrained state space and might not be as efficient, as it looks at various wave function
components sequentially. As random starting states are very inefficient, | cannot report on a lot
of practical experience here. In any case, once we arrive in a well-defined symmetry sector, we
will have, for any Schmidt decomposition [) = 35, S lac)alar)s, that each of the states will
have a good quantum number (superpositions of different quantum numbers lead immediately
to a contradiction to a global good quantum number), namely m#4 and m2 such that m + m§ =
M, where | have simplified indices. Taking the m2, for example, they will be distributed over
some range, say 1 state with magnetization m, 3 states with magnetization m’, 5 states with
magnetization m’” and so forth. As| will show next, this distribution staysfixed in further sweeps.
This means that if it does not correspond to the distribution that the variationally optimal state
would yield, it can never reach that state. In the random state approach one may hope that the
slow elimination of other total magnetizations “eases’ us into the right distributions but there is
no guarantee; in the infinite-system approach one has to hope that this warm-up scheme produces
the right distribution right away, which is quite unlikely to happen.

The reason why the distribution stays fixed can be seen from the SVD of M3/ ,, to carry out
one (for example) left-normalization step: reshaping matrices M 7¢ into some ¥ and applying an
SVD gives at most D non-vanishing singular values; the right-singular vectorsin V  are nothing
but the eigenvectors of ¥, which is block-diagonal because the states |a,)g have good quan-
tum numbers. The right singular vectors (eigenvectors) therefore encode a basis transformation
within blocks of the same quantum number, hence the number of states with a given quantum
number remains the same, and so does the number of states with a given quantum number in the
other part of the system because of the matching of quantum numbers required in the Schmidt
decomposition.

Various ways of getting out of this potential trap have been proposed. The first one is to
modify the algorithm to consider two sites at the same time, just as in conventiona (two-site)
DMRG; we will discuss its MPS implementation in the next section. While this approach is
dower (roughly by a factor of d), it offers a dightly enlarged ansatz space with a subsequent
truncation that allows the algorithm to be more robust against the danger of getting stuck in local
energy minimain ground state searches. In particular, the enlarged ansatz space of the two-site
algorithm allows a reshuffling of the quantum number distribution due to the truncation. Once
thisis converged, one may switch to the single-site algorithm, as proposed by [44], althoughitis
not at all clear that this leads strictly to the optimal outcome[63].

Much better, thereis a procedure by White [45] that protects reasonably against trapping and
ensures reshuftling. It is crucial for areliable single-site DMRG (or variational MPS, which we
will show to be identical) algorithm and turns it into the state of the art form of the method. It
starts from the observation that quantum numbers of a subsystem A are changed by quantum
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Figure 43: (I—A|A’|w))af—1"’f’af represented graphically: with the exception of one W-tensor and one ¥-tensor, al the
contractions have already been computed to obtain Ln e 1,

fluctuations due to those parts of the Hamiltonian that connect A to the rest of the system. We
therefore have to consider the structure of H|y) in more detail.
Consider y3, | 5, after energy optimization in the single-site algorithm. We can also write

H = ZH He (213)

where

Hor = D) (W7 Wy HS = 30 (Wi L W)y, (214)

T,07cAe g,0’eB

such that there are Dy terms in this sum. If we think in terms oj block states, we would like to
know which new states can be reached on Ae by the action of HQ‘. Projecting the result of this
action onto the AeB basisit will read

(ﬁéolw»a[_lm,af — Z Z Z [Z A‘lfgvvi"lblmA‘rl]

o, &_y,beg (&b i<t-1} \o10)

1% 1.0 4 ‘Ti 1 T
[ Z Aaf 2:8¢- 1\Ngi PRV AP 1]\,\/{;1»biqja}1,a€ (215)

10y

whichisjust
A e oA a1, Nog f
(Ht/;\[ |l!/>)ai1 /a(_z Zb: Lbii i1\N;;[1|g[ ‘)'[[1&[ (216)
&_p.be-1

7
9y

using L""jja?-l from Eq. (192), as can be seen graphically in Fig. 43. Thisindicatesthat the actual
cost of computation is very low, because we already have done the most complicated part.
Now we would like to include the states generated by HA‘ into the search for a good basis

for Ae. Here, DMRG offers the possibility of multiple-state targettl ng. The conventiona algo-
rithm would now proceed by calculating 5 = Traly)W| O pa,,o).(a_o7) = 2, Par. La{‘PZZ; ,

- %1
finding the eigenvalues (squares of the singular values), the eigenvectors (left singular vectors),
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truncation and so on. But we can look at amodified density matrix, which takes also into account
the new terms as

PP = Traly)wl + a ) TraHp lu)wiHg:, (217)
by

where a is asmall number, say 1074, giving alittle weight to contributions that the conventional
algorithm may miss. The price paid is that at the end of the spectrum a few very-small weight
states from |y){y| will drop out. Upon multiple sweeping, a will be taken slowly to zero.

Thenew density matrix is diagonalized, and truncation according to the D largest eigenvalues
is carried out, yielding a (dD x D) matrix of orthonormal columns, U (5, ,0).a, = A, .2, ad we
continue on the next site; as we are not using the eigenvalues of the modified density matrix
beyond their relative ordering, it does not matter that they do not sum up to 1. For predicting the
next W71 for the large sparse matrix solver, we use the DMRG prediction formuladerivedin the
next section,

01— ot ¢ 041
\Pa(aul - Z Aai»ai—l\},a/_la} Ba;a,m' (218)
a-107¢d;

Otherwise, everything remains the same. The additional humerical cost and programming effort
isminimal for an algorithm that often converges much faster and is much less prone to getting
stuck at a non-optimal resullt.

6.4. Conventional DMRG in MPSlanguage: the subtle differences

How can the previous approach be related to conventional DMRG? The essential answer is
that the MPS approach is identical to finite-size DMRG for OBC, abeit only if we shift one
site instead of two, i.e. consider “single-site” instead of “two-site’ DMRG, where we consider a
block-site-block configuration AeB instead of a block-site-site-block configuration AeeB.

Let usfirst remind ourselves of the key steps of the algorithms, assuming that we are sweep-
ing to the right: (i) given some configuration AeB (or corresponding configuration AAAM BB)
and a Hamiltonian H, the ground state is found by a large sparse matrix eigensolver looking for
the optimal ¢4, ;0,5 (in DMRG) or Mg’ 5. (in MPS) respectively; analogously for AeeB. (ii)
Given the ground state, MPS derives a set of left-normalized A-matrices, whereas DMRG finds
new block states whose structure can be encoded by left-normalized A-matrices. (iii) All algo-
rithms switchto anew AeB, AeeB or AAAAM B configuration, where the active center is shifted
by one site to the right and provide an initial guess for the calculation of the next ground state,
taking us back to step (i).

Step (i): Results must beidentical if we use the same state configuration and the same Hamil-
tonian. As DMRG grows the blocks A and B from left and right, and as each block growth step
Ae —A can be encoded by A-matrices and similarly eB — B, we conclude that all matrices on
A areleft-normalized and those on B right-normalized, hence the two-site DM RG state takes the
form

W= D, TR DTl aDlaa)e = ) AT L ATPTTEBTE BT ),
(o

100118041
(219
with the obvious change for a single-site DMRG state, W71 — ¢, Thisisin perfect agree-
ment with the mixed-canonical states of the variational M PS approach and we are looking at the
same state structure.
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It remains to show that the Hamiltonians are identical, too. Strictly speaking, thisis not the
case: The MPO representation of H we just used is clearly exact. On the other hand, the repre-
sentation of H in DMRG contains a series of reduced basis transformations, hence is inherently
inexact. So, the two representations seem unrelated, with an advantage on the MPO side because
it is exact. But a more careful analysis reveals that on the level of calculating expectation val-
ues (y|H|y) as they appear in MPS and DMRG ground state searches both representations give
identical results (they are not identical for higher moments, such as (| H2|y), where the MPO
representation is demonstrably more accurate at a numerical cost, see below).

Both the DMRG and the MPO Hamiltonian contain all terms of the exact Hamiltonian. Aswe
have aready seen in the application of a Hamiltonian M PO to a mixed canonical state (Sec. 6.2),
the evaluation of the L and R-objects appearing in the large sparse eigenproblem Eq. (209) is
nothing but the sequence of reduced basis transformations occuring in DMRG up to the cur-
rent AeB configuration. Hence, for (¢|H|y) (but in general only for this!), both approaches are
identical.

Moreover, the calculation H|y) appearing in the eigenproblem does not have a worse opera-
tional count than in the corresponding DMRG procedure. To seethis, let usfocus on our example
MPQO for an anisotropic nearest-neighbour Heisenberg chain. There seemsto be a differencein
efficiency when we consider the double sum over b,_1, b,. From the structure of the W-matrix
it is clear that for most of the D\ZN (in the example 25) entries we find zeros, such that we can
strongly restrict the sum. But thiswould still give the following count: setting the field O, for the
Heisenberg Hamiltonian there are 8 contributionsin the DMRG setup: one each for Ha and Hg,
the parts of the Hamiltonian that act strictly on A and B, and three per block for the three operator
combinations linking a block and the site. All of them are diagonal in the other block, so there
are altogether 8 operations of cost O(D3). Inthe MPO cal culation, the double matrix-matrix mul-
tiplication would naively suggest 16 operations of cost O(D 2), for the 8 non-vanishing entries of
Wee:, But then we can exploit the following rules: if b,_; = dy, then there are no operations
to the left, LZ‘J""‘;-1 = 6.1, and one operation drops out. Similarly, if b, = 1, then there are

no operations to the right and sz,a} = a2, and again one operation drops out. Looking at the

structure of W, all non-vanishing entries meet one or the other condition, and the count halves
down to 8 operations. Only longer-ranged interactions do not fit this picture, but they would be
of cost 20(D?®) in DMRG as well.

Step (ii): After energy minimization, variational MPS and DMRG produce (identical) M ¢
and W7, or Y771, Both methods now seem to proceed differently with the result, but in fact
do the same: in variational MPS one just shifts one site to the right after an SVD to ensure
left-normalization, to continue minimizing on the next site. In DMRG one previously carries
out a density matrix analysis to determine a new (truncated) block basis. But if one carries out
the corresponding SV D, the number of non-zero singular values (hence non-zero density matrix
eigenvalues) is limited by D, the matrix dimension:

min(dD,d)=D
Va2 Panma = D, AL SV k- (220)
k=1

Hence, no truncation happens, and we are just doing a unitary transformation to obtain orthonor-
mal states for the new larger block A (whichisjust the left-normalization in the M PS because of
the link between SVD and density matrix diagonalization). Both formalisms act identically; as
no truncation occurs, thin QR would do, too.

72



On the other hand, in two-site DMRG the same step reads

min(dD,dD)=dD

‘Pgﬁfg\}ﬂ - \P(a(,l(rg),(wuaul) = Z A;—;Lksk,k(VT)k,((rﬁlaﬁl)o (221)
k=1

But we can only keep D states in the new block, hence truncation has to occur! Here is the only
difference between variational MPS and single-site DMRG on the one and two-site DMRG on
the other hand.

Step (iii): In DMRG, after completion of one iteration, the free site(s) are shifted by one,
leading to block growth of A and shrinkage of B. Here, all methods agree again: in variational
MPS, the shrinkage of B issimply reflected in the states being formed from a string of B-matrices
where the leftmost one has dropped off. The growth of A is given by asimilar string, where one
A-matrix has been added. The matrix on the free sites is to be determined in all approaches, so
nothing is to be said about its normalization.

Minimization of ground state energy is, aswe have seen, acostly large sparse matrix problem.
As the methods are iterative, a good initial guessis desirable. DMRG has provided some “state
prediction” for that [21]. In fact, it turns out that the result of the prediction is just what one
gets naturally in variational MPS language without the intellectual effort involved to find state
prediction.

Let us assume that for single-site DMRG we just optimized W7¢, deriving a new A’¢. Then
in MPS language the next W7+t = SVB~1, where S and V' are from the SVD. In DMRG
language, we take

W= > W sl Dalonla, (222)

a-10¢d;

and insert twice approximate identities | = 3 [a:)a a@l and | = ¥ |ori)laei)s s(@raKoerl.
Expressing the matrix elements by A and B matrices, the state now reads

wy= o | DL ARhLYe BR[0T aslana)s (2239)

0118741 \3r-107¢d;

So the prediction reads

o1 — ot ¢ 041
lIJa[ahl - Z Aaz,az-l\ya(,la; Ba;a“l‘ (224)
a-10a,

But thisisexactly the MPS ansatz for the next eigenproblem, as A7«"\poc Bt = ATT AT SV TR,
But thisisjust SVTB«~t because in the ansatz, o, is summed over and | eft-normalization holds.
Two-site DMRG proceeds by analogy and is |eft as an exercise for the reader.

While this clarifies the relationship between variational MPS, single-site DMRG (the same)
and two-site DMRG (different), it is important to note that the different ways of storing infor-
mation more implicitly or more explicitly implies differences even if the algorithms are strictly
speaking identical — the fact that in one formulation prediction is trivial and in the other is not
already gave us an example. But thereis more.

(i) In DMRG, the effective bases for representing the states and the Hamiltonian or other
operatorsaretied up. Thisiswhy concepts such as targetting multiple states arise, if we consider
severa different states like the ground state and the first excited state at the same time. One then
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Figure 44: “Exact” calculation of the expectation value of H2: the Hamiltonian MPO is repeated twice and sandwiched
between |) at the bottom and (y/| at the top.

considers mixed reduced density operators

pa= Z @i Tralyi )il (225)

with i) the target statesand 0 < «a; < 1, Y = 1, to give ajoint set of bases for all states
of interest. This can of course only be done at a certain loss of accuracy for given numerical

resources and for a few states only. At the price of calculating the contractions anew for each
state, in the MPO/MPS formulation, the state bases are only tied up at the level of the exact full

basis. MPO/MPS formulations therefore acquire their full potential versus conventional DMRG
language once multiple states get involved.

(it) Another instance where the MPO/MPS formulation is superior, albeit at elevated numer-
ical cogt, is the calculation of the expression (/| H2jy), which is e.g. interesting in the context
of estimating how accurately a ground state has been obtained. In the MPO formalism, it can
be done exactly up to the inherent approximations to |) by contracting the network shown in
Fig. 44. It would of course be most economical for the programmer to calculate H|y) and take
the norm, two operationswhich at this stage he has at hand. The operational cost of thiswould be
O(LD?Dg,d?) for the action of the MPO and O(LD3D3,d) for the norm calculation. The latter is
very costly, henceit is more efficient to do an iterative construction as done for (| H|y). Let me
make theimportant remark that dimension D, is only the worst case for H2[71]: Writing out the
square and introducing rules for the expression leads to more efficient MPOs, whose optimality
can be checked numerically by doing an SVD compression and looking for singular values that
are zero. Our anisotropic Heisenberg Hamiltonian takes Dy = 9 instead of 25 for H2. For higher
powers, the gains are even more impressive, and can be obtained numerically by compressing an
explicit MPO for H" with discarding only zeros among the singular values.

In aDMRG calculation, there would be a sequence H(H|y)), in the DMRG block-site basis
as shown in Fig. 45. The point is that before the second application of H, a projection onto the
reduced block bases happens, which is not the identity and loses information.

What does the comparison MPS and DMRG imply algorithmically? First of all, the trunca
tion error of conventional DMRG, which has emerged as a highly reliable tool for gauging the
quality of results, is nothing but an artefact of the somewhat anomal ous two-site setup. In varia-
tional MPS or single-site DMRG it has to be replaced by some other criterion, like the variance
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Figure 45: DMRG calculation of the expectation value of H2: the Hamiltonian MPO is applied once to i) in step (1) in
the DMRG beasis, i.e. the result is projected onto the reduced bases, yielding some @7¢. Thisin turn replaces ¥7¢ in the
second application of H in step (2). Ultimately, the result is projected on the block bases.

of the energy. Second, while all the approaches are variational in the sense that they are looking
for the lowest energy that can be achieved in a given type of ansatz, it varies from site to site
in two-site DMRG (because of the Y77 anomaly in the ansatz), the ansatz stays the same all
the time in single-site DMRG, which is conceptually nicer. That this comes at the expense of
potential trapping serves as a reminder that the mathematically most beautiful does not have to
be the most practical.

7. Time evolutions(real and imaginary) with MPS

The calculation of the action of operators like e Mt or e#H on quantum states is of central
interest in quantum mechanics, for real-time evolutions of quantum states and for quantum sta-
tistical mechanics; 8 can be interpreted as an imaginary time. It is one of the most attractive
features of MPS that such real or imaginary time evolutions can be encoded very neatly and
efficiently. This holds both for pure and mixed states, important at finite temperature. In the
following, | will focus on time evolution based on a Trotter decomposition of the evolution op-
erators [46, 47, 48, 49, 50], explaining first the Trotter decomposition and the structure of the
algorithm for pure states, then the representation of the Trotter decomposition by MPOs. After
this, | will discuss the changes necessary for the simulation of the dynamics of mixed states.

7.1. Conventional time evolution: pure states
7.1.1. Trotter decompositions of time evolution
Let us assume that H consists of nearest-neighbour interactionsonly, i.e. H = 3; hi, where
ﬁi contains the interaction between sitesi and i + 1. We can then discretizetime ast = Nt with
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7 — 0, N — oo and (in the most naive approach) do afirst-order Trotter decomposition as

e—iHT — e—iﬁl‘re—iﬁzre—iﬁgr o e—iﬁL—3Te—iﬁL—27e—iﬁL—1T + O(TZ), (226)

which contains an error due to the noncommutativity of bond Hamiltonians, [ hi, hi,1] # 0 in
general; higher order decompositions will be discussed later in this section. All time evolutions
on odd (e7M«7) and even (e"'M==") bonds respectively commute among each other, and can be
carried out at the same time. So we are looking for an MPO doing an infinitesimal time step on
the odd bonds and for another MPO doing the same on the even bonds.

As any operator is guaranteed to be M PO-representable, let us assume for amoment that in-
deed we can construct these representation of infinitesimal time steps efficiently (see next section
for the explicit construction). As we will see, the maximum bond dimension of the infinitesimal
time step MPOs is d? because the dimension of e is (d? x d?). The application of the in-
finitesimal time step MPOs thus increases the bond dimensions from D up to d?D. Repeated
applications of the infinitesimal time evolution MPOs leads to an exponential growth of the ma-
trix dimensions, which therefore have to be truncated after time steps.

The resulting time evolution algorithm takes a very simple form: starting from |y (t = 0)),
repeat the following steps:

e Apply the MPO of the odd bondsto |y (t)).
e Apply the MPO of the even bonds to e~HoxT|y(t)).

e Compressthe MPS |y(t + 7)) = e HeenTg Moy (1)) from dimensions d?D to D, monitor-
ing the error. Obvioudly, one may aso allow for some compression error (state distance)
€ and choose a time-dependent D: it will typically grow strongly with time, limiting the
reachable timescale. By analogy to the ground state calculations, all results should be
extrapolatedin D — oo or e — 0.

After each time step, we may eval uate observablesin the standard way, (O(t)) = (¥(t)| Ol (t)).
But we can do more; we can calculate time-dependent correlators as

(O1)P) = (le ™ Oe M Ply) = (w(1)IOlp(t)) (227)

where [y(t)) = e ™y) and [¢(t)) = e FPly). If wetake eg. O = §7 and P = S, we can
caculate (éf(t)é?) and by a double Fourier transformation the structure function

SZ(k, w) f dt Z(éf(t)éizm)é"”e‘i“t, (228)

where | have assumed trandational invariance and infinite extent of the lattice for simplicity of
the formula
A simple improvement on the algorithm given above is to do a second-order Trotter decom-
position X X X X
e—iH‘r — e—iHoddT/2e—iHevenTe—iHoddT/2 + O(Ts), (229)

where the error per timestep is reduced by another order of 7. If we do not do evaluations after
each time step, we can group half steps, and work at no additional expense compared to a first-
order Trotter decomposition.
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Figure 46: A Trotter step: On all odd bonds, an (infinitesimal) bond time evolution is carried out. This merges two sites,
such that the simple product form of MPSislost at first sight, but the time evolution can be translated into MPOs. Asthe
time evolution factorizes, the MPOs have dimension 1 on al even bonds (thin lines).

A very popular implementation of a fourth order-Trotter decomposition that originates in
guantum Monte Carlo would be given by the following formula due to Suzuki[99, 100]:

eifr = (r1)U(72)U(r3)U (12)U(71), (230)
where . . .
O(Ti) = @ 1Hod7i/2g-iHeventi g-iHodari/2 (231)
and 1
TL=Tp= mf T3 =T — 211 — 272. (232)

Even smaller errors can be achieved at similar cost using less symmetric formulag[101]. This
completes the exposition of the algorithm (an error analysiswill be given after the other methods
for time evolution have been explained), and we now have to construct the MPOs.

7.1.2. MPO for pure state evolution
Let us consider the Trotter step for all odd bonds of a chain:

el @ el g g ey (233)

each bond-evolution operator like e M7 takes the form o 07172917 |1 g )00l Both
in the pictorial and the explicit mathematical representation it is obvious that this operator de-
stroys the MPS form (Fig. 46).

It would therefore be desirable to have 0712172 in some form containing tensor products
0771 @ 0722, to maintain the MPS form. To this purpose, we carry out the procedure for
decomposing an arbitrary state into an MPS, adapted to an operator (two indices per site). It
works because there are so few indices. One reorders O to group local indices and carries out a
singular value decomposition:

102,07, 07 _
O772N1% = Poyo)),(000%)

Z Ualﬁi,ksk,k(VT)k,(azo'z)
k
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Figure 47: A complete first-order Trotter time step (odd and even bonds). Fat and thin lines correspond to dimensionl
and > 1 on MPO bonds. The MPOsin the top line on the first and last site are trivial scalar identities 1.
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where Ul‘:“r/1 = Uyopk VSik and U2 = SV i (0 - I the very last step of the derivar
tion, we have introduced a dummy index taking value 1 to arrive at the form of an MPO matrix.
Theindex k may run up to d?, giving the bond dimension Dy of the MPO.

The MPO representing the operator in Eq. (233), U 791U”*"2U 750"’ .. factorizes on
every second bond, as do the origina unitaries. If one site does not participate in any bond
evolution, we simply assign it the identity unitary as a (1 x 1)-matrix: I‘lrf' = 6go- Then
the global MPO can be formed trivially from local MPOs. The MPO for time evolution on al
odd bonds would read UUUUUU . . ., whereas the even-bond time step reads lUUUUUU . .. |
(Fig. 47).

7.2. Conventional time evolution: mixed states

7.2.1. Purification of mixed states

Finite temperature calculations can be carried out based on the purification of an arbitrary
mixed quantum state[50]: if we consider a mixed state in physical space P formed from or-
thonormal states, we can interpret it as the result of a partial trace over a Schmidt decomposition
of apure state on PQ, where Q is an auxiliary space:

pp = Slap@e - v) = ) slaplalg  pp = Troly)(yl. (234)
a=1 a=1

The auxiliary state space can simply be taken as a copy of the original one, so finite-temperature
density operators on a chain can be expressed as pure states on aladder (see Fig. 48).
To calculate athermal density operator o5 = Z(8)*e ™, Z(8) = Tree#H, we write

ps = Z(B) TPt = z(p) te 2. [ ehHI2, (235)

The identity I is nothing but Z(0)po, the infinite temperature density operator times the infinite
temperature partition function. Assume we know the purification of p o asan MPS, [y3-0). Then

P = (Z(0)/Z(B))e*H/2 - Trolwo)wol - €772 = (Z(0)/Z(B)) Troe ™ Awo)wole /2. (236)
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Figure 48: Schematic representation of finite-temperature simulations: instead of a chain, one sets up aladder with an
identical copy of the chain. Physical sites have odd, auxiliary sites have even labels. Equivalent sites on the physical and
auxiliary leg are linked by maximally entangled states. To reach inverse temperature 8, an imaginary time evolution is
carried out up to “time” B/2.

The trace over Q can be pulled out as the Hamiltonian does not act on Q. But the result means
that we have to do an imaginary time evolution

) = €2y (237)
Expectation values are given by
(O)s = TreGpg = (Z(0)/Z(B)) TreOTrolws)(wsl = (Z(0)/Z(B)){wsION)- (238)

(Z2(0)/Z(B)) = (d-/Z(B)) may seem difficult to obtain, but follows trivially from the expectation
value of the identity,

1= (i) = Trepp = (Z(0)/Z(B)) TreTrolyp) (Wil = (Z(0)/Z(B)) W), (239)
hence Z(B)/Z(0) = (¥l ), or, in complete agreement with standard quantum mechanics,
A WslOlp)
O)y=—"—"—. 240
O = i) (240)

But this takes us right back to expressions we know how to calculate. All we haveto doisto
find [o), carry out imaginary time evolution up to —3/2, and cal cul ate expectation values as for
a pure state. We can even subject the purified state |y z) to subsequent real time evolutions, to
treat time dependence at finite T.

We can aso do thermodynamics quite simply, as Z(8)/Z(0) is given by the square of the
norm of |yz) and Z(0) = d“. This means that we can obtain Z(8) by keeping the purified state
normalized at all temperatures and by accumulating normalization factors as temperature goes
down and g increases. From Z(B), we have F(8) = -8~ 1InZ(B). At the same time, U(8) =
(Hys = (WslHlyg). But thisin turn gives us S(8) = B(U(B) — F(8)). Further thermodynamic
guantities follow similarly.

The purification of the infinite temperature mixed state is a simple MPS of dimension 1,
because it factorizes (if we take one ladder rung as a big site):

®L
ﬁozd—lsz(}f) ) (241)
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Figure 49: Thetime-evolution of mixed states on a chain can be seen asthat of a pure state on aladder, where the physical
sites sit on the first leg and additional auxiliary sites on the second leg. This ladder is mapped to a chain. Asthe time
evolution acts only on the physical states, next-nearest neighbour interactions arise.

As pg factorizes, we can now purify the local mixed state on each physical site as a pure state on
rungi, to get [io), then o) = 100200 W30) - - ., aproduct state or an MPS of dimension 1. If
we consider some rung i of the ladder, with states |o) p and |o)g on the physical site 2i — 1 and
the auxiliary site 2i, we can purify as follows:

%F =y % ploXolp = Trg H; %mpmg) [Z.: %«ﬂpmq” : (242)

o

Hence the purification is given by amaximally entangled state (entanglement entropy islog , d),
1
Wi} = Z e (243)

It is easy to see that one can carry out local unitary transformations on both P and Q separately
that leave that structure invariant. For example, for the purification of a spin-1/2 chain it is
advantageousto use the singlet state as local purification,

1[ITl) | lpTo)] (244)
\/z PYQ PIQ/]s

in case the program knows how to exploit good quantum numbers: this state would allow to
conservetotal S = 0 and S% = 0 at the sametime. In this case, the four A-matrices would read

[Wi0) =

AlrTe = Alrle =1/ V2 AlTe = -1/ V2 Alrle = 0, (245)

and the purified starting state |i/o) for 8 = 0 is now given by a product of singlet bonds on a
ladder. Infact, aSVD of reshaped matrix A, alowsustointroducetruly site-local A-matrices,
which have dimension (1 x 2) on odd and (2 x 1) on even sites:

A2 =[1 0] Al22=[0 -1 AZ=[01/V2]" Al2=[1/V20" . (246)

In order to apply the pure state time evolution algorithm, it remains to find the MPO.



7.2.2. MPO for mixed state evolution

The ladder appearing in mixed state simulations can be mapped to a chain (Fig. 49), where
the physical Hamiltonian acts only on the odd sites, 1, 3,5,. . ., and the auxiliary sites are even,
2,4,6,.... Then the only non-trivial time-evolution connects (1, 3), (3,5), (5, 7). There are sev-
eral ways of dealing with such longer-ranged interactions, one explicitly constructing the longer-
ranged interaction, the other using so-called swap gates, reducing it to a nearest-neighbour inter-
action.

The direct MPO description of the “longer-ranged” interaction (1, 3) involves necessarily a
non-trivial tensor on site 2, whereas the site 4 isinert. Similarly for (3, 5), there is a non-trivial
tensor on 4, but site 6 isinert. This suggests a Trotter decomposition (1,2, 3, 4), (5,6, 7,8),...in
the“odd” and (3, 4,5, 6), (7, 8,9, 10), ... in the “even” steps.

The four-site evol ution operator on sites 1 through 4 then reads

(01020304), (0, 0000 _ A\(o10203), (0 0%0%)
(e) N01920394) — O *123.504’0_2 (247)

and we can build the three-site unitary with only a slight modification of the two-site unitary
which contains the actual physical time evolution:

01027 e17573) = Qo) 5 (248)
2

This three-site unitary is now subjected to two SVDs. For the notation, we first shift down the
indices and reorder sitewise. Reshaping with subsequent SV Ds then iteratively isolates o3, 073,
02,05, and oy, 077

0(0'10'20'3),(0"10"20’3)

= P((rl(r/lt)'z()"z),((fg,()'é)

2
= Z U (1070205).ka S|[<2¥k2 (V;rg) ka,(30%)
ko
2 i
= D Uiopiaogo Ston, (Vi (7502
ko

1 + 2 T
= Z U (or109) ke S{(Jkl (Vlz) k,(020%k2) S|[(2],k2 (V23) ka,(0307)

ki.k2
_ 1T\ T20 0\ 7 730
- Z szkl \N;(Tl,kz \N;:z,l
ki.k2

where, with the introduction of dummy indices and the inert tensor on site 4:

Wt = Uk \/SIEEM (249)
20 [1 ¥ [2

V\/I(;kzz = Sk1,k1 (Vlg) ki, (0205ka) Skz,kz (250)
g 2

WE = s[kz!kz(vgs)kz,(mé) (251)

W™ = by (252)

From this, MPOs for the entire chain can be formed as for the pure state time evolution. We
have done nothing but the iterative decomposition of an MPO on 4 sites. Again, this is till
manageable, as only 4 sites are involved.
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Obvioudly, it is a straightforward step to write an evolution operator acting on al four bonds
(1,2), (1,3), (2,4) and (3, 4) and subject it to asimilar sequence of SV Ds, which would allow to
consider pure state time-evolution on areal ladder.

An alternative approach to carry out interactions beyond immediate neighbours is provided
by the use of swap gates[97]. Let us take the example of a real ladder with interactions on
four bonds, two of which [(1, 3) and (2, 4)] are next-nearest-neighbour interactions. But if we
swapped states on sites 2 « 3, they would be nearest-neighbour interaction. Time-evolution on
the ladder would then be done as follows: (i) evolve bonds (1, 2) and (3, 4); (ii) swap states on
sites 2 and 3, (iii) evolve “new” bonds (1, 2) and (3, 4) with the evolution operators for “old”
bonds (1, 3) and (2, 4) and (iv) swap states on sites 2 and 3 once again. In other situations, more
astute schemes need to be found, preferrably generating a sequence of swaps between nearest
neighbours. The swap operator for sitesi and j is simply given by

’

=640 60‘] ol (253)

J

T o‘i’o‘j(rl

is unitary and its own inverse. It swaps the physical indices of two sites in an MPS; for swaps
between nearest neighbours it is easy to restore the original form of the MPS: assume that the
MPSisleft-normalized; aunitary applied to sitesi and i + 1 affects this only on these two sites. In
particular, the orthonormality of block states |a.i)s and [&i+1)A is not affected. If we introduce a
matrix M so.0).(aw1) = Za Ag]jiﬁ [I‘Talii—i’ we can form M(ai—lo'i)L(U'i+1ai+1) = M@ yo1.0).(ra.2) @
carry out an SVD, where U4 ,0).a Yields anew left-normalized A’ o and Sa o (Va (0118, @
new left-normalized Ag4 . That the latter isleft-normalized follows from the left-normalization
of A” and the maintained orthonormality of the |aj,1)a.

L et me conclude this outlook on beyond-nearest-neighbour interactions with the remark that
using MPO allows also other Trotter decompositions, e.g. decomposing the Heisenberg Hamil-
tonian in its x, y and z-dependent parts, useful for long-rangeinteractions [69].

7.3. tDMRG and TEBD compared to MPStime evolution: the little differences

A bit before time evolution with MPS (tMPS) was developed, two other algorithms were
introduced to simulate the real-time dynamics of one-dimensional quantum chains, time-evolving
block decimation (TEBD)[46, 47] and real-time or time-dependent DMRG (tDMRG) [48, 49].
Both algorithms are also based on MPS, but are clearly different from tMPS. At the same time,
tDMRG and TEBD are mathematically equivalent, i.e. should for exact arithmetic give the same
results, whereas numerically they are clearly distinct algorithms, both carrying out operations
that have no counterpart in the other method, with their respective advantages and disadvantages.
Let usdiscussfirst tDMRG, because its languageis closer to that of tMPS, and then TEBD.

7.3.1. Time-dependent DMRG (tDMRG)
The decomposition of a global time-evolution on an entire lattice into a Trotter sequence of
infinitesimal time-evolutions on bondsis the same for all three algorithms discussed here. Let us

therefore focus on one infinitesimal time-evolution e 17 on sites £ + 1 and ¢ + 2. The evolution
operator expressed in the local basisis given by

, ’ ’ _ _-ﬁ
U(o—[+10'i+2) (07,17742) - <0'Z+10'[+2|e | i+1T|o-2+lO-/Z+2>. (254)
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The current state ¢ is given in the two-site DMRG notation with left- and right normalized
matrices as

) = Z ATL L ATOPTATE2 BT BIL (255)
o
The time-evolution turns W«+17¢2 into
(Dg[/g[ffzuz — Z U ©@e10es2)s (o'HlfrHZ)\P [+1 i+2_ (256)
1% 042

This, together with the A and B-matrices defines a valid DMRG state we call |¢). In order to
make progress, namely to apply e "7 on the next pair of sites, we have to bring the state into
the form

6 = Z AT AT UETaa RIS | BOL (257)

g

The changes can only concern sites £ + 1 through ¢ + 4: on thefirst two sites because of the action
of the evolution operator, on the last two sites because they are brought into DMRG form. Let us
first generate the new A-matriceson sites ¢ + 1 and ¢ + 2: We reshape @3/47"*% = ®(a.o.1).(0112801)
and subject it to an SVD (DMRG traditionally does this by a density matrix analysis and the
DMRG prediction when shifting sites, leading to the same result):

cD(a{U'Hl)s(U'HZaHZ) = Z U(a[U'Hl)saHlSaHl;ahl (VT)ai+1»(0'i+2a[+2) . (258)
i1

U can immediately be reshaped into a valid A-matrix, but has column dimension up to dD,
which has to be truncated down to D while maintaining the best approximation to the MPS of
dimension dD. The answer is provided as always by keeping just the D largest singular values
and shrinking the matrices U, S, V' accordingly. Here lies the approximation of the method
(beyond the obvious Trotter error). This done, we reshape as

Z 34 Saman (Va0 (259)
sl
and form @ shifted by one site as
Oy tas = Z Saraa (V) %0, Bl 2o (260)

2

But we haveto shift by another site, which weachieveby reshaping @ 552252 @S ®(a,,10.5).(s+380.3)
carry out an SVD as donebefore, keep the states corresponding to the D largest out of dD singular
values, reshape, note down A2 and form @ shifted by two sites as

(4307044 § T\o 43 044
(Daffz ai:zl Sa/+2 a2 (V )a,;:z a3 Baffs area” (261)
a3

The second SVD and the associated truncation down to D singular values does not lose further
information, because there are at most D non-zero singular values, although formally there could
be dD of them. Thereason is that before the time evolution on sites £ + 1 and ¢ + 2, the Schmidt
rank across the bond ¢ + 2 was at most D (due to the MPS construction). The Schmidt rank of
two states is however identical if they are related by a unitary transformation that acts on either
part A or part B. But the infinitesimal time-evolution was a unitary on part A.

We can now continue with the next infinitesimal local time-evolution step, in the spirit of
tMPS.
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7.3.2. Time-evolving block decimation (TEBD)
Here, we assume that we have |) in the TA-notation,

) = Z T Al AL o Aldpoea AU o2 AL+ poms A6+ It o). (262)
(0

This state can be immediately connected to the two-site DMRG notation. In particular,
PIere2 — A[f] I“O'i+1A[f+1] l"ff/+2A[f+2] . (263)
Thisisidentical to the DMRG P, o is the evolution operator U (“+17:2)(72.17%.2) hence also

OFar= )y, Ui (264)

1% 042
In order to proceed, the I'A-notation has to be restored on the two active sites. In perfect analogy
to tDMRG, one obtainsby SVD

1
(D(aifful),(ﬂ'uzanz) = Z U (aio'[+1)’a~i+1A£li:—1,]a[+1 (VT)aul,(G'uzanz) > (265)

arp1

What is missing are Al and Al‘*2. We therefore write (reshaping U and VT and omitting the
a-indices)
cDo'[+lo';+2 - A[f] (A[f])—lU 0‘[+1A[f+l] VO’/+2T(A[f+2])—lA[f+2] . (266)

Now, asin tDMRG, there are up to dD singular valuesin A[“3, which we truncate down to the
D largest ones, just as in tDMRG, aso truncating the neighbouring matrices accordingly. We
now introduce

T+l — [[1y-1 O+l T(+2 — \JOe2t [¢+2]y-1
Faiyai+1 - (A )ai,aan[,a[+1 Fai+1>ai+2 - Vai+1»a[+2(A )ai+2»a[+2 (267)

and obtain
@102 = Ao A+ o2 A [6+2] , (268)

back to the canonical form. In order to consider the time-evolution on the next bond, we have to
carry out no SVDs, but just group

Pouaoea — A2 0es A3 o p [6+4] (269)

and continue. AsintDMRG, no loss of information is associated with this step, but thisis more
explicit here.

When D becomes very large in high-precision calculations, singular values will tend to be
very small, and dividing by them is, as mentioned previoudly, a source of numerical instability.
In the context of the thermodynamic limit iTEBD method, which we will discuss later, Hastings
has proposed an elegant workaround that comes at very low numerical cost[102], but it can be
easily adapted to finite-system TEBD. Let us assume that we start with a state in representation
(262). We then group al pairsinto right-normalized B-matrices,

B” =i All (270)

but remember the ALY for later use. We then form

0 (+10¢+2

b7 = BRItz = [ AL+ o2 A16+2] (271)
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hence ootz = AP \We carry out the time-evolution on P77 to obtain
=O010042 (es10¢52). (07, 0, )_0—2+1(r;’+2
(Da(, e = Z U ¢+19 042 \Pa(,auz . (272

P’
Tr11% 42

410 ¢+2

Then @102 = AT . As before, we carry out an SVD on @174+, to obtain

+1 v {+1] ¥
CD(a((rHl)s((rHZaHZ) = Z U(a((rl’+1)sa(+1Ac[:l(r1,]a(+1(VT)aﬁls((rHZaHZ) = AO-[ 1A[ i ]BO'[ 2. (273)
i1

Truncating down to the D largest singular values, we have found the new A 11 to be retained
for further usage, and the new B7¢2. The new B! is given by

B — Z @ T gt (274)

Tr+2

hence costs a simple matrix multiplication; divisions have been avoided. For the last equa
tion, we use right-normalization of B?=2, hence ¥, , ®7=17e2Bouzl = AT AlFL - At the
same time, B+ = oAl = (Al)-1a7ea AT Combining these two identities with

= 0+10¢+2

Qo2 = Al givesthe result.

7.3.3. Comparing the algorithms

Comparing TEBD and tDMRG step by step, one sees immediately the compl ete mathemat-
ical equivalence of the methods. The second SVD in tDMRG does nothing but shifting the
boundary between left- and right-normalized matrices, which in TEBD is simply achieved by
arebracketing of I' and A. Nevertheless, there are differences: tDMRG carries out two costly
SV D decompositions (or density matrix analyses, which is equivalent) per bond evolution, where
TEBD does only one. On the other hand, TEBD encounters divisions by potentially very small
singular values, which is a strong source of potential numerical inaccuracies; but these can be
eliminated [102] at low numerical cost. From a numerical point of view, tDMRG is not just a
trandation of TEBD, which came first, but an algorithm of its own, with strengths and weak-
nesses.

Both methods share the central feature that time evolution and truncation are intertwined:
after each bond evolution, there is a truncation by SVD. By contrast, tMPS evolves al bonds
first, and then truncates the entire state by compression of matrix dimensionsd?D — D by SVD
or iteratively.

tMPS is the cleaner approach, but it can also be shown to be more precise. In fact, for
real-time evolution it relatesto tDMRG or TEBD exactly as iterative variational compression to
compression by SVD, which impliesthat for small state changes (e.g. for very small time steps)
the difference goes down, as the interdependence of truncations becomes|ess severe, there being
only very benign truncations. That the above relationship exists can be seen from compressing a
tMPS state not variationally, but by SVD only:

Take |y) to be right-canonical, and do atDMRG/TEBD step on the first bond or tMPS steps
on al odd bonds. Thetruncation is nhow to be carried out by SVD and my claimisthat SVD does
not see a difference between the two very different time-evolved states. On the first bond itself,
all methods produce the same structure, but they differ on all other sites. Whereas

|#)omre = Z\Pgm B7*B™...lo) (275)
T
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Bhps = ) ¥ B B o), (276)
o

where the B-matrices come from the contraction with the time evolution bond operators. The
SVDs on the first bonds are equivalent for both states provided both sets {B} and {B} generate
sets of orthonormal states. Thisisindeed the case, because the B-matrices do this by definition,
and the states generated by the B-matrices are related to the first set of orthonormal states by
a unitary transformation (real-time evolution!). This observation of the equivalence of methods
also holdsfor bonds further down the chain.

Hence, the difference between the three algorithms becomes only visible at the level of vari-

ational compression.

7.4. How far can we go?

In this section, | have described basic algorithms for the time evolution of pure and mixed
states. There were two sources of error. One of them is the Trotter decomposition, which for an
nth order decomposition generated an error O(r™?) for each time step 7. As there are t/r time
steps, the error will ultimately be O(r"t), i.e. linear in time. Thismeansit is only growing moder-
ately in time and can be scaled down by smaller time steps and/or higher-order decompositions.
Thisis common to al current methods [46, 47, 48, 49, 50]. In fact, there are other methods of
calculating matrix exponentials such as the Krylov method[103] or lookahead procedures such
asin [104], which reduce this error even more. In any case, it is not very worrisomein the long
run.

On the other hand, there is the error due to the truncation of the blown-up bond dimensions
of the MPS after each time step. This error is serious; early on it could be shown to lead to errors
exponentially blowing up in time [105]. Yet truncation errors are only the symptom, not the
fundamental problem: the real reason is that — following the Lieb-Robertson theorem — entan-
glement S can grow up to linearly in time for an out-of-equilibrium evolution of a quantum state:
S(t) < S(0) + ct, where c is some constant related to the propagation speed of excitationsin the
lattice[106]. This linear bound is actually reached for many quantum quenches, where a Hamil-
tonian parameter is abruptly changed such that the global energy changes extensively. Both from
D ~ 25 and from arigorous analysis [107] it follows that in such cases the matrix dimensions
will have to go up exponentially in time, D(t) ~ 2%, or that for fixed matrix dimensions precision
will deteriorate exponentially.

Nevertheless, in many circumstances matrix size growth is slow enough that numerical re-
sources are sufficient to observe the time-dependent phenomenon of interest: Time-dependent
DMRG has been used extensively in the meantime and found to open completely new perspec-
tives on the non-equilibrium behaviour of strongly correlated one-dimensional systems (to name
afew:[49, 54, 104, 105, 108, 109, 110, 111, 112]).

8. Time-dependent Simulation: Extending The Range

Time evolution—whether it is doneby TEBD, tDMRG or tMPS, to give the historical order —
is fundamentally limited by the timesthat can be reached. The underlying reason isthe (at worst)
linear buildup of entanglement in time in an out-of-equilibrium quantum state, that transl ates it-
self into an (at worst) exponential growth of bond dimensions D(t) if agiven precisionis desired.
A “timewall” is hit exponentially fast. Can one push it further into the future? A similar issue
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arises for finite-temperature cal culations. While they are not necessarily about dynamics, seen as
imaginary time evolutions they raise their own problems, regardingthe T — 0 limit for static or
thermodynamic cal cul ations, and regarding dynamics, there in particular at high temperatures.

A second issue that we have not covered so far concerns dissipative time evolution where
we are not looking at a closed quantum system as in pure Hamiltonian dynamics but at an open
quantum system. If the dynamicsis Markovian (i.e. the bath has no memory, a highly non-trivia
assumption in many cases), then the most general dynamics is given by the Lindblad equation.
While it is easy to show that formally this can be smulated using MPS quite easily, in actua
practice thisis numerically involved and simpler schemes are highly desirable.

In this section we will first consider attempts to extend the time range of simulation by dif-
ferent schemes for evaluating the time evolution tensor networks. As we have already seen for
simple examples like the evaluation of wave function overlaps, the order of contractions may
hugely change the computational effort. In a second step, we will look at a prediction method
that picks up on numerical raw data and extrapolates them very successfully over an order of
magnitude, provided they meet a certain mathematical form, taking the case of finite temperature
as an example. In athird step, we will look at an atogether different way of finite temperature
simulations. Inalast step, | will take up theissue of dissipative dynamics and show neat progress
made in that field.

8.1. Orders of contraction: light cones, Heisenberg picture and transverse folding
Let us consider the calculation of the time-dependent expectation value

WOIOP (1) = (et OPe iy, (277)

Starting with |y), we evolve it up to time t, obtaining |¥(t)). The expectation value then is
calculated by sandwiching the two operators between (i(t)| and |i4(t)), as discussed before. But
we can represent this procedure also as the (approximate) contraction over a two-dimensional
tensor network as shownin Fig. 50, which isthen contracted line by line along the time direction,
moving inwards.

Assuming t = NAt and n MPOs per Trotter step (e.g. 2 in first order), we have a lattice of
L x (2nN + 3) sites, i.e. of width L and odd height 2nN + 3. If we call T[-1I the tensor located
onthesitein row i and column j (likein amatrix), and if we label indices by up u, down d, left
| and right r, and write TI"11 in analogy to MPOs with indices T/, then we can identify, for
example, fori = 1 (location of the bra state): ’

1,1]1d 1]d= 1,j]1.d j]d= 1L]1d L]dx
TR A (LI A0 Tl A @9
wherel < j < L. Similarly for i = 2nN + 3 (location of the ket state):
[2nN+3,1]u,l _ A[2]u [2nN+3,j]lul _ Aljlu [2nN+3,L]u,l _ A[LJu
Tl,r - Al,r TI,r - Al,r TI,l - Al,l (279)

and onrow i = nN + 2 (location of the operators):

(280)

TIN+2jlud _ 044 on operator location j
11 - 6U,d el% :

Inthisrow, horizontally the network isaproduct of scalars, hencethe (1, 1). Onall other rows, the
tensors TU1) are given by local MPOs such that T/ = W1 onall rowsnN+2 < i < 2nN+3
(with the type @ depending on the chosen decomposition) and T M4 = Wil on all rows
1 <i < nN + 2, which correspond to the time evolution of the bra.
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Figure 50: Two-dimensional tensor network contracted for time-dependent expectation values: the top and bottom lines

represent (| and |y). The two arrays of MPOs (indicated by brackets) represent €1t and eMt in Trotterized form; |
do not distinguish between different local MPOs such as identity operators which show up on some sites of the left- and
rightmost columns. In the central line, we put identity operators (white squares) and the operators to be evaluated. The
dashed line indicates the buildup of contractions in time direction.
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8.1.1. Light conesin time evolution

Considering the time evolution of bra and ket together in fact allows important simplifica
tions. In Fig. 51 | have restored the alternating pattern of bond evolutionsin afirst order Trotter
decomposition and explicitly marked the position of unit operators by white squares. We would
like to calculate (O(t)), where the operator sits on site 2. Let Us look at the last Trotter steps
(rows5and 7). Inrow 5 there are several evolution operators e+t with corresponding operators
e Mtin row 7. But this means that they cancel each other and can be replaced by unit operators,
except in columns 2 and 3 because they have O interposed. If, in turn, we look now at rows 4
and 8, there are now evolution operators cancelling each other in columns 5 through 8; the other
ones do not cancel, as they sandwich non-identity operators. Likethis, we work our way towards
the bra and ket states, until no cancellation is possible anymore. The resulting tensor network
shows a large degree of replacements of complicated tensors of bond (row) dimensions larger
than 1 by identity tensors with bond dimension 1, which means that contractions become trivial
and no compression is needed. There remains an agorithmic light cone of evolution operators
that “see” the presence of a non-trivial operator O to be evaluated. Note that this algorithmic
light cone is not to be confused with a physical light cone: if we send At — 0, the algorithmic
light cone becomes infinitely wide for any fixed timet. Physicaly, the Lieb-Robinson theorem
states that beyond a “light cone” of width x = 2ct, where ¢ is some problem-specific “veloc-
ity”, correlations decay exponentially fast, as opposed to the hard cut imposed by a relativistic
light cone. The physical light cone and the special decay of correlations is at the basis of very
interesting algorithmic extensions of the MPS/tDMRG/TEBD algorithms of the last section by
Hastings[102, 113], which | will not pursue here.

While this structure becomes more complicated if we look, e.g. at n-point correlators, we
may look at a huge algorithmic saving, even though we have to pay the price that for different
locations of operators, new networks have to be considered.

What is the prize for calculating at different times, e.g. (O(t1)), (O(t2)) and so on? Thisisa
very natura question, as we might be interested in the time evolution of, say, some local density.
If we do not use the light cone, then we simply calculate the contraction moving inwards, calcu-
late some average, retrieve the stored result of the contraction up to the line with the operators,
add more Trotter steps, contract, calculate some average, and so on. This is exactly what we
have been doing all along. Of course, the light cone generated by the operator acting at time
t, > ty is different from and larger than that generated by the operator acting at time t 1. But if
the Hamiltonian is time-independent, the larger light cone contains the smaller one at its tip. It
therefore makes numerical sense to reverse the time evolution, and work from the future towards
the past. But this correspondsto nothing else but a switch to the Heisenberg picture.

8.1.2. Heisenberg picture
Mathematically, the switch to the Heisenberg picture is nothing but a rebracketing:

(1)) = WOIOW(D) = WIe ™0 y) = WIOWVIV), (281)
where we have introduced the time-dependent operator
o) = eFtOe M, (282)

If we Trotterize the time evolutions present, we arrive exactly at the light cone structure of the
last section, except that it has not been contracted yet with bra and ket; Fig. 52.
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Figure 51: Light cone: The diagrams are to be read from left to right, in the top and then the bottom line. On the top left,
an operator is sandwiched between two time-evolved states; taking Trotter evolution into account, identity operators are
marked by white squares. Working our way outward from the center towards the top and bottom, bond evol ution operators
cancel each other to identities, provided they do not sandwich the operator or (therefore) surviving bond operators. The
result isalight cone of evolution operators, surrounded by numerically trivial identities.

Figure 52: Time evolution of an operator O in the Heisenberg picture, translated to the MPS/M PO representation. Each
symmetric set of layers around the operator corresponds to one time step (more precisely, part of a Trotter time step).
The light cone widens asa larger and larger section of the |attice is affected byO. The identity operator (white square) is
inserted for reasons of symmetry, but without explicit function.
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This allows to set up time evolution in the Heisenberg picture [51, 52]. Technically, one con-
structs a spatially growing MPO from MPO-MPO-multiplications as encountered e.g. in the
calculation of the action of H2. If the current MPO of the time-evolved operator consists of local

00,

MPOs of the form O, ', and bond dimension D (on sites i where it actually has to be consid-

ered), and if the time evolution MPO (for =) reads W' o ,, With bond dimensions Dy, then the
operator reads after (part of) the time step

oj,07 .'
O(bllai 1,Ci-1),(bi,8,Ci) _Z b|1b|

O-l

Zoﬁ;' fa i ] (283)

with bond dimensions DD\ZN. This operator is then compressed down to bond dimensions D as
explained earlier for MPOs, essentially using the method for compressing MPS.

This sets up a“conventional” time evolution: instead of a state, an operator in MPO form is
subjected to time evolution by MPOs, and compressed to manageable matrix dimensions after
each time step. We can basically recycle most of the algorithm.

What are potential advantages and disadvantages of thisformulation? First of all, the savings
due to the agorithmic light cone are immediately incorporated. Second, we may hope that
truncations are smaller: while the network contracted over is identical in the Heisenberg and
Schrodinger picture, truncationsin the Schrodinger picture do not take into account the operator
and hence are less specific - one may enviseage that for “simple” operators like local density a
lot of the fine structure of the state evolution is not really needed, and evolving the operator itsel f
tells us which information is needed specifically for this operator.

A corresponding disadvantage is of course that calculations need to be redone for differ-
ent operators, which in the Schridinger picture may be evaluated whenever one likes, provided
the time-evolved wave function is stored. Of course, here the corresponding advantage is that
for different states one may evaluate whenever one likes, provided the time-evolved operator is
stored.

At the moment of writing it seems indeed that for simple operators the reachable time spans
can be extended substantially, but | would find it hard to commit to some rule of thumb.

8.1.3. Transverse contraction and folding

Of course, theiterative build up of the state asit evolvesin time appealsto our intuition about
the world, but there is nothing that prevents us to contract the same network in the spatial direc-
tion, i.e. column by column; as the order of contraction may influence efficiency quite strongly,
maybeit helps. In order to recycle existing programs, one may simply rotate the current network
by 90 degrees counterclockwise, and obtains a lattice of width (2nN + 3) and height L. If we
continue to label tensors T by the vertical before the horizontal and in the row-column logic
of amatrix, then tensorsin the new lattice read

—{i.jlud L
TI[IrJ]u TL[JI:d+1 ],l]r,l’ (284)

as can be seen from Fig. 53. Then we can contract again line by line.

As it turns out, a simple rotation (or transverse contraction) does not extend the reachable
timescale. It is by an additional folding step that a strong extension of the timescale is possible
[53]. The folding happens parallel to the new “time” (i.e. real space) axis, and halves the extent
of the new “space” (i.e. real time) domain. Instead of sites 1 through 2nN + 3 we then have
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»space” [j]

rotation by 90°
and reflection
of ,,time*“-axis

time [i] Htime* [i]

Figure 53: Rotating the lattice for code reusage: Assuming a space-time labeling [i, j] with time i and space j (which
after rotation refersto ficticious “time” and “space”) tensor indices u,d and |,r exchange places as shown in the figure.

(il

folded ,,space*

Figure 54: The rotated lattice is now folded on the “space” (former time) axis which has 2nN + 3 = L sites. Sites
corresponding to same times come to cover each other (indicated by an ellipse); the line on which operators are evaluated
at final time remains single at the bend.

doublesites 1 through nN + 2, where double site 1 comprisesold sites 1 and 2nM + 3, double site
2 comprises old sites 2 and 2nN + 2; generally i comprisesold sitesi and 2nN + 4 — i, up to the
pair (NN + 1, nN + 3). ThesitenN + 2 is specia: as we are folding an odd number of sites, one
siteremainssingle. ThisissitenN + 2, which correspondsto the line that contained the operators
to be evaluated at time t. On all the other sites, we fold tensors onto each other that correspond
to “identical” timesteps, one forward and one backward in time.

The expectation is that this folding of forward and backward timesteps |leads to cancellations
in entanglement buildup, such that larger times can be reached (the growth in D is not as fast).

To simplify notation, we define L’ = 2nN + 3 = 2¢ + 1. If we read the bottom end of the
folding as an MPS, the folded state also starts with an MPS whose matrices are formed as

fs _ g flilonoua _ Flbillolb b dilon
Ma1f71>a1'f h M(aiflvaL’tlfil)»(aisaL'—i) T ag TaL’-i’aL"'l‘i (285)
forall 1<i<¢and [L,6+1]
—[L, s
Mf[[+1]2i+1 — Mf[[+1](r[+1 — Ta{,a“l( +1 (286)

a;,l (a{>a(+1)al

We have defined d? “fat” local states|;) = |o7i)|o41-i) Oneach site, except site £+ 1, whereit re-
mains of dimensiond (for programming, one may of courseintroduce adummy site). Similarly,
we construct the new tensors for the folded MPOs.

If we assume that the original lattice and the Hamiltonian acting on it were trandlationally
invariant, at least for translations by an even number of lattice sites, we can write the contractions
conveniently using a transfer operator. If we call the state on the first line (first “time” dice) of
the folded lattice |y ) (corresponding to site L of the original lattice) and the one on the bottom
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Figure 55: Representation of the transfer operator E (dashed rectangle; note direction of action) in the unfolded, unrotated
representation of the time evolution network. It repeats throughout the lattice by spatial translation by two sites, except
on the sites with evaluation of an operator, where it is modified accordingly.

line (last “time” dlice) (1|, then (i odd for smplicity)

(YL |EC-I2EQEC-D/2)y)
(YLIEC-2/2]yq)

Here, we have introduced the transfer operators E and E o on stripes of length ¢ and width 2,
as represented in Fig. 55 (in unfolded, unrotated form for simplicity of representation). E o is
derived from E by inserting O instead of the identity at site ¢ + 1.

This can be evaluated by iterative contractions and compressions for spatially finite lattices,
but one can also take the thermodynamic limit. Let us assume an eigenvector decomposition of
E as

(G = (287)

E= Z AiliXil. (288)

Note that E is not hermitian, hence|i) and (i| are not adjoint, but distinct right and left eigenvec-
tors. From the biorthonormality of those,
; L _ g Liivsi — oL
lim E = lim Z ALfix(il = A5IRX(LI, (289)
where | have assumed that the largest eigenvalue A is non-degenerate (which is usually the case)

and changed notation to |R) and (L| for the associated right and | eft eigenvectors.
We then obtain in the thermodynamic limit as expectation value

(LIEoIR)

A
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where 1o = (L|E|R). 2-paint correlators would then be given by

r
(GiPj) = —<L|E3Ir5+2E i (290)
0
wherer isthe number of transfer operators between the sitesi and j.

In order to evaluate such expressions, we obviously need 1, |R) and (L|. Asthe components
of E are explicitly available, we can construct its transpose equally easily, hence reduce all to
the determination of two right eigenvectors. As we are looking for the largest eigenvalue, the
power method (iterative application of E to a guess vector) will work. But one can equally read
E as the MPO representation of some non-hermitian operator, and reuse iterative ground state
search techniques, with two modifications: the search for the lowest eigenvalueis replaced by the
highest eigenvalue and the conventional Lanczos algorithm has to be replaced by non-hermitian
methods, either the biorthogonal Lanczos algorithm or the Arnoldi method.

While the coding is more involved than for standard time evolution, the timescal es reachable
are extended substantially, factors 3 to 5 seem easily possible.

8.2. Linear prediction and spectral functions

Spectral functions S(k, w) are among the most important theoretical and experimental quan-
tities in many-body physics. While there are very accurate ways of calculating them directly at
T =0]9, 10, 11, 12], thereis also an indirect approach, pioneered in [49], to calculate real-time
real-space correlators like (éi*(t)éj‘(o», and to carry out a double Fourier transform to momen-
tum and frequency space. This approach has the advantage to extend to finite T seamlesdly, but
suffers from the limitations of reachable length and time scales.

Of these, the limitationsin time are much more serious, because of the rapid growth of entan-
glement in time. The time scales reachable are mostly so limited that a naive Fourier transform
gives strong aliasing or that one has to introduce a windowing of the raw data that smears out
spectral information quite strongly. This limitation can be circumvented however at very low
numerical cost by a linear prediction technique both at T = 0[114, 115] and T > 0[116] that
extends reachablet and thereby greatly refines resultsin the frequency domain.

For atime series of complex data Xo, X1, . .., Xn, . . ., Xy @ equidistant pointsin timet, = nAt
(and maximal time tops ;= NAt) obtained by DMRG one makes a prediction of Xn:1, Xn+2, - - .-
For the data points beyond t = tops, linear prediction makes the ansatz

p
% == ) &% (292)
i=1

The (predicted) value X, at time step n is assumed to be a linear combination of p previous
values {Xn_1, ..., Xn—p}. Oncethe & are determined from known data, they are used to calculate
(an approximation of) al x, withn > N.
The coefficients a; are determined by minimizing the least square error in the predictions over
a subinterval ty € (tops — tiit, tons] Of the known data (corresponding to a set Q = {n|tops — it <
NAt < tops}), i.€. we minimizein the simplest approach E = 3o 1% — Xnl%. it = tops/2 isOftena
robust choice to have little short-time influence and enough data points. Minimization of E with
respect to g; yieldsthe linear system
R3 = -, (293)
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where R and I are the autocorrelations Rji = Yneq X;_jXn-i ad Ij = Yneo X% EQ. (293) is
solved by & = —-R7I7.

One may wonder why extrapolation towards infinite time is possible in this fashion. As
demonstrated bel ow, linear prediction generates a superposition of oscillating and exponentially
decaying (or growing) terms, a type of time-dependence that emerges naturally in many-body
physics: Green's functions of the typical form G(k,w) = (w — ex — Z(k,w))™* are in time-
momentum representation dominated by the poles; e.g. for asinglesimplepoleat w = w1 — im
with residue ¢;, Green's function will read G(k, t) = ce7'1tt, and similarly it will be a super-
position of such termsfor more complicated pole structures. Often only few poles matter, and the
ansatz of the linear prediction is well suited for the typical properties of the response quantities
we areinterested in. Where such an ansatz does not hold, the method is probably inadequate.

To see the special form of time-series generated by the prediction, we introduce vectors
Xn = [Xn, - -+ Xnp+1] | SUch that (292) takes the form

i1 = Ay, (294)
with
—a; —ady —ag —ap
1 0 0 0
A= O 1 0 -0} (295)
0O -~ 0 1 0

with the g as the elements of the vector & found above. Prediction therefore corresponds to
applying powers of A to the initial vector Xy. A (right) eigenvector decomposition of A with
eigenvalues «; leadsto

P
Rnem = [A"RN]1 = ) Gal, (296)
i=1
where coefficients ¢; are determined from Xy and the eigenvectors of A. The eigenvalues «/
encode the physical resonance frequencies and dampings. The connection is given as a; =
guirt-mAt Spurious |aj) > 1 may appear, but can be dealt with[116].

At T = 0, critical one-dimensional systems exhibit power-law decaysin their time-dependent
correlators. The superposition of exponentia decays is then taken to mimic these power-laws
[114]. At finite temperatures, time-dependent correlators S(k, t) decay typically exponentially
for large times (due to thermal broadening), making linear prediction especially well-suited for
thissituation. Thisisalso closetotypical experimental situations, likeinelastic neutron scattering
off one-dimensional magnetic chains.

As example, let us consider a field-free Heisenberg antiferromagnet with JZ = 0 (XY-chain)
and J* = 1. The former case allows for an exact analytical solution. It turns out that prediction
allows to extend time series S(k, t) by over an order of magnitude without appreciable loss of
precision. In frequency space, this corresponds to extremely high-precision spectral lineshapes
(Figure 56).

As the dispersion relation of the XY-chain is just a simple magnon line, its self-energy
structure is very simple, hence the prediction method easily applicable. As a more demand-
ing example, we consider the spinon continuum of an isotropic S = 1/2 chain; Fig. 57. In the
zero-temperature limit, results agree extremely well with Bethe-ansatz results (where remain-
ing differences are hard to attribute: the Bethe ansatz here can only be evaluated approximately
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Figure 56: Lines and dots represent exact analytical and numerical solutions for the lineshape of the spectral function
S*(k, w) of an XY-chain at temperatures 8 = 10 and 8 = 50 (broad and narrow lineshapes) for (from the left) k = /8,
k = /3, k = 3r/4. The dashed lines are the shapes that would optimally be extracted from the 8 = 10 simulation without
prediction using some windowing of the raw data before Fourier transformation. Adapted from [116].

[117]). At finite temperatures, simulations at different precision indicate that results are fully
converged and essentially exact. This lets us expect that this method will be a powerful tool in
e.g. simulating the results of neutron scattering experiments.

8.3. Minimally entangled typical thermal states

Simulating thermal density operators for the calculation of static and dynamic properties
works very well. Theoretically, there are no limits to this method. In practice, one encounters
severa limitations. On the one hand, simulations become difficult at very low temperatures
T — 0. Inthislimit, the mixed state living on the physical system P will evolve towards the pure
state projector on the ground state, 57, = e )p p(eo| (NErel use ¥ )p asthe ground state of the
physical Hamiltonian H, to refer to 8 = oo asin the purification section). But in this limit Pisnot
entangled with the auxiliary system Q anymore, and we simulate a product of two pure states:
assume for simplicity that the ground state energy is set to 0. Consider now the reduced density
operator for the auxiliary system. Up to an irrelevant norm,

PR = Jim Troe P 2gc) wole ™2 = oy )bl (297)

because in the limit 8 — oo the trace reduces to the ground state contribution, Trp — p(¥/e| -
lWeo)p. With the 8 = O purification of the density operator, [yo) = d™/2 ¥ o |0)plor)q, the last
expression reduces, again up to an irrelevant norm, to

5= 2 0TI ol W = Wedq ofWech (298)

oo’

where the y7 are the expansion coefficients of the ground state. Hence, the zero temperature
purification is a product state

[Yo) = |l//00>P|lyboo>Q’ (299)
where the latter state is just the physical ground state defined on the auxiliary state space. As-

suming that it can be described with sufficient precision using matrix dimension D, the product
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Figure 57: Spectral function of the isotropic Heisenberg chain at two momenta, and four different temperatures. At
T =0, Bethe ansatz (B.A.) and numerics agree extremely well. Adapted from [116].

will be described by matrices of dimension D2. Effectively this means that our algorithm scales
with the sixth instead of the third power of the characteristic matrix dimension for the problem
under study. On the other hand, and this is the issue prediction has tried to address, we en-
counter long-time simulation problemsin particular a high temperatures T — oco: many states
contribute at similar, but not identical, weight and MPS are not efficient at encoding this wealth
of contributing states.

AsWhite[97, 118] has pointed out, one can avoid the purification approach entirely by sam-
pling over acleverly chosen set of thermal states, the so-called minimally entangled typical ther-
mal states (METTS). This approach has already shown to strongly alleviate the first limitation,
while not much is known yet about the second limitation.

A thermal averageis given by

(A = %Tre-ﬁﬁA - % 3 e i), (300)
n

where | have chosen, like al textbooks do, the energy representation of the thermal density op-
erator. As aready pointed out by Schrodinger many decades ago, thisis mathematically correct,
but unphysical in the sense that real systems at finite temperature will usually not be in a statis-
tical mixtures of eigenstates, as eigenstates are highly fragile under coupling to an environment.
But the choice of the basis for taking the trace is arbitrary, and one may also write

A= 2> e ATl = S PY@IAE) (301)

where {li)} is an arbitrary orthonormal basis and [¢(i)) = P(i) ~Y/2e1/2jiy. With P(i) = (ile i),
we recoghize |¢i) to be normalized. It is easy to see that }; P(i) = Z, hence the P(i)/Z are
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probabilities. One can therefore statistically estimate (A) by sampling |¢(i)) with probabilities
P(i)/Z and average over (¢(i)| Alg(i)).

Several questions arise before this can be turned into a practical algorithm. How can we
sample correctly given that we do not know the complicated probability distribution? Can we
choose a set of states such that averages converge most rapidly? Given that an imaginary time
evolution will be part of the algorithm, can we find a low-entanglement basis {i}} such that time
evolution can be done with modest D, i.e. runs fast?

To address these issues, White chooses as orthonormal basis the computational basis formed
from product states,

iy = lipli2)lis)...[iL), (302)

classical (unentangled) product states (CPS) that can be represented exactly with D = 1. The
corresponding states L
) = ———e P2 303
(i) N=0] li) (303)
are so-called minimally entangled typical thermal states (METTS): The hope is that while the
imaginary time evolution introduces entanglement due to the action of the Hamiltonian, it is
a reasonable expectation that the final entanglement will be lower than for similar evolutions
of aready entangled states. While this is not totally true in a strict mathematical sense, in a
practical senseit seemsto be! Compared to purification, thiswill be amuch faster computation,
in particular as the factorization issue of purification will not appear.

In order to sample the |4(i)) with the correct probability distribution, which we cannot cal-
culate, one uses the same trick as in Monte Carlo and generates a Markov chain of states,
liz) — i) — lis) — ... such that the correct probability distribution is reproduced. From
this distribution, we can generate |¢(i1)), |¢(i2)), |#(i3)), . .. for calculating the average.

The agorithm runs as follows. we start with a random CPS |i). From this, we repeat the
following three steps until the statistics of the result is good enough:

e Calculate et/ 2Jiy by imaginary time evolution and normalize the state (the squared norm
is P(i), but we won't need it in the algorithm).

e Evaluate desired quantities as ()| Algp(i)) for averaging.

e Collapse the state |¢(i)) to a new CPS |i’) by quantum measurements with probability
p(i — i") = [{i’|p(i))?, and restart with this new state.

Let us convince ourselves that this gives the correct sampling, following [97]. Asthe |¢(i))
follow the same distribution as the |i), one only has to show that the latter are sampled correctly.
Asking with which probability one collapes into some |j) provided the previous CPS |i) was
chosen with the right probability P(i)/Z, one finds

PG) PA) v - N Lz Lo gir _ PO)
—_— = —_— = — = — = —, 4
Z >~ = ) Z = Kile() Z Kl = = (jle™j) = ==, (304)
This shows that the desired distribution is a fixpoint of the update procedure. It is therefore
valid, but it is of course sensible to discard, as in Monte Carlo, a number of early data points, to
eliminate the bias due to theinitial CPS. It turns out that - after discarding the first few METTS,
to eliminate effects of the initial choice - averaging quantities over only a hundred or so allows

to calculate local static quantities (magnetizations, bond energies) with high accuracy.
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While we already know how to do an imaginary time evolution, we still have to discuss the
collapse procedure. Asit turns out, the structure of MPS can be exploited to make this part of
the algorithm extremely fast compared to the imaginary time evolution.

For each site i, we choose an arbitrary d-dimensional orthonormal basis {|5-;)}, to be distin-
guished from the computational basis {|o-;)}. From this we can form projectors BT = |55l
with the standard quantum mechanical probability of a local collapse into state |5;) given by
Pz = <¢|If><~’i|w>. If we collapse ) into the CPS |y’) = |G1)|072) ... |07L), the probability is given
by (WPt ... P7ty) = |(/'|¥)f2, as demanded by the algorithm. After a single-site collapse, the
wave function reads .

W) = P3P ). (305)

where the prefactor ensures proper normalization of the collapsed state as in elementary quan-
tum mechanics. To give an example, for S = % spins measured along an arbitrary axis n, the
projectors would read

- 1
PTn;ln = E +n- S (306)

Such a seguence of local measurementsand collapses on all sites can be done very efficiently,
as pointed out by [97], if one exploits two features of MPS and CPS: (i) local expectation values
can be evaluated very efficiently if they are on explicit sites (in DMRG language) or on sites
between left- and right-normalized sites of a mixed-canonical state (in MPS language) and (ii)
after the collapse, the resulting state is a product state of local states on all collapsed sites and
the uncollapsed remainder.

Assume that |¢) is right-canonical (with the relaxation that the normalization on site 1 is
irrelevant). Then the evaluation of ps, = (Y| =2 ) trivializes because the contraction of the
expectation value network over sites 2 through L just yields ¢ 5, o . Hence

WPy = Y BIoulPoy)B =

al,O'l,O"l aj

Bg, (o1lo1)

o1

> B;’Ewnap}. (307)

This expression looks very specific to thefirst site (because of the open boundary), but aswe will
seeit is not!

Once the probabilites for the collapse on site 1 are calculated, one particular collapse is
chosen randomly according to the distribution just generated, |0-1). The state after collapse will
be of the form |61 )|yres), hence aproduct state. Therefore, the new matrices (which we call A7t)
on site 1 must all bescalars, i.e. D = 1 matrices. From |6) = Y, loXo|d) = 3, |0)A” they are
given by

AT = (1l ), (308)

it is easy to see that |eft-normalization is trivialy ensured, hence the labelling by A. But this
changein the dimension of A“* meansthat B2 hasto be changed too, namely
Bla, = MZ,, = P52 ) (Galon) BE B, (309)
01,81

Asthelabel 7 takes a definite value, it isjust adummy index, and the row dimension of M 72 is
just 1, like for the matrices on thefirst site. Hence, Eq. (307) generalizesto all sites, and the most
costly step isthe update of B“2, which scales as D?d?, but not as D3, as time evolution does.
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To see the substitution, we express P71 as an MPO, W19 = (o1l01){1]07}). Hence, the
collapsed |y) reads

P2 > N (alGa)Faloy)BUB o) =
g

;
g1

_1/2,~ 1
Z ZA(fl Z P3, T 1lo) BT, BEZa, [ (BT ... B gy al0r),
g

U'/l a

which yields the substitution.

A few more comments are in order. At each site, the measurement basis can be chosen ran-
domly, and in order to obtain short autocorrelation “times’ of the Markov chain, i.e. high quality
of the sampling, thisis certainly excellent, but also much more costly than collapsing alwaysinto
the same basis, which however generates ergodicity problems. The proposal isto switch aternat-
ingly between two bases where for each basis projectors are maximally mixed in the other basis
(e.g. if we measure spins alternatingly along the x- and z- (or y-)axis). Autocorrelation times
then may go down to 5 steps or so [97]. For estimating the statistical error, in the simplest cases
it is enough to calculate averages over bins larger than the autocorrelation time, and to look at
the statistical distribution of these bin averagesto get an error bar.

Intriguing questions remain, concerning both the potential and the foundation of the algo-
rithm: how well will it perform for longer-ranged correlators, as needed for structure func-
tions? Dynamical quantities can be accessed easily, as the time-evolution of the weakly en-
tangled METTS is not costly - but will the efficiency of averaging over only a few “typical”
states continue to hold?

8.4. Dissipative dynamics. quantumjumps

Dissipative (i.e. non-Hamiltonian) dynamics occurs when our physical system A is coupling
to some environment B such that A is an open quantum system. This is a very rich field of
physics, so let me review a few core results useful here. The time evolution of the density
operator of the system can always be written in the Kraus representation as

palt) = > EADAAEN (), (310)
j

where the Kraus operators meet the condition

Z ENOEL®D = Ta. (311)

I

If the dynamics is without memory (Markovian), it depends only on the density operator at an
infinitesmally earlier time, and a master equation, the Lindblad equation, can be derived. In
the limit dt — 0, the environment remains unchanged with probability po — 1 and changes
(quantum jumps) with a probability linear in dt. |If we associate Kraus operator E,‘i(t) with the
absence of change, a meaningful ansatz scaling out timeis

EQ(dt) = fa+O(dt)  EL(dt) = Vatll (j>0) (312)
or more precisely A . A A
ES(dt) = I + (Ka — iHa)dt, (313)
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with two Hermitian operators Ka and Ha. The normalization condition of the Kraus operators
entails 1
Ka = - Z LI (314)
>0
These ansatzes allow to derive a differential equation from the Kraus evolution formula, which
isthe Lindblad equation

% _ _in s cistit _ Lt A

& = ~iA.7] +;LpL S0 B, (315)
where | have dropped the indices A. Indeed, in the absence of quantum jumps (j = 0 only),
one recovers the von Neumann equation. At the price of non-hermiticity, this equation can be
simplified. If we introduce Heg := H + iK, then the last term disappears and we have

% = —i[Henp — pHL] + ; CipLit, (316)

The simulation of Lindblad equationsis possible quite easily in the MPS formalism, in par-
ticular using MPOs [50], but aso in the form of a superoperator formalism [121]. The problem
with this approach is that it is numerically more costly compared to the Hamiltonian evolution
of astate. A very attractive aternative, which allows maximal reusage of available pure state
codes, has been proposed by [122], which combines pure state time evolution with the method
of quantum trajectories.

The method of quantum traj ectories has been widely applied in quantum opticg[123]. Instead
of using the Lindblad equation directly (which takes into account both the probabilistic distri-
bution of initial states through p(0) and all possible sequences of quantum jumps), the quantum
trajectory approach samples over the distribution of initia states, and for each of this sample
states carries out a pure state time evolution where random quantum jumps occur at random
times. They are chosen such that if one averages physical quantities over this distribution of
time-evolving states, the result of the Lindblad equation isrecovered. Let usignore the sampling
over initial states, assume that it is always the same, and instead focus on the conceptually more
difficult averaging over quantum jumps.

The a gorithm then proceeds by generating N quantum trajectoriesin atime interval [0, T]
(where T isthefina time of the simulation) as follows:

o Generate a starting state |y(0)); it either samplesthet = O density operator correctly or is
simply always the same, depending on the physical problem.

e Choose auniformly distributed random number po in [0, 1].

e Carry out, using one of our pure state time evol ution methods, the time evolution of |i4(0))
under Her. As the effective Hamiltonian is non-hermitian, the norm of the state will de-
crease over time. Stop the time evolution at timety, which is defined by (¥/(t1)[¥(t1)) = Po;
thisis the time of the first quantum jump. Notethat if T < t;, our simulation stopsat T
and we have a trgjectory without jump, and we normalize the fina state.

e To carry out the quantum jump at t1, we calculate

= pJ
>0 Pj

pi = W)L Cly(t))  p; (i>0 (317)
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and choose a j according to the normalized probability distribution {p ;}.

e We carry out thisjump and normalize the state,

Lly(te))

or . 318
L () (319

lu(ty)) =

o After this, we continue with finding a new po, from which time evolution of |y (t7)) with
He generatesty, the location of the second quantum jump, and so on, until T is exceeded.

Physical quantities up to time T are now averaged over the N quantum trajectories that have
been generated. The correct probabilitiesare produced if all states are normalized at al times; as
thisis not the case in the algorithm, norms at say timet have to be taken into account. Obviously,
a careful analysis of convergencein N — oo has to be carried out, but it seems that for a small
number of jump operators, even afew 100 trajectories may give highly reliable results[122].

The observation that this sampling reproduces the dynamics of the Lindblad equation is part
of the standard literature on quantum trajactories. The proof can be done in two steps, which |
just sketch here. In afirst step, one considers fixed time steps dt, and cal culates probabilities for
nojumpvs. jump j inthistimeinterval (p; = dt(w(t)IL1Ciy(t)), po = 1~ 3 pj). Onethen either
time-evolves under Heg over dt and normalizes, or does the jump and normalizes, according to
the generated distribution. One can show that this reproducesthe Lindblad equation. In asecond
step, one shows that the distributions of quantum jumps generated in this way and the one we
use in the algorithm are identical.

9. DMRG and NRG

9.1. WiIson's numerical renormalization group (NRG) and MPS

Wilson's Numerical Renormalization Group (NRG) [57, 58, 59] originates in attempts to
explain why metals with a small concentration of magnetic impurities exhibit a hon-monotonic
behaviour of resistivity. It was found that an adequate minimal model is provided by

Ha = Z atl € + Z Vi(fie, . +hc)+ U(hs - 1/2)(Rr, - 1/2). (319)
ko ko

This single-impurity Anderson model contains an impurity site that can be occupied by up to
two electrons (operators f)') with on-site repulsion U and which couples to a conduction band
(operators c“:LT) with energy dispersion e, through some hybridization function Vy.

In order to make it tractable, one changes from momentum to energy representation, as-
suming that only low-energy isotropic s-wave scattering matters, and introduces logarithmic
discretization: the band is represented by band segments of an energy width that decreases ex-
ponentially close to the Fermi energy er. This accounts for the observation that the decisive
feature of quantum impurity physics, namely the appearance of a very narrow resonance peak at
the Fermi energy in the local impurity spectral function, is linked exponentially strongly to the
states close to the Fermi energy. Logarithmic discretization is however also required to make
NRG work at all on atechnical level!
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After further manipulations, for which | refer to [57, 58], the Anderson Hamiltonianisfinally
mapped to a semi-infinite chain of non-interacting sites with the exception of thefirst one:

00

H = U(Asy - 1/2) (A1 — 1/2) + tg Z(f“;ao(, +hc)+ Z to(d! dni10 + h.C), (320)

o,n=0

where the 6(7 are fermionic operators. The crucial point is that the t,, decay exponentially, t, ~
A", where A isthe shrinkagefactor of the energy bandsin the logarithmic discretization, usually
avalue of the order 1.5 to 2. Thisis obviously a model that is amenable to our methods, e.g. a
ground state search — as the hoppings decay exponentially, we will not have to consider a truly
infinite chain.

NRG builds on the observation that the exponential decay leads to a separation of energy
scales: assuming we know the spectrum of the partial chain up to some length, al remaining
sites will only make exponentially small correctionsto it because of the exponentially small en-
ergy scales further down the chain. Finding the ground state (and more generally the low lying
spectrum) is now achieved by iterative exact diagonalization: assume that we have an effective
D-dimensional eigenspace for some left-end part of the chain. Then the next-larger chain has
state space dimension dD = 4D; in order to avoid exponential growth, we have to truncate down
to D states. The NRG prescription is to diagonalize that system and to retain the D lowest-lying
eigenstates. Starting out from very short chains that can still be done exactly, this procedure
resolves the lowest-lying states exponentially well and is justified by the separation of energy
scales: the decision which states to retain at some step would not be drastically changed with
hindsight, as all further sitesin the chain interact at much smaller energies. The obtained eigen-
spectraat different energy scales (chain lengths) can then be used to extract RG flow information
or calculate thermodynamic or dynamic quantities for the impurity problem.

Given that the building block A” of an MPS can be interpreted as encoding a decimation step
upon growing a block by one site, irrespective of the decimation prescription, it is immediately
obvious that NRG, like DMRG, can be seen as operating on MPS[60]. This closes a historical
loop asinfact the analysis of failures of NRG naively applied to Hei senberg and Hubbard models
gave rise to the development of DMRG. A NRG state would look like

ay = > (A Ao o). (321)

At each length ¢, we get a spectrum of D states.

Given that DMRG is variational over the MPS ansatz space, it is reasonable to expect that at
least some improvement must be possible over the NRG method. In fact thisis the case [60]; in
the next section, | am going to discuss some improvements which are already firmly established
and others which are more speculétive, i.e. where benchmarking on relevant complex problems
isstill lacking.

9.2. Going beyond the numerical renormalization group

Infact, considering an MPS formulation of NRG helps even without resorting to the connec-
tion to variational methods like DMRG, as exemplified by the strict enforcement of certain sum
rules [124], but thisis outside the topic of this review paper.

What we can do more, however, is to subject the final MPS construction generated by NRG
to DMRG-like sweeping. Thiswill somewhat improve the quality of the ground state, but above

103



0.08 grr—77W T T T
0.07! Rosch et al. o 107t
R VMPS =] ~— VMPS
¥ 008 — VMPS (deconv.) 3 1072t
~ " [&] H
- - = = NRG (A=1.7,b=04) L e ast7
E 005 i 50 100 1501
ZILL site n
\ 0.04|
©) [t
= 0.03 |{|| (01111 [RCCRMRRRT 1111111111111 e TS
E
L 0.02]
Z' B/TK:100
0.01 (J=0.1225, B=0.01)
0 . \
0 0.5 1 1.5 2

w/B

Figure 58: Impurity spectral function for aKondo model in an external field. Thin vertical linesindicate the energy inter-
vals: below acertain energy, logarithmic discretization is turned linear. Variational MPS calculations (with and without
deconvolution) reveal a peak missed by NRG, where the peak position isin very good agreement with a calculation by
Rosch et al. [125] combined with a perturbatively found peak shift. Taken from [60].

all, the truncation procedure for high energies (short chains) will learn about trucation at low
energies and vice versa. As opposed to NRG, there is now afeedback between energy scales. In
that sense, NRG for an impurity problem is a similar conceptual step as the warm-up procedure
infinite-system DMRG provides for variationa finite-system DMRG.

For logarithmic discretization, energy scale separation is big enough that this effect is minor
and for a simple single impurity problem with afocus on the Abrikosov-Kondo-Suhl resonance
the ultimate improvement is very limited, as NRG is geared to describe this feature optimally.
The essential point is that energy scale separation can now be abandoned altogether due to feed-
back, hence aso logarithmic discretization, and we may choose a more fine-grained resolution
of the energy band wherever it is physically suitable. This could find a variety of applications.

In one application, variational calculus over MPS was applied to an impurity problemin an
external field. The external field leads to a splitting of the peak into two spin-dependent ones,
shifted above and below the Fermi energy. In Figure 58 we consider one of these peaks, using
three techniques, NRG, an analytical approach[125, 126], and variational MPS (DMRG) calcu-
lus. NRG due to logarithmic discretization focuses on er and does not see the field-dependent
peak at all. Relaxing logarithmic discretization and providing sufficiently fine energy intervals
around the expected peak positions away from ep the shifted resonance can be resolved clearly
and even in very good agreement with analytics.

A second interesting application of this could be to replace NRG as an impurity solver in the
context of the dynamical mean-field theory (DMFT) [127, 128]. Inthat case, information beyond
the metallic resonance at the Fermi energy is required such that improving spectral resolution on
other energy scales would be highly desirable.

As the semi-infinite chain is non-interacting but on the first site, one can think about un-
folding it into an infinite chain of spin-1/2, with the impurity at the center and the presence or
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absence of spin-up or spin-down fermions corresponding to the 2 spin states, the left half of
the chain corresponding to the spin-up fermions and the right half to the spin-down fermions
[127]. Similar energies are now no longer grouped together, but in a DMRG-like approach this
does not matter anymore! Theintuition that spins that interact only through the central impurity
might be essentially unentangled is corroborated by actual calculations. Thisisimportant asthis
means we will not pay a strong price by increased matrix dimensions. On the contrary: if in the
NRG approach we are essentialy looking at two uncoupled spin chains parallel to each other,
this means that the corresponding MPS has dimension O(D?) if the spin chain has dimension D.
We can therefore expect that a NRG cal culation with state number D can be replaced by a faster
DMRG calculation with a state number O( VD).

Beyond this speedup, unfolding can of course also be applied if theimpurity couplesto multi-
ple bands, where NRG becomes exponentially complex[60]. The central site, of course, remains
the same, and its numerical treatment can become extremely costly, such that new strategies have
to be designed for that site. Much work remains to be done here, but first interesting follow-ups
on these ideas have been made[119, 120].

10. Infinite-size algorithms

10.1. Reformulation of infinite-system DMRG in MPSlanguage

After the extensive discussion of finite-system agorithms, let us now reformulate infinite-
system DMRG entirely in MPS language. It is convenient to label local states a bit differently
to account for the iterative insertion of sites; we call the states [c)[05) . .. loM)IoB) ... . [o5)loB).
Moreover, it will be very useful to give two labels to the matrices A and B, because the link
between the matrices and the site on which they were generated will disappear.

Starting from blocks of size O (i.e. achain of 2 sites), the ground state wavefunctionis |y 1) =
Lo o1o% |y 0By, Reading 7177 as matrix (W1)pa08, it is singular-value decomposed as
P! = U; AV From this we read off

A B
At = (U, BLT = (Vaos (322)

l, a1

A and B inherit left and right-normalization properties from U and V 7, and the state takes the
form

o) = ) ATEATIBI oA ), (329)

ofod
If we now insert two sites, and minimize the energy with respect to H, we obtain

wa= 3, AitEiohrtote) (324

A A B B
01020201

where each W22 is amatrix with dimensions to match those of A and B, implicit matrix multi-
plications A¥YB assumed. Reshaping this set of ¥-matricesinto one,

B
(Y2)(@rot) (a808) = (poics )at 8 (325)
SVD gives ¥, = UAlAV}, from which we can form

(2% [2of
Pgat = Verrnat B =V (320)
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Figure 59: MPS structure generated by infinite-system DMRG at step ¢: a string of left-normalized A, a string of right-
normalized B, joined by adiagonal singular value matrix All. Note that structurally the central unit does not repeat.

such that . . .
W2) = Z Al A7 AT BI27E BT | A A B By (327)
01030508

At the ¢th step, the wavefunction will read

o) = Z Alor AT ALARIAc? | gl oA AGB | oB) (328)
oA Aot oB
and look likein Fig. 59.

Of course, at each step we discard the smallest singular values and their associated singular
vectors once matrix dimensions exceed D, which is nothing but the density-matrix based trunca-
tion in the original formulation. At each step (new chain length) we can write down H for that
length as an MPO and do the energy minimization. Other operators find similar representations
asin thefinite-size case.

Let me briefly go through the reformulation of this algorithm in the I'A-notation. In the
first step we simply rename A and B into T, in line with the tranglation of boundary sites in the
finite-system case:

) = | TR AT oA D) (329)
ool
We then minimize Y727 in
oy = > THRpnri i ioAcArBes), (330)
A A B B

(7'1(7'2(7'2(7'1

and decompose it — as before — into Al272 Al B[22 Now we define (and due to the labelling,
thereisadlight change for the B-matrices compared to the finite-system setup)

A A B B
ABPZ = AA72 e Al - gl (331)
to arrive at N N . 8
o) = Z 1ot Aoy A [2 (2o A [ ltey |o-'1"\g-2Ag-ng-lB), (332
otogotod

asrepresented in Fig. 60.

We can now ask two questions: (i) in DMRG, finding the ground state by an iterative solver
like Lanczosisthe most time-consuming part. Can we find a speed-up by providing agood initial
guess? In finite-system DMRG the MPS formulation automatically yielded White's prediction
method, whereas attempts at speeding up infinite-system DMRG have been made in the past,
meeting with mixed success[129, 130]. (ii) Can we use the information at the chain center to

106



Al LAl Al Al2] Alll

Figure 60: MPS structure generated by infinite-system DMRG at step ¢ in the TA-notation: T and A matrices aternate,
and a possible identification of a (repetitive) two-site building block is given.

build atranslationally invariant state (up to period 2) in the thermodynamic limit, find its ground
state or evolveit in time?

The answer is yes to both questions, and builds on the identification of a two-site repetititve
structure in the states. As opposed to the A, B-notation, where the central unit does not repeat
itself even in the thermodynamic limit, it is very easy to read off a two-site repeat unit in the
I"'A-notation, given by

Al-Ilac) AlAae? (333)

Using the trandlation rules it can be trandated into the A, B-language:
AlATE AL BIATE (AL-1)-1 (334)

Thisresult can also be obtained directly from the A, B notation, but the argument is more compli-
cated thanintheI"A notation. Itisof courseto be understood that repeating these state fragments
does not generatethe state they were taken from; the claim isjust that in the thermodynamic limit
¢ — oo, when @l sites are created equal, this repetition can come close. In any case, they are an
educated guess about what the state will look like!

We will now put this state fragment to multiple use, first on finite systems generated by
infinite-system DMRG and then on thermodynamic limit states, both in the context of ground
state searches and time evolutions. In the former case, it will provide a highly efficient guess
for the next quantum state; the evaluation of observables on this state proceed exactly asin the
other finite systems. In the second case, both ground state and time evol ution algorithms can be
formulated (iDMRG and iTEBD), which however necessitate both an (identical) analysis of the
issue of orthonormality of states in the thermodynamic limit.

10.2. Sate prediction in infinite-system DMRG

The identification of the “unit cell” of the state allows us to define a good initial guess for
infinite-system DMRG[63], which avoids al the problems encountered by previous authors and
leads to a dramatic speed-up even for small chains, where the underlying assumption that the
chain center is representative of the physics of the thermodynamic limit stateis certainly wrong:
in order to grow the chain, we simply insert one unit cell, even though for small chains the idea
that the state is just a repetition of these unit cellsis not well verified — but even then so much
better than arandom guess. Starting from

W/» — Z A[l](ri‘ o A\[[—l]o"f‘_1 (A[(’]o'fA[(’] Bm(f? [A[[—l]]—l)A[(’—l] B[[—l]o"f_1 o B[l](r'flo_>’ (335)
o

where the repeat unit has been bracketed out, the guess will then read

A _
= YA A
o

107



(A[[](rf‘A[(’] B[(’]af+1[A[f—1]]—1)(A[(’]<f?+1A[(’] B[(’]a?[A[(’—l]]—l) %
Al-ugle-102, B[llﬂ'ﬂo-) (336)

or, multiplying out,

) = Y A Al AR AU AR AL B B g (337)
g

In this ansatz, we can now identify a guess for Wo#17%1 as
O-A O—B
Woiader = AR AU LIAA72: AL, (339)

From this ansatz, we can then iteratively find the Wo.9%1 that minimizes the energy in the
infinite-system DMRG framework, generating from it Alc+3ot.s | AL+ and BIC+ U0z,

Alternatively, the ansatz can be brought into in a more elegant form. At the moment, B-
matrices show up on the A-side of the lattice and vice versa. But we can exploit our ability to
canonize MPS, and canonize A11Bl37%: by SVD to Al+472: Al where A is derived from U
and A from DV in the way described before (AaB%, = Masp = Yk UarkD(V kb = Ag Awb)-
Similarly, we do a canonization from the right on Al4721 A4 to obtain A[L"] BU+Uot where Bis
from V'. Then we have an ansatz

ey = > Aln At AL gl e Bty g, (339)
(o
where
Al = ARTAFH AL, (340)

From this ansatz, we can then iteratively find the ALY that minimizes the energy, slightly mod-
ifying the minimization part of variational MPS for a single site. In general, the result will not
have the diagona form resulting from an SVD, because Ar and A are not diagonal to begin
with. But an SVD on it yields two unitaries that can be absorbed into the neighbouring A and
B without affecting their normalization properties, such that the final A [“*% is diagonal. In this
form, the algorithm can be represented asin Fig. 61.

As shown by McCulloch[63], this prediction leads to a dramatic speedup of infinite-system
DMRG which complements nicely prediction algorithms of finite-system DMRG: the overlap
between the predicted and calcul ated state often approaches unity up to 10 1 or so!

10.3. iDMRG: variational ground state search in the thermodynamic limit

Using the ideas of the preceding sections, it is very simple now to turn infinite-system DMRG
into a performing and precise algorithm, called iDMRG, referring to the thermodynamic limit
version of DMRG:

e Set up an infinite-system DMRG agorithm.
e Add the prediction procedure of the last section to the minimization algorithm.

¢ Runthe modified algorithm until convergenceis achieved. Convergence of the wave func-
tion to the thermodynamic limit can be judged by considering the relationship Eq. (121)

Z A[[]U'[pl[:] A[f]O'iT - p'[‘f—]-]’ (341)
o
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Figure 61: Summarizing representation of the infinite system algorithm including prediction. At each step, two more sites
are introduced, with an ansatz (white) calculated from the last iteration, leading to a new singular value decomposition
(black).

where pld = AIIAI and pli1 = AT AT are the reduced density operators of the
left half of the system. Notethat whilethisrelationship holds always between reduced den-
sity operatorsin the same finite system, here they originate from systems of two different
lengths 2(¢ — 1) and 2¢, such that this relationship is expected to hold only as afixed point
relationship for £ — oo. Following the same argument as for generating the ansatz for
the larger system, we may transform Al97c Al9 to AMBI+17e, Then the left-hand side of
the fixed point relationship simplifies, using right normalization, to A1Al" = 54, and it
becomes pl = pli=Y. If this relationship holds to high accuracy, the thermodynamic fixed
point has been reached. One way of measuring the closeness of the two density operators
is given by the fidelity [63]

RGP M) = Tryf ol Ak VL. (342)

Inserting the definitions and using cyclicity properties of the trace, one can show that
FEl, 5y = 3 s, where s, arethe singular values of AlIAI-07,

Of coursethe algorithm can be stopped at any time, but then we have afinite system result which
definitely can beimproved by using finite-system DM RG. The convergencecriterion givenreally
gives us access to the thermodynamic limit state, which we might write down formally as

) = Z ~pldaipla B[é’]m+1[A[f—l]]—lA[f]UnzA[f] BlAoi+3 [A[f—ll]—lA[é’]ffmA[é’] B[é’]fms[A[f—l]]—l o
o

(343)
where we take ¢ to be the iteration step when the convergence criterion is met. The question
is now how to evaluate expectation values. Obviously, we cannot write down a finite network
contraction as before; it will be of infinite size and therefore cannot be contracted naively. A
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contraction can only work if we can reduce the number to a finite number of contractions. For
finite-system networks we saw that |eft- and right-orthonormality alow to eliminate most con-
tractions. For observables on sites i and j, one only had to consider the contractions on and
between these two sites. There is however no reason why the thermodynamic limit state should
meet normalization criteria; in fact, usually it does not. We therefore need an orthonormalization
procedure. After that, expectation values can be evaluated as for a finite lattice with left- and
right-orthonormalization. Because this procedure is also important for the next algorithm and
conceptually a bit more advanced, | postponeit to an extra section.

At this point it should be mentioned that iDMRG can be related to earlier algorithmic ap-
proaches under the name of PWFRG (product wave function renormalization group) [131, 132]
which aready contain part of the above ideas; iIDMRG takes them to their natural completion.

10.4. iTEBD: time evolution in the thermodynamic limit

Inthissection, | switchtotheI'A notation, although the formulae can be easily trandated into
the A, B-formulation. Using our state fragment Al-U11Ae7 AlATTA9? e can set up an infinite
chain

W) = Z o (AATAT ABDBT) (AAPAT2 ABD B2y o), (344)
g

just like in the previous section, where TA7 = [1d07 [Br = 1007 AA = Al-1 and AB = Alf,
The fragment may be the result of a converged ground state calculation or from some simple
starting state that one can construct exactly.

We can now write down atime evolution in the Trotter form by applying an infinitesimal time
step to al odd bonds (which | will refer to as AB) and then on all even bonds (which | will refer
to as BA). The bond evolution operators will be exactly as in the tMPS/tDMRG/TEBD cases, |
will refer to them asUag = S, aoo, Ung -~ Cloace)(oaogl and similarly Uga.

Aswe have aready seen [cf. Eq. (338)], afull two-site fragment consists of a product of five
matrices, AAT~ABI'Bos A”, Then time evolution on bond AB yields a set of matrices

M7A7e = 7 Y7o R AATATA AT AR, (345)
TaATE
Upon the by now standard reshaping we obtain by SVD
MCATE — AU'AAB BO-B, (346)

where the new A®B (and correspondingly A”* and B?®) are truncated as in tDMRG or TEBD, to
replace the old one. Using A” (still from the last iteration), we can define new I'*7» and I'B7s
(viaA™ = AATA72 and B?® = I'B7sAA, This defines anew “unit cell”.

If we write it down and attach another one, we can read off the bond BA in the center of the
two AB unit cells as ABI'B7s AAT72 A B, for which time evolution gives

NoBOA — Z ngo—A’(T/B(T;*ABFBOJBAAFA‘r;*AB. (347)
TgEOA
Reshaping and SVD givesus
N787A = A7e AAB7A, (348)
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where again A” (and correspondingly the other matrices) are truncated and replace the old ones.
Using AB (till from the last iteration), we can define new I'8® and TA74 (viaB™» = I AB and
A”s = ABI®s, The problematic division by small singular values can be avoided by the simple
modification already discussed for TEBD [102].

By applying sequences of infinitesimal bond evolution operators we can therefore set up a
real or imaginary time evolution for the thermodynamic limit. This algorithm is referred to as
iTEBD, because it providesthe infinite-size generalization of TEBD [61].

Again, the question of orthonormality arises [62]. Let us assume that the initial state was
meeting orthonormality criteria. A pure real-time evolution generates a sequence of unitaries
acting on the state, which preserves orthonormality properties. But the inevitable truncation
after each time step spails this property, even though truncation may only be small. To turn
this method into a viable algorithm, we have to address the issue of orthogonaization in the
thermodynamic limit, as for IDMRG, after each step.

Let me mention here that McCulloch[63] has shown that iDMRG can be turned into iTEBD
by replacing the minimization on the central bond by a time-evolution on the central bond, with
some conceptual advantages over the original iTEBD algorithm.

10.5. Orthogonalization of thermodynamic limit states

WithiniDMRG on afinite system, A- and B-matricesretain left- and right-normalization; this
impliesthat the left and right block states are orthogonal among each other, as shown previously.
We will call astate with this property orthogonal in a slight abuse of conventional usage. Aswe
have seen in the previous section, we may use afragment

PNGEANG] B[!’]fr?( ALyt (349)
that we can repeat to build up an infinitely long chain,

Wy = Z L ATiAll Bt)'i+1(A[f—1])—1Atri+zA[(’] Bt)'i+3(A[f—1])—1Atri+4A[(’] BYi+5 (A[f—ll)—l ...lo), (350)
[

where | have simplified the notation of A, B. The problem with these states is that, for an
arbitrary bipartition into two blocks, the states on the left and right blocks will in general not be
orthogonal: if we transform Al9B into AAL as described above, the chain will read

) =) ... ATATPATATPATATP o), (351)
o

where P = AI(AI=U)-1 1 we absorb P into the A to its left, AP — A, the normalization
condition becomes e o
Z AR =P Z A7TA7p = PP, (352)
o o

In general, however, PP # |. Thisis not only the case if £ is small and we are far from the
infinite-system fixed point. It is also the case at the fixed point as long as the discarded state
weight isfinite, which is usually the case in DMRG calculations, even if it is very small.

As pointed out by Orus and Vidal[62] — in the presentation | follow [63] —, a condition to
detect orthonormality is to check whether the expectation value of the unit operator between two
block states|a), |a’) isda« . Let usconsider an expectation value contraction asfor afinite system
and assume we have carried it out up to site 0, coming from the left, —co. The result will be a
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matrix-like object Cy 5, corresponding to the open legs. Let us now consider the operation E | (C),
which carries the contraction two steps further, i.e. over sites 1 and 2. This transfer operator
reads [cf. Sec. 4.2.2]

E.(C) = Z P A7zt ATLTCATLAT2P, (353)

01072

For an orthonormal state, we want that E (1) = I, which is just the expectation value matrix
the unit operator produces for orthonormal block states. What we get, however, is, using the
left-normalization condition, E, (1) = PTP. As the system extends to infinity, E, (1) = | must be
associated with the largest eigenvalue; normalizability of the entire state implies that the largest
eigenvalue must be 1. The “quadratic” form of E_ implies that the associated eigenmatrix V| is
hermitian and non-negative. An eigenvalueor singular value decomposition allowsto decompose
V. = XTX, where X isinvertible. We caninsert X "1X after each P, such that the unit cell becomes
XA}”A‘[’ijX‘1 and the new transfer operator reads

E[(C) = Z X Hpt AT A XFCX AT AT PX L, (354)

0102

Then
E[ ()= XYV xt=1 (355)

from the eigenmatrix propertiesof V| withrespectto E, . (If thelargest eigenvalueof E_ happens
not to be 1, X must be suitably scaled.) 3

Inserting the definition of P in XA7*A72 PX~%, undoing the transformation to A, and trans-
forming A7Ald — Al1B7, the unit cell becomes XAIIB71B72(Al-U)-1X-1, shifting the
starting point of the unit cell it becomes (A“U)1X-1XAI1B7B" = QB™:B”2, where Q =
(ALY 1X-IXAM = (ALY 1AL independent of X. Calculating a contraction from the right
leads to atransfer operator

Er(C) = Z QB":B2CB"2' BT Q' (356)

01072

The same eigenvalue/eigenmatrix argument as before leads to the dominant eigenmatrix Vg =
YY', Y invertible, and a unit cell Y-1QB:B2Y. Thisin turn leads to E4(C) with Ex(1) = 1.

If we insert the definition of Q into the unit cell, return from B?* to A”* and make Q explicit,
the unit cell reads Y-1(AI-1)1X-1X AT AlB72Y, shifting its origin we obtain

XAT A B2y Y- LAY 1 (357)

which can be brought back to the original form of the unit cell by setting A7 « XA, B2 «
B72Y and ALY « XAy, but now with proper |eft- and right-normalization ensured.

More precisely, the new unit cell leadsto E (I) = | and Eg(l) = I. But note that E; and
Er are constructed from slightly shifted unit cells, namely A7:AldBo2(Alc-1)-1 for E. and
(Al A7 AL B2 for Eg, as shown in the pictorial representation. We can lump together
the first and second unit cellsinto left- and right-normalized two-site matrices A7z and B7172,
These can now be decomposed into left- and right-normalized matricesin the standard way, giv-
ing Altlo1 Aoz gand Bl B[22 Note that these matrices are of course different from those we
had originally.
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Figure 62: If matrices are properly normalized, the thermodynamic limit ansatz generates both a left- and right-
normalization condition. Note that the two transfer operators are defined on two differing two-site unit cells of the
thermodynamic limit state.

The thermodynamic limit state can now be written as

) = Z .. Al a2 plllos Al2os oy (358)
o

or analogously using BI*3, for left- and right-canonical form. Of particular interest for expecta-
tion values is the mixed-canonical form, with A-matrices on the left and B-matrices on the right.
If we consider the two underlying unit cells, we see that at the boundary, both want to incorporate
the same (Al“~Y)~* to generate A and B-matrices. This problem can be solved by inserting the
identity | = AlEH(AL-T)-1 after the problematic (A“"Y)~1. Then we can immediately write
down a mixed-canonical form as

) =) .. Al plRloz pltlrs AL AL Bt oo gltlor glATe o7y, (359)

10.5.1. Calculation of expectation values in the thermodynamic limit

In finite systems, we have seen how an expectation value can be calculated by transferring
an object Cll, starting as a dummy scalar CI% = 1 from CI to Cli+1l by means of a transfer
operator EL where O is the locally acting operator in the expectation value structure (mostly
the identity, except, say, two sites if we are looking at a two-point correlator). In the case of the
identity operator, for left-normalized matrices, the transfer operator mapping from left to right
maps the identity to the identity; similarly, the transfer operator mapping from right to left maps
the identity to the identity if formed from right-normalized matrices.

The same structure has been found in the last section for the thermodynamic limit state and
its two two-site transfer operators E. and Eg. This alows a direct transfer of the old resullts.
Assume we want to calculate <¢/|c“)1(5i [y; then we bring the state into the mixed-canonical form
of Eqg. (359), with A-matrices up to sitei or i + 1 (depending on the odd-even structure), then
Al=1 ] followed by B-matrices up to infinity. Contracting from the left over all A-matrices up
to 0 and from the right all B-matrices, we obtain a remaining finite network asin Fig. 63. This
expectation value is then evaluated as in afinite network; if we use the Cll and transfer operator
notation, it starts from CI% = |. The differenceis that at the end, A“Y shows up in the contrac-
tion and the final reduction to a scalar is done by the closing 6 4 line (which can be read as a
trace): assuming the last siteisi, then the final expectation valueis given in the last step as

WOr®...0 ) = TrAlHICIALY = TrAI-UAL-TTCHT = Trp,aCll (360)
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Figure 63: Exploiting left- and right-normalization, the evaluation of an infinite contraction can be reduced to a finite
contraction that can be dealt with as for any finite MPS.

where we have used the rel ationship between A-matrices and reduced density operatorsin canon-
ical representations.

This calculation can be reduced easily to the case of the overlap of two states, whichisjust the
matrix element of the unit operator between them. Assume that both states arein trangationally
invariant form, e.g. by using left-normalized matrices A and A? (and A, A2 respectively).
We now carry forward an infinite overlap cal culation by two sites (say 1 and 2) towards the right
using E, : If the current overlap matrix isC, it is carried forward as

E.(C) = Z Aldoat Aot o plllon pl2loe (361)

0102

If we decompose C in the eigenmatrices of E|, in the thermodynamic limit only the largest
eigenvalue contribution will survive. For an orthonormal state, for the overlap with itself, C = |

and A = 1 are the dominant eigenpair. A smaller A in the overlap of two states can be interpreted
as an overlap per site, while of course the two states are orthogonal with respect to each other in
the thermodynamic limit (overlap lim__,., A* = 0). Such thermodynamic overlaps (or fidelities)
per site can be used very nicely to detect quantum phase transitions by overlapping ground states
for two Hamiltonians with dlightly different parameterg[63].

11. Conclusion: other topicsto watch

After moving throughthislong list of topics, focussing on the fundamental algorithmic build-
ing blocks, ground state searches, thermodynamic limit algorithms and a wealth of real and
imaginary time methods at zero and finite temperature, the possibilities of DMRG and MPS-
based algorithms are far from being exhausted. A few topics that | have not touched upon,
but which | would like to mention briefly (again in a non-exhaustive list), are: transfer matrix
DMRG methods (cf. the introductory section for references), DMRG and MPS with periodic
boundary conditions, and as the most recent addition, MPS for continuous space[64], which
emerge as a beautiful generalization of coherent states and should allow for interesting applica-
tions in field theories. For periodic boundary conditions quite a lot of results already exist, so
let me give just a brief overview. PBC have aready been treated in the DMRG framework by
introducing one long-ranged interaction between sites 1 and L on an open-boundary chain (see
e.g. [133, 134, 135, 136]; however, the scaling of accuracy was consistently found to be much
worse than for open boundary conditions. The underlying reason is (roughly speaking) that on
aring the surface between A and B doubles, hence the entanglement; given the exponential re-
lationship to the MPS dimension, this means that resources have to go up from D to up to D ?,
meaning that for similar accuracy, the algorithm needs the square of time (sometimes referred
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to as D®-scaling, referring to the open boundary condition D). The physically adequate ansatz
for MPS for periodic boundary conditionsis given by Eq. (77); one needs roughly the same D
as for OBC, but rerunning the variational ground state search algorithm on it scales as D ° (be-
cause the simplification of vectorsinstead of matrices on sites 1 and L does not occur) [55]. At
the same time, the simplification of the generalized to a standard eigenval ue problem does not
occur, which may lead to bad conditioning. A nice feature of the MPS representation for PBC
is that one can generate eigenstates of momentum: For k = n(2r/L) and a (non-translationally
invariant) MPS|y) = 3 Tr(AlHor . AlHou)|or), the following state is atrandationally invariant
eigenstate of momentum k: [137]

L-1
gy = D @Tr(Aln  AlIown ), (362)

n=0

Recently, interesting proposalsto improvethe D® scaling have been made [56], and thisis afield
of ongoing interest. Reference [67] discusses this topic quite extensively.

| think one may conclude by saying that while the fundamental framework of MPS is by now
very well established, and while DMRG has come of age as one of the most powerful numerical
methods available for strongly correlated quantum systems, even in the well-established field of
one-dimensional systems many of the algorithms presented will still alow further improvement,
bringing new applicationsinto our reach. It isin fact quite surprising that for quite a few of the
methods presented (and also the others) very little is known about their detailed behaviour in real -
world problems, analyzing which might give interesting further ideas. Also, the ratio between
applications done and applications doable seems very favourable for future exciting research.

12. Acknowledgments

I would like to thank the Aspen Center for Physics, the International Center for Theoreti-
cal Physicsin Trieste, Italy, and the Wissenschaftskolleg (Institute for Advanced Study), Berlin,
where major parts of thiswork were carried out, for their hospitality. Their combination of stim-
ulating discussions and room for withdrawal to intensive work are a physicist’'s dream. Thanks
go of course to the many people | have discussed these subjects with and from whom | have
learned a lot: Mari-Carmen Banuls, Thomas Barthel, Ignacio Cirac, Andrew Daley, Jan von
Delft, Jens Eisert, Adrian Feiguin, Juanjo Garcia-Ripoll, Fabian Heidrich-Meisner, CorinnaKol-
lath, lan McCulloch, Vaentin Murg, Volker Nebendahl, Tomotoshi Nishino, Reinhard Noack,
Tobias Osborne, Lode Pollet, Matthias Troyer, Frank Verstraete, Guifre Vidal, Andreas Weich-
selbaum, Steve White and Tao Xiang, to name but afew. Special thanks go to Matt Hastings for
pointing out an important paper of hisand to Stefan Depenbrock for a very careful reading of an
amost final version of thisreview (all remaining errors were added afterwards).

References

[1] I.Bloch, J. Dalibard and W. Zwerger, Rev. Mod. Phys. 80, 885 (2008).
[2] H.Bethe, Z. Phys. A 71, 205 (1931).

[3] E.H.LiebandF. Y. Wu, Phys. Rev. Lett. 20, 1445 (1968).

[4] F.D.M. Hadane, Phys. Rev. Lett. 50, 1153 (1983).

[5] S.R.White, Phys. Rev. Lett. 69, 2863 (1992).

[6] S.R.White, Phys. Rev. B 48, 10345 (1993).

[7] U. Schollwdck, Rev. Mod. Phys. 77, 259 (2005).

115



[8] K. Hallberg, Adv. Phys. 55, 477 (2006).
[9] K.Hallberg, Phys. Rev. B 52, 9827 (1995).
[10] S. Ramasesha, S. K. Peti, H. R. Krishnamurthy, Z. Shuai and J. L. Brédas, Synth. Met. 85, 1019 (1997).
[11] T.D.Kihner and S. R. White, Phys. Rev. B 60, 335 (1999).
[12] E. Jeckelmann, Phys. Rev. B 66, 045114 (2002).
[13] T. Nishino, J. Phys. Soc. Jpn. 64, 3598 (1995).
[14] X.Q.Wang and T. Xiang, Phys. Rev. B 56, 5061 (1997).
[15] N. Shibata, J. Phys. Soc. Jpn. 66, 2221 (1997).
[16] J. Sirker and A. Klumper, Phys. Rev. B 71, 241101 (2005).
[17] Y. Hieida, J. Phys. Soc. Jpn. 67, 369 (1998).
[18] E. Carlon, M. Henkel and U. Schollwock, Eur. J. Phys. B 12, 99 (1999).
[19] E. Carlon, M. Henkel and U. Schollwick, Phys. Rev. E 63, 036101 (2001).
[20] M. Henkel and U. Schollwock, J. Phys. A 34, 3333 (2001).
[21] S.R. White, Phys. Rev. Lett. 77, 3633 (1996).
[22] S.R. White and D. J. Scalapino, Phys. Rev. Lett. 80, 1272 (1998).
[23] S.R. Whiteand D. J. Scalapino, Phys. Rev. Lett. 81, 3227 (1998).
[24] S.R. White and D. J. Scalapino, Phys. Rev. B 61, 6320 (2000).
[25] S.R. Whiteand D. J. Scalapino, Phys. Rev. Lett. 91, 136403 (2003).
[26] A.L.Chernyshev, S. R. White and A. H. Castro-Neto, Phys. Rev. B 65, 214527 (2003).
[27] A. L. Chernyshev, A. H. Castro-Neto and S. R. White, Phys. Rev. Lett. 94, 036407 (2005).
[28] S.R. Whiteand A. L. Chernyshev, Phys. Rev. Lett. 99, 127004 (2007).
[29] G.Vidadl, J.I. Latorre, E. Rico and A. Kitaev, Phys. Rev. Lett. 90, 227902 (2003).
[30] J.I. Latorre, E. Rico and G. Vidal, Quant. Inf. Comp. 4, 48 (2004).
[31] J.Eisert, M. Cramer and M. B. Plenio, Rev. Mod. Phys. 82, 277 (2010).
[32] I. Affleck, T. Kennedy, E. H. Lieb and H. Tasaki, Phys. Rev. Lett. 59,799 (1987).
[33] I. Affleck, T. Kennedy, E. H. Lieb and H. Tasaki, Comm. Math. Phys. 115, 477 (1988).
[34] M. Fannes, B. Nachtergaele and R. F. Werner, Europhys. Lett. 10, 633 (1989).
[35] M. Fannes, B. Nachtergaele and R. F. Werner, Comm. Math. Phys. 144, 443 (1992).
[36] A. Klimper, A. Schadschneider and J. Zittartz, Europhys. Lett. 24, 293 (1993).
[37] A.K.Kolezhuk, R. Roth and U. Schollwock, Phys. Rev. Lett. 77, 5142 (1996).
[38] A. K. Kolezhuk, R. Roth and U. Schollwdck, Phys. Rev. B 55, 8928 (1997).
[39] A.K.Koalezhuk and H. J. Mikeska, Phys. Rev. Lett. 80, 2709 (1998).
[40] A. K. Kolezhuk, H. J. Mikeska and S. Yamamoto, Phys. Rev. B 55, R3336 (1997).
[41] A.K.Kolezhuk, H. J. Mikeska, K. Maisinger and U. Schollwdck, Phys. Rev. B 59, 13565 (1997).
[42] S. Ostlund and S. Rommer, Phys. Rev. Lett. 75, 3537 (1995).
[43] J. Dukelsky. M.A. Martin-Delgado, T. Nishino and G. Sierra, Europhys. Lett. 43, 457 (1998).
[44] H. Takasaki, T. Hikihara and T. Nishino, J. Phys. Soc. Jpn. 68, 1537 (1999).
[45] S.R. White, Phys. Rev. B 72, 180403 (2005).
[46] G.Vidal, Phys. Rev. Lett. 93, 076401 (2004).
[47] G.Vidal, Phys. Rev. Lett. 93, 040502 (2004).
[48] A.J. Ddey, C. Kollath, U. Schollwock, and G. Vidal, J. Stat. Mech.: Theor. Exp., PO4005 (2004).
[49] S.R.Whiteand A. E. Feiguin, Phys. Rev. Lett 93, 076401 (2004).
[50] F. Verstraete, J. J. Garcia-Ripoll, and J. I. Cirac, Phys. Rev. Lett. 93, 207204 (2004).
[51] T.Prosenand M. Znidaric, J. Stat. Mech. P02035 (2009).
[52] M. J. Hartmann, J. Prior, S. R. Clark and M. B. Plenio, Phys. Rev. Lett. 102, 057202 (2009).
[53] M.-C.Banuls, M. B. Hastings, F. Verstraete and J. I. Cirac, Phys. Rev. Lett. 102, 240603 (2009).
[54] A.E. Feiguin and S. R. White, Phys. Rev. B 72, 220401 (2005).
[55] F. Verstraete, D. Porras, and J. I. Cirac, Phys. Rev. Lett 93, 227205 (2004).
[56] P. Pippan, S. R. White and H.-G. Evertz, Phys. Rev. B 81, 081103(R) (2010).
[57] K.G. Wilson, Rev. Mod. Phys. 47, 773 (1975).
[58] R.Bulla, T. A. Costi and T. Pruschke, Rev. Mod. Phys. 80, 395 (2008).
[59] H.R.Krishna-murthy, J. W. Wilkins and K. G. Wilson, Phys. Rev. B 21, 1003 (1980).
[60] A.Weichselbaum, F. Verstraete, U. Schollwock, J.1. Cirac and J. von Delft, Phys. Rev. B 80, 165117 (2009).
[61] G.Vidal, Phys. Rev. Lett. 98, 070201 (2007).
[62] R.Orusand G. Vidal, Phys. Rev. B 78, 155117 (2008).
[63] 1. P.McCulloch, arXiv:0804.2509.
[64] F. Verstraete and J. |. Cirac, Phys. Rev. Lett. 104, 190405 (2010).
[65] F. Verstraete and J. I. Cirac, arXiv:cond-mat/0407066 (2004).
[66] T. Nishino and K. Okunishi, J. Phys. Soc. Jpn. 67, 3066 (1998).

116



[67]
(68]
[69]
[70]
(74
[72]
(73]
[74]
[79]
[76]
(71

[78]
[79]
(80]

(81]
(82]
(83
(84]
(89]
(86]
(87]
(88
(89]
[90]
(94
(92]
(93]
(94]
[99]
[96]
[97]
(98]
[99]
[100]
[101]
[102]
[103]
[104]
[105]
[106]
[107]
[108]
[109]
[110]
[111]
[112]
[113]
[114]
[115]
[116]
[117]
[118]
[119]
[120]
[121]
[122]
[123]

F. Verstraete, V. Murg and J. I. Cirac, Adv. Phys. 57, 143 (2008).

1.P. McCulloch, J. Stat. Mech.: Theor. Exp. P10014 (2007).

B. Pirvy, V. Murg, J.I. Cirac and F. Verstraete, New J. Phys. 12, 025012 (2010).

G. M. Crosswhite and D. Bacon, Phys. Rev. A 78, 012356 (2008).

F. Frowis, V. Nebendahl and W. Durr, Phys. Rev. A 81, 062337 (2010).

S. R. White and R. M. Noack, Phys. Rev. Lett. 68, 3487 (1992).

G. Sierraand T. Nishino, Nucl. Phys. B 495, 505 (1997).

I. P.McCulloch and M. Gulacsi, Aust. J. Phys. 53, 597 (2000).

I. P.McCulloch and M. Gulacsi, Philos. Mag. Lett. 81, 447 (2001).

I. P. McCulloch and M. Gulacsi, Europhys. Lett. 57, 852 (2002).

I. P. McCulloch, R. Kube, M. Kurz, A. Kleine, U. Schollwock and A. K. Kolezhuk, Phys. Rev. B 77, 094404
(2008).

S. Smerat, |. P. McCulloch, H. Schoeller and U. Schollwick, Phys. Rev. B 79, 235107 (2009).

S. Langer, F. Heidrich-Meisner, J. Gemmer, |. P. McCulloch and U. Schollwock, Phys. Rev. B 79, 214409 (2009).
A. Holzner, |. P. McCulloch, U. Schollwock, J. von Delft and F. Heidrich-Meisner, Phys. Rev. B 80, 205114
(2009).

U. Schollwack, S. Chakravarty, J. O. Fjaerestad, J. Marston and M. Troyer, Phys. Rev. Lett. 90, 186401 (2003).
I. Peschel, M. Kaulke and O. Legeza, Ann. Phys. (Leipzig) 8, 153 (1999).

K. Okunishi, Y. Hieida and Y. Akutsu, Phys. Rev. E 59, R6227 (1999).

M. C. Chung and |. Peschel, Phys. Rev. B 62, 4191 (2000).

M. C. Chung and |. Peschel, Phys. Rev. B 64, 064412 (2001).

G. K. L. Chan, P W. Ayersand I. E. S. Croot, J. Stat. Phys. 109, 289 (2002).

J. D. Bekenstein, Phys. Rev. D 7, 2333 (1973).

M. Srednicki, Phys. Rev. Lett. 71, 666 (1993).

C. G. Cdllan and F. Wilczek, Phys. Lett. B 333, 55 (1994).

M. B. Plenio, J. Eisert, J. Dreissig, and M. Cramer, Phys. Rev. Lett. 94, 060503 (2005).

T. Barthel, M.C. Chung and U. Schollwdck, Phys. Rev. A 74, 022329 (2006).

D. Gioev and |. Klich, Phys. Rev. Lett. 96, 100503 (2006).

N. Schuch, M. M. Wolf, F. Verstraete and J. |. Cirac, Phys. Rev. Lett. 100, 030504 (2008).

F. Verstraete and J. |. Cirac, Phys. Rev. B 73, 094423 (2006).

A. Weichselbaum, private communication (2005).

U. Schollwock, Th. Jolicoeur and Th. Garel, Phys. Rev. B 53, 3304 (1996).

E. M. Stoudenmire and S. R. White, New J. Phys. 12, 055026 (2010).

G. M. Crosswhite, A. C. Doherty and G. Vidal, Phys. Rev. B 78, 035116 (2008).

M. Suzuki, Prog. Theor. Phys. 56, 1454 (1976).

M. Suzuki, J. Math. Phys. 32, 400 (1990).

R. 1. McLachlan, SIAM J. Sci. Comp. 16, 151 (1995).

M. Hastings, J. Math. Phys. 50, 095207 (2009).

P. Schmitteckert, Phys. Rev. B 70, 121302 (2004).

A. E. Feiguin and S. R. White, Phys. Rev. B 72, 020404 (2005).

D. Gobert, C. Kollath, U. Schollwock, and G. Schiitz, Phys. Rev. E 71, 036102 (2005).

P. Calabrese and J. Cardy, J. Stat. Mech.: Theor. Exp. P04010 (2006).

T. Osborne, Phys. Rev. Lett. 97, 157202 (2006).

C. Kollath, U. Schollwock and W. Zwerger, Phys. Rev. Lett. 95, 176401 (2005).

S. Trebst, U. Schollwock, M. Troyer and P. Zoller, Phys. Rev. Lett. 96, 250402 (2006).

M. Cramer, A. Flesch, I. McCulloch, U. Schollwock and J. Eisert, Phys. Rev. Lett. 101, 063001 (2008).
T. Barthel, C. Kasztelan, |.P. McCulloch and U. Schollwdck, Phys. Rev. A 79, 053627 (2009).

C. Kollath, A. lucci, T. Giamarchi, W. Hofstetter and U. Schollwock, Phys. Rev. Lett. 97, 050402 (2006).
M. Hastings, Phys. Rev. B 77, 144302 (2008).

R. G. Pereira, S. R. White and |. Affleck, Phys. Rev. Lett. 100, 027206 (2008).

S. R. White and |. Affleck, Phys. Rev. B 77, 134437 (2008).

T. Barthel, U. Schollwick and S. R. White, Phys. Rev. B 79, 245101 (2009).

J.-S. Caux and R. Hagemans, J. Stat. Mech.: Theor. Exp. P12013 (2006).

S. R. White, Phys. Rev. Lett. 102, 190601 (2009).

H. Saberi, A. Weichselbaum and J. von Delft, Phys. Rev. B 78, 035124 (2008).

A. Holzner, A. Weichselbaum and J. von Delft, Phys. Rev. B 81, 125126 (2010).

M. Zwolak and G. Vidal, Phys. Rev. Lett. 93, 207205 (2004).

A.J. Daley, J. M. Taylor, S. Diehl, M. Baranov and P. Zaller, Phys. Rev. Lett. 102, 040402 (2009).

M. B. Plenio and P. L. Knight, Rev. Mod. Phys. 70, 101 (1998).

117



[124]
[125]
[126]
[127]
[128]
[129]
[130]
[131]
[132]
[133]
[134]
[135]
[136]
[137]

A. Weichselbaum and J. von Delft, Phys. Rev. Lett. 99, 076402 (2007).

A. Rosch, T.A. Costi, J. Paaske and P. Wolfle, Phys. Rev. B 68, 014430 (2003).
M. Garst, P. Walfle, L. Borda, J. von Delft and L. Glazman, Phys. Rev. B 72, 205125 (2005).
C. Raas, G. S. Uhrig and F. B. Anders, Phys. Rev. B 69, 041102(R) (2004).

C. Raasand G. S. Uhrig, Eur. Phys. J. B 45, 293 (2005).

U. Schollwock, Phys. Rev. B 58, 8194 (1998).

L.Q. Sun,J. Zang, S. J. Qinand Y. Lei, Phys. Rev. B 65, 132412 (2002).

T. Nishino and K. Okunishi, J. Phys. Soc. Jpn. 64, 4084 (1995).

Y. Hieida, K. Okunishi and Y. Akutsu, Phys. Lett. A 233, 464 (1997).

P. Schmitteckert and U. Eckern, Phys. Rev. B 53, 15397 (1996).

S. Rapsch, U. Schollwock and W. Zwerger, Europhys. Lett. 46, 559 (1999).

V. Meden and U. Schollwéck, Phys. Rev. B 67, 035106 (2003).

V. Meden and U. Schollwéck, Phys. Rev. B 67, 193303 (2003).

D. Porras, F. Verstraete and J. |. Cirac, Phys. Rev. B 73, 014410 (2006).

118



