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We describe an iterative method to optimize the multiscale entanglement renormalization ansatz for the
low-energy subspace of local Hamiltonians on a D-dimensional lattice. For translation-invariant systems the
cost of this optimization is logarithmic in the linear system size. Specialized algorithms for the treatment of
infinite systems are also described. Benchmark simulation results are presented for a variety of one-
dimensional systems, namely, Ising, Potts, XX, and Heisenberg models. The potential to compute expected
values of local observables, energy gaps, and correlators is investigated.
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I. INTRODUCTION

Entanglement renormalization' is a numerical technique
based on locally reorganizing the Hilbert space of a quantum
many-body system with the aim to reduce the amount of
entanglement in its wave function. It was introduced to ad-
dress a major computational obstacle in real-space
renormalization-group (RG) methods,>™* responsible for
limitations in their performance and range of applicability,
namely, the proliferation of degrees of freedom that occurs
under successive applications of a RG transformation.

Entanglement renormalization is built around the assump-
tion that, as a result of the local character of physical inter-
actions, some of the relevant degrees of freedom in the
ground state of a many-body system can be decoupled from
the rest by unitarily transforming small regions of space.
Accordingly, unitary transformations known as disentanglers
are applied locally to the system in order to identify and
decouple such degrees of freedom, which are then safely
removed and therefore do no longer appear in any subse-
quent coarse-grained description. This prevents the harmful
accumulation of degrees of freedom and thus leads to a sus-
tainable real-space RG transformation, able to explore arbi-
trarily large one-dimensional (1D) and two-dimensional (2D)
lattice systems, even at a quantum critical point. It also leads
to the multiscale entanglement renormalization ansatz
(MERA), a variational ansatz for many-body states.’

The MERA, based in turn on a class of quantum circuits,
is particularly successful at describing ground states at quan-
tum criticality!>~!! or with topological order.'>!* From the
computational viewpoint, the key property of the MERA is
that it can be manipulated efficiently, due to the causal struc-
ture of the underlying quantum circuit.> As a result, it is
possible to efficiently evaluate the expected value of local
observables, and to efficiently optimize its tensors. Thus,
well-established simulation techniques for matrix product
states, such as energy minimization'* or simulation of time
evolution,'® can be readily generalized to the MERA.!6-18

In this paper we describe a simple algorithm (and several
variations thereof) to compute an approximation of the low-
energy subspace of a local Hamiltonian with the MERA, and
present benchmark calculations for 1D lattice systems. Our
goal is to provide the interested reader with a rather self-
contained explanation of the algorithm, with enough infor-
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mation to implement it. Sections II and III review and elabo-
rate on the theoretical foundations of the MERA,!® and
establish the notation and nomenclature used in the rest of
the paper. Specifically, Sec. II presents the MERA, both from
the perspective of quantum circuits and of the renormaliza-
tion group, and describes several realizations in 1D and 2D
lattices. Then Sec. III explains how to compute expected
values of local observables and two-point correlators. Cen-
tral to this discussion is the past causal cone of a small block
of lattice sites and the ascending and descending superopera-
tors, which can be used to move local observables and den-
sity matrices up and down the causal cone.

Section IV considers how to optimize a single tensor of
the MERA during an energy minimization. This optimization
involves linearizing a quadratic cost function for the (isomet-
ric) tensor, and computing its environment. In Sec. V we
describe algorithms to minimize the energy of the state or
subspace represented by a MERA. A highlight of the algo-
rithms is their computational cost. For an inhomogeneous
lattice with N sites, the cost scales as O(N), whereas for
translation-invariant systems it drops to just O(log N). Other
variations in the algorithm allow us to address infinite sys-
tems, and scale-invariant systems (e.g., quantum critical sys-
tems), at a cost independent of N.

Section VI presents benchmark calculations for different
1D quantum lattice models, namely, Ising, three-level Potts,
XX, and Heisenberg models. We compute ground-state ener-
gies, magnetizations, and two-point correlators throughout
the phase diagram, which includes a second-order quantum
phase transition. We find that at the critical point of an infi-
nite system, the error in the ground-state energy decays ex-
ponentially with the refinement parameter ), whereas the
two-point correlators remain accurate even at distances of
millions of lattice sites. We then extract critical exponents
from the order parameter and from two-point correlators. Fi-
nally, we also compute a MERA that includes the first ex-
cited state, from which the energy gap can be obtained and
seen to vanish as 1/N at criticality.

This paper replaces similar notes on MERA algorithms
presented in Ref. 18. For the sake of concreteness, we have
not included several of the algorithms of Ref. 18, which
nevertheless remain valid proposals. We have also focused
the discussion on a ternary MERA for 1D lattices (instead of
the binary MERA used in all previous references) because it
is somewhat computationally advantageous (e.g., see compu-
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FIG. 1. (Color online) Quantum circuit C corresponding to a
specific realization of the MERA, namely, the binary 1D MERA of
Fig. 2. In this particular example, circuit C is made of gates involv-
ing two incoming wires and two outgoing wires, p=pi,=Pou=2-
Some of the unitary gates in this circuit have one incoming wire in
the fixed state |0) and can be replaced with an isometry w of type
(1,2). By making this replacement, we obtain the isometric circuit
of Fig. 2.

tation of two-point correlators) and also leads to a much
more convenient generalization in two dimensions.

II. MERA

Let £ denote a D-dimensional lattice made of N sites,
where each site is described by a Hilbert space V of finite
dimension d, so that V,= V&N The MERA is an ansatz used
to describe certain pure states W) e V. of the lattice or, more
generally, subspaces V,,C V.

There are two useful ways of thinking about the MERA
that can be used to motivate its specific structure as a tensor
network, and also help understand its properties and how the
algorithms ultimately work. One way is to regard the MERA
as a quantum circuit C whose output wires correspond to the
sites of the lattice L. Alternatively, we can think of the
MERA as defining a coarse-graining transformation that
maps L into a sequence of increasingly coarser lattices, thus
leading to a renormalization-group transformation.! Next we
briefly review these two complementary interpretations.
Then we compare several MERA schemes and discuss how
to exploit space symmetries.

A. Quantum circuit

As a quantum circuit C, the MERA for a pure state |W)
e V. is made of N quantum wires, each one described by a
Hilbert space V, and unitary gates u that transform the unen-
tangled state |0)®" into |¥) (see Fig. 1).

In a generic case, each unitary gate u in the circuit C
involves some small number p of wires,
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FIG. 2. (Color online) (Top) Example of a binary 1D MERA for
a lattice £ with N=16 sites. It contains two types of isometric
tensors, organized in T=4 layers. The input (output) wires of a
tensor are those that enter it from the top (leave it from the bottom).
The top tensor is of type (1,2) and the rank y7 of its upper index
determines the dimension of the subspace V,CV, represented by
the MERA. The isometries w are of type (1,2) and are used to
replace each block of two sites with a single effective site. Finally,
the disentanglers u are of type (2,2) and are used to disentangle the
blocks of sites before coarse-graining. (Bottom) Under the
renormalization-group transformation induced by the binary 1D
MERA, three-site operators are mapped into three-site operators.

w: VO Ve ity =t =1, (1)

where I is the identity operator in V®7. For some gates, how-
ever, one or several of the input wires are in a fixed state |0>
In this case we can replace the unitary gate u with an iso-
metric gate w

wi Vin - \-7out’ whw = ]I\in’ (2)

where V;,=V®Pin is the space of the p;, input wires that are
not in a fixed state |0) and V= V®Pou is the space of the
Pou=p output wires. We refer to w as a (pj,,pon) gate or
tensor.

Figure 2 shows an example of a MERA for a 1D lattice £
made of N=16 sites. Its tensors are of types (1,2) and (2,2).
We call the (1,2) tensors isometries w and the (2,2) tensors
disentanglers u for reasons that will be explained shortly, and
refer to Fig. 2 as a binary 1D MERA, since it becomes a
binary tree when we remove the disentanglers. Most of the
previous work for 1D lattices'>~16-18 has been done using
the binary 1D MERA. However, there are many other pos-
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FIG. 3. (Color online) (Top) Example of ternary 1D MERA
(rank x7, T=3) for a lattice of 18 sites. It differs from the binary 1D
MERA of Fig. 2 in that the isometries are of type (1,3), so that
blocks of three sites are replaced with one effective site. (Bottom)
As a result, two-site operators are mapped into two-site operators
during the coarse graining.

sible choices. In this paper, for instance, we will mostly use
the ternary 1D MERA of Fig. 3, where the isometries w are
of type (1,3) and the disentanglers u remain of type (2,2).
Figure 4 makes more explicit the meaning of Eq. (2) for
these tensors. Notice that describing tensors and their ma-
nipulations by means of diagrams is fully equivalent to using
equations and often much more clear.
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FIG. 4. (Color online) The tensors which comprise a MERA are
constrained to be isometric; cf. Eq. (2). The constraints for the
isometries w and disentanglers u of the ternary MERA can be
equivalently expressed (i) diagrammatically or (ii) with equations.
In this paper we will mostly use the diagrammatic notation, which
remains simple for complicated tensor networks.
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FIG. 5. (Color online) The past causal cone of a group of sites in
Ly=L is the subset of wires and gates that can affect the state of
those sites. The example shows the causal cone of a pair of nearest-
neighbor sites of £ for the ternary 1D MERA. Notice that for each
lattice £, 7=0,1,2,3,4, the causal cone involves at most two sites.
This can be seen to be the case for any pair of contiguous sites of
L. We refer to this property by saying that the causal cones of the
MERA have bounded width.

Equation (2) encapsulates a distinctive property of the
MERA as a tensor network: each of its tensors is isometric
[notice that Eq. (1) is a particular case of Eq. (2)]. A second
key feature of the MERA refers to its causal structure. We
define the past causal cone of an outgoing wire of circuit C
as the set of wires and gates that can affect the state on that
wire. A quantum circuit C leads to a MERA only when the
causal cone of an outgoing wire involves just a constant (that
is, independent of N) number of wires at any fixed past time
(Fig. 5). We refer to this property by saying that the causal
cone has a bounded “width.”

The usefulness of the quantum circuit interpretation of the
MERA will become clear in Sec. III, in the context of com-
puting expected values for local observables. There, the two
defining properties, namely, Eq. (2) and the peculiar structure
of the causal cones of C, will be the key to making such
calculations efficient.

B. Renormalization-group transformation

Let us now review how the MERA defines a coarse-
graining transformation for lattice systems that leads to a
real-space renormalization-group scheme, known as en-
tanglement renormalization.! We start by grouping the ten-
sors in the MERA into T'=log N different layers, where each
layer contains a row of isometries w and a row of disentan-
glers u. We label these layers with an integer 7=1,2,...,T,
with 7=1 for the lowest layer and with increasing values of 7
as we climb up the tensor network, and denote by U, the
isometric transformation implemented by all tensors in layer
7; see Figs. 2 and 3. Notice that the incoming wires of each
U, define the Hilbert space of a lattice £, with a number of
sites N, that decreases exponentially with 7 (specifically, as
N2~ and N377 for the binary and ternary 1D MERAs). That
is, the MERA implicitly defines a sequence of lattices

Lo—Ly— =Ly, 3)

where Ly= L is the original lattice, and where we can think
of lattice £, as the result of coarse-graining lattice £,_;.

Specifically, as illustrated in Figs. 2 and 3, this coarse-
graining transformation is implemented by the operator U'IT'
that maps pure states of the lattice £,_; into pure states of the
lattice £,
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(i) Binary MERA scheme for 1D lattice
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(ii) Ternary MERA scheme for 1D lattice
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FIG. 6. (Color online) Detailed description of the real-space
renormalization-group transformation for 1D lattices induced by (i)
the binary 1D MERA and (ii) the ternary 1D MERA.

Ut Ve = Ve, (4)
and that proceeds in two steps (Fig. 6). Let us partition the
lattice £,_; into blocks of neighboring sites. The first step
consists of applying the disentanglers u on the boundaries of
the blocks, aiming to reduce the amount of short-range en-
tanglement in the system. Once (part of) the short-range en-
tanglement between neighboring blocks has been removed,
the isometries w are used in the second step to map each
block of sites of lattice £,_; into a single effective site of
lattice L.

By composition, we obtain a sequence of increasingly
coarse-grained states,

|q’0>—>|q’1>—> _)|‘"PT>’ (5)

for the lattices {L,L,..., L}, where ¥ )=U!W¥ ) and
|W)=|W) is the original state. Overall the MERA corre-
sponds to the transformation U=U,U,"--Ur,

U: Ve, — Ve, (6)

Regarding the MERA from the perspective of the renor-
malization group is quite instructive. It tells us that this an-
satz is likely to describe states with a specific structure of
internal correlations, namely, states in which the entangle-
ment is organized in different length scales. Let us briefly
explain what we mean by this.
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We say that the state | ') contains entanglement at a given
length scale A if by applying a unitary operation (i.e., a dis-
entangler) on a region R of linear size N\, we are able to
decouple (i.e., disentangle) some of the local degrees of free-
dom, that is, if we are able to convert the state |\If> into a
product state |¥')®|0), where |0) is the state of the local
degrees of freedom that have been decoupled and |W¥') is the
state of the rest of the system. (Here we assumed, of course,
that the decoupling is not possible with a unitary operation
that acts on a subregion R’ of the region R, where the size \'
of R’ is smaller than the size of R, N\’ <\.)

What makes the MERA useful is that the entanglement in
most ground states of local Hamiltonians seems to decom-
pose into moderate contributions corresponding to different
length scales. We can identify two behaviors, depending on
whether the system is in a phase characterized by symmetry-
breaking order or by topological order (see Ref. 19 and ref-
erences therein). In systems with symmetry-breaking order,
ground-state entanglement spans all length scales N smaller
than the correlation length & in the system—and, conse-
quently, at a quantum critical point, where the correlation
length ¢ diverges, entanglement is present at all length
scales.! In a system with topological order, instead, the
ground state displays some form of (topological) entangle-
ment affecting all length scales even when the correlation
length vanishes.!>!3

C. Choose your MERA

We have presented the MERA as a tensor network origi-
nating in a quantum circuit. Its tensors have incoming and
outgoing wires or indices according to a well-defined direc-
tion of time in the circuit. Therefore, a MERA can be re-
garded as a tensor network equipped with a (fictitious) time
direction and with two properties:

(a) Its tensors are isometric [Eq. (2)].

(b) Past causal cones have bounded width (Fig. 5).

From a computational perspective, these are the only
properties that we need to retain. In particular, there is no
need to keep the vector space dimension of the quantum
wires (equivalently, of the sites in the coarse-grained lattice)
constant throughout the tensor network. Accordingly, we will
consider a MERA where the vector space dimension of a site
of lattice £,, denoted ), may depend on the layer 7. (This
dimension could also be different for each individual site of
layer 7, but for simplicity we will not consider this case
here.) Notice that x,=d corresponds to the sites of the origi-
nal lattice L.

Bond dimension. Often, however, the sites in most layers
will have the same vector space dimension (except, for in-
stance, the sites of the original lattice £, with x,=d, or the
single site of the top lattice £, with dimension x7). In this
case we denote the dominant dimension simply by y, and we
refer to the MERA as having bond dimension x. The com-
putational cost of the algorithms described in subsequent
sections is often expressed as a power of the bond dimension
X-

Rank. We refer to the dimension y; of the space V cy
(corresponding to the single site of the uppermost lattice L)
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as the rank of the MERA. For yy=1, the MERA represents a
pure state | ') € V.. More generally, a rank-y; MERA en-
codes a y;-dimensional subspace V,C V.. For instance,
given a Hamiltonian H on the lattice £, we could use a
rank-y; MERA to describe the ground subspace of H (as-
suming it had dimension x;), or the ground state of H (if it
was not degenerate) and its y;—1 excitations with lowest
energy. The isometric transformation U in Eq. (6) can be
used to build a projector P=UU",

P: V=V, P2=P, w(P)=xp, (7)

onto the subspace V,C V.

Given the above definition of the MERA, many different
realizations are possible depending on what kind of isometric
tensors are used and how they are interconnected. We have
already met two examples for a 1D lattice, based on a binary
and ternary underlying tree. Figure 7 shows two schemes for
a 2D square lattice. It is natural to ask, given a lattice geom-
etry, what realization of the MERA is the most convenient
from a computational point of view. A definitive answer to
this question does not seem simple. An important factor,
however, is given by the fixed-point size of the support of
local observables under successive RG transformations—
which corresponds to the width of the past causal cones.

Support of local observables. In each MERA scheme, un-
der successive coarse-graining transformations a local opera-
tor eventually becomes supported in a characteristic number
of sites. This is the result of two competing effects: disentan-
glers u tend to extend the support of the local observable (by
adding new sites at its boundary), whereas the isometries w
tend to reduce it (by transforming blocks of sites into single
sites). For instance, in the binary 1D MERA, local observ-
ables end up supported in three contiguous sites (Fig. 2),
whereas in the ternary 1D MERA local observables become
supported in two contiguous sites (Fig. 3).

Therefore, an important difference between the binary and
ternary 1D schemes is in the natural support of local observ-
ables. This can be seen to imply that the cost of a computa-
tion scales as a larger power of the bond dimension y for the
binary scheme than for the ternary scheme, namely, as O(x”)
compared to O(x®). However, it turns out that the binary
scheme is more effective at removing entanglement, and as a
result a smaller y is already sufficient in order to achieve the
same degree of accuracy in the computation of, say, a
ground-state energy. In the end, we find that for the 1D sys-
tems analyzed in Sec. VI, the two effects compensate and the
costs required in both schemes in order to achieve the same
accuracy are comparable. On the other hand, in the ternary
1D MERA, two-point correlators between selected sites can
be computed at a cost O(x®), whereas analogous calculations
in the binary 1D MERA are much more expensive. Therefore
in any context where the calculation of two-point correlators
is important, the ternary 1D MERA is a better choice.

The number of possible realizations of the MERA for 2D
lattices is greater than for 1D lattices. For a square lattice, the
two schemes of Fig. 7 are obvious generalizations of the
above ones for 1D lattices. The first scheme, proposed in
Ref. 6 (see also Ref. 8), involves isometries of type (1,4) and
the natural support of local observables is a block of 3 X3

PHYSICAL REVIEW B 79, 144108 (2009)

(i) 2x2 MERA scheme for 2D square lattice

Original Lattice Apply Disentanglers
©.® 0.0 0.0 0.0 . 0)(0.0)(0.0) (0.0
oio 0i0 ©0!0 0!0 oiojloiole 6] °ie
oio ©0oi0o ©0i0 00 o_o]po]{cTT][oo
oio 0i0 ©i0 0i0 gﬂbﬁjbﬂhﬁ]
ooooooooqo?lp‘_c](o__o]ro‘_o]
oo 00 ©0/0 00 g_ojboJQ_oJloo
oo o/o ©oi0 oi0 [E‘“O]fo_bo][o__qfo‘_o]
oo 00 0'0 0'0 o oJle'dle’elo'e

-

Apply Isometries
Coarse-grained Lattice

l:E
L
i

SOOI
c oo EIEIEE
SRR LT

(ii) 3x3 MERA scheme for 2D square lattice
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FIG. 7. (Color online) Detailed description of the real-space
renormalization-group transformation for a 2D square lattice in-
duced by two possible realizations of the MERA, generalizing the
1D schemes of Fig. 6. In the first case the isometries map a block of
2 X2 sites into a single site, which can be seen to imply that the
natural size of a local operator, equivalently the causal width of the
scheme, is 3 X 3 sites. In the second case the isometries map a block
of 3 X3 sites into a single site and the natural size of a local opera-
tor is 2X2. As a result, the computational cost in the second
scheme is much smaller than in the first scheme.

sites. The second scheme involves isometries of type (1,9)
and local observables end up supported in blocks of 2 X2
sites. Here, the much narrower causal cones of the second
scheme leads to a much better scaling of the computational
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(i) Non translationally invariant MERA (ii) Translationally invariant MERA

(iii) Scale invariant MERA

FIG. 8. (Color online) Ternary 1D MERA in the presence of
space symmetries. (i) In order to represent an inhomogeneous state
or subspace, all disentanglers u and isometries w are different (de-
noted by different colors). Notice that there are N/3 disentanglers
(isometries) in the first layer, N/9 in the second, and more generally
N/37 in layer 7, so that the total number of tensors is
ZNZﬁglN 1/37<<2N. Therefore the total number of parameters re-
quired to specify the MERA is proportional to the size N of the
lattice £. (ii) In order to represent a state or subspace that is invari-
ant under translations, we choose all disentanglers and isometries
on a given layer of the MERA to be the same. In this case the
MERA is completely specified by O(log N) disentanglers and isom-
etries. (iii) In a scale-invariant MERA, the same disentangler and
isometry is in addition used in all layers.

cost with y, only O(x'®) compared to O(x*®) for the first
scheme.

Another remark in relation to possible realizations con-
cerns the type of tensors we use. So far we have insisted in
distinguishing between disentanglers u (unitary tensors of
type p—p) and isometries w (isometric tensors of type
1 —p'). We will continue to use this terminology throughout
this paper, but we emphasize that a more general form of
isometric tensor, e.g., of type (2,4), which both disentangles
the system and coarse-grained sites, is possible and is actu-
ally used in some realizations.’

D. Exploiting symmetries

Symmetries have a direct impact on the efficiency of
computations, because they can be used to drastically reduce
the number of parameters in the MERA. Important examples
are given by space symmetries, such as translation and scale
invariance; see Fig. 8.

The MERA is made of O(N) disentanglers and isometries.
In order to describe an inhomogeneous state |W)e V. or
subspace V;,CV,, all these tensors are chosen to be differ-
ent. Therefore, for fixed y the number of parameters in the
MERA scales linearly in N.

However, in the presence of translation invariance, one
can use a translation-invariant MERA, where we choose all
the disentanglers u and isometries w of any given layer 7 to
be the same, thus reducing the number of parameters to
O(log N) (if there are T~1log N layers). We emphasize that a
translation-invariant MERA, as just defined, does not neces-
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sarily represent a translation-invariant state |¥) € V. or sub-
space V;CV, . The reason is that different sites of £ are
placed in inequivalent positions with respect to the MERA.
As a result, often the MERA can only approximately repro-
duce translation-invariant states or subspaces, although the
departure from translation invariance is seen to typically de-
crease fast with increasing x. In order to further mitigate
inhomogeneities, we often consider an average of local ob-
servables or reduced density matrices over all possible sites,
as will be discussed in Sec. III.

In systems that are invariant under changes in scale, we
will use a scale-invariant MERA, where all the disentanglers
and isometries can be chosen to be the same and we only
need to store a constant number of parameters. The scale-
invariant MERA is useful in representing the ground state of
some quantum critical systems! and the ground subspace of
systems with topological order at the infrared limit of the RG
flow. 1213

A reduction in parameters (as a function of x) is also
possible in the presence of internal symmetries, such as U(1)
(e.g., particle conservation) or SU(2) (e.g., spin isotropy). We
defer their analysis to Ref. 21.

For the sake of concreteness, the explanations in the rest
of this paper refer to the ternary 1D scheme of Fig. 3. How-
ever, analogous considerations also apply to any other real-
ization of the MERA.

III. COMPUTATION OF EXPECTED VALUES OF LOCAL
OBSERVABLES AND CORRELATORS

Let ol"*!J denote a local observable defined on two con-
tiguous sites [r,r+1] of £. In this section we explain how to
compute the expected value

<0[r,r+1]>VU = tI'(O[r’rH]P). (8)

Here P is a projector [see Eq. (7)] onto the y;~dimensional
subspace V;CV, represented by the MERA. For a rank
xr=1 MERA, representing a pure state |[¥) e V., the above
expression reduces to

(ol )y = (Wlolr e w). ©)

Evaluating Eq. (8) is necessary in order to extract physically
relevant information from the MERA, such as, e.g., the en-
ergy and magnetization in a spin system. In addition, the
manipulations involved are also required as a central part of
the optimization algorithms described in Secs. IV and V. The
results of this section remain relevant even in cases where no
optimization algorithm is required (for instance, when an ex-
act expression of the MERA is known!>!3).

As explained below, the expected value of Eq. (8) can be
computed in a number of ways:

(a) By repeated use of the ascending superoperator A, the
local operator ol”"*'1 is mapped onto a coarse-grained opera-
tor o on lattice L. Equation (8) can then be evaluated as the
trace of the coarse-grained operator o7, tr(o""*1P)=tr(oy).

(b) Alternatively, by repeated use of the descending super-
operator D, a two-site reduced density matrix p""*!! for lat-
tice £ is obtained. Equation (8) can then evaluated as
tr(o[r,r+1]P) :tr(o[r,r+l]p[r,r+l]).
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(c) More generally, the ascending and descending super-
operators .4 and D can be used to compute an operator
ol” "1 and density matrix pl" " *! for the coarse-grained
lattice £, Equation (8) can then be evaluated as
tr(O[r’Hl]P):tr(OE_r . +1]p£_r r +1]).

First we introduce the ascending and descending superop-
erators A and D and explain in detail how to perform the
computation of the expected value of Eq. (8). Then we ad-
dress also the computation of the expected value

(0)y, =t(0P), 0=2 0", (10)

where O is an operator that decomposes as a sum of local
operators in £, as well as the computation of two-point cor-
relators. Finally, we revisit these tasks in the presence of
translation invariance and scale invariance.

The ascending and descending superoperators are an es-
sential part of the MERA formalism that was introduced in
Ref. 5 (see, e.g., Fig. 4 of Ref. 5 for an explicit representa-
tion of the descending superoperator D). These superopera-
tors have been also called MERA quantum channel or
MERA transfer matrix in Ref. 10.

A. Ascending and descending superoperators

In Sec. IT we have seen that the MERA defines a sequence
of increasingly coarser lattices {£o,L,...,Ls}. Under the
coarse-graining transformation U] of Eq. (4), a local operator

o1 supported on two consecutive sites [, 7+ 1] of lattice

1
L., is mapped onto another local operator o[r r'+1] sup-

ported on two consecutive sites [r',r"+1] of lattlce L. (Fig.
3). This is so because in Ulol" '”]U most dlsentanglers and
isometries of U, and U] T are annihilated in pairs according to
Eq. (2). The resultlng transformation is implemented by

means of the ascending superoperator A described in Fig. 9,
O[r/r+1] A( [rr+l]) (11)

In order to keep our notation simple, we do not specify on
which lattice or sites the superoperator 4 is applied, even
though A actually depends on 7, r, and r’. Instead, when
necessary we will simply indicate which of its three structur-
ally different forms (namely, left .A;, center A, or right Ag
in Fig. 9) is being used.

As above, let [r,r+1] denote two consecutive sites of
lattice £, and let [’ ,r" +1] denote two consecutive sites of
lattice £, that lay inside the past causal cone of [r,r+1]

e L,_;. Given a density matrix p[r 7+ in L, the descend-
n%g superoperator D of Fig. 10 produces a densny matrix
rr+1]

pr— 11’1 ‘Cr—la
p[rr+1] D( [r', r+1]) (12)

Notice that the descending superoperator D (which depends
on 7, r, and r') is the dual of the ascending superoperator A,
D=.A*. Indeed, as can be checked in Fig. 11, by construction

[r r+1] [r'.r'+1]

we have for any o’ and p’

PHYSICAL REVIEW B 79, 144108 (2009)

(b) o,

() o,

~

g

Ascending Superoperators:

(@) 0= AL(OT-I)
i J
«—W,
i J ) —u,
0: ?Cé . < 0r
k 1 vl
«— ‘vfr

) 0,= Ac(0r.1)

5

FIG. 9. (Color online) The ascending superoperator A trans-
forms a local operator o,_; of lattice £,_; into a local operator o, of
lattice £ (for simplicity we omit the label [r,r+ 1] that specifies the
sites on which o,_; and o, are supported). Depending on the relative
position between the support of o,_; and the closest disentangler,
the operator can be lifted to lattice £, in three different ways, indi-
cated in the figure as (a)—(c). Correspondingly, there are three struc-
turally different forms of the ascending superoperator A, namely,
left A;, center A, and right Ay, indicated as (a’)—(c"). Notice that
the figure completely specifies the tensor network representation of
the superoperator, which is written in terms of the relevant disen-
tanglers and isometries (and their Hermitian conjugates). An ex-
plicit form for the average ascending superoperator A of Eq. (34)
is obtained by averaging the above three tensor networks.

(<) 0= AR (01-1)

|

tr[o[r r+1]D(p[r' r +1])] _ tr[A(o[r r+1])p[r' r +1]]‘ (13)

Correspondingly, there are also three structurally different
forms of the descending superoperators, namely, left D,
center D, and right Dy, in Fig. 10.

B. Evaluation of a two-site operator

We can now proceed to compute the expected value
tr(ol"*11P) of Eq. (8) from the MERA. This computation
corresponds to contracting the tensor network depicted in the
upper half of Fig. 12.

In a key first step, the contraction of the tensor network
for tr(ol"*!IP) is significantly simplified by the fact that, by
virtue of Eq. (2), each isometric tensor outside the past
causal cone of sites [r,r+1] e £ is annihilated by its Hermit-
ian conjugate. As a result, we are left with a new tensor
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© p, @ p

{

@ p,

L T : £‘l’-1
Pr-1 Pr-1 Pr-1
Descending Superoperator:
(a') Pra= DL(pt)
iJ
m T «— u7‘r
iJ v — Wf,
Pri1 +;+ = — P
k1l R < — w,
[] L = ul
k1

(b’)pr-l = DC (pr) () Pr1™= DR (pt)

/ [] []
‘*' v
Lot
\?7.[_
AYA N N
[] [l

FIG. 10. (Color online) The descending superoperator D trans-
forms a local density matrix p, of lattice £, into a local density
matrix p,_; of lattice £, ;. Depending on the relative position be-
tween the support of p,_; and the closest disentangler, the density
matrix p, can be lowered to lattice £,_; in three different ways,
indicated in the figure as (a)—(c). Correspondingly, there are three
structurally different forms of the descending superoperator D,
namely, left D;, center D, and right Dy, indicated as (a’)—(c’). An
explicit form for the average descending superoperator D of Egq.
(40) is obtained by averaging the above three tensor networks.

i o
o=

network that contains only (two copies of) the tensors in the
causal cone, as represented in the second half of Fig. 12.
Because the past causal cones in the MERA have a bounded
width, this tensor network can now be contracted with a
computational effort that grows with N just as O(log N). One
can proceed in several ways.

Duality:
tr { ’4L (Oz—l )/')z } =tr {Ot—lz)l,(pt )}

[

wi,—

FIG. 11. (Color online) The ascending and descending superop-
erators, A and D, are dual to each other; see Eq. (13). This becomes
evident by inspecting the above figure, where the superoperators are
explicitly decomposed in terms of disentanglers and isometries.

PHYSICAL REVIEW B 79, 144108 (2009)

Expected value of a local observable:

FIG. 12. (Color online) (i) Tensor network corresponding to the
expected value tr(ol"+*11P) of Eq. (8). The two-site operator ol""*1]
is represented by a four-legged rectangle in the middle of the tensor
network. The shaded region represents the past causal cone of sites
r,r+1 e L. (ii) All isometric tensors that lay outside the past causal
cone of sites r,r+1 € £ annihilate and we are left with a simpler
tensor network.

Bottom-top. In the bottom-top approach, we would start
by contracting the indices of ol’*!J and the disentanglers and
isometries of the first layer (7=1) of the causal cone; then we
would contract the indices of disentanglers and isometries of
the second layer (7=2); and so on (Fig. 13). However, this
corresponds to repeatedly applying the ascending superop-
erator A on 0[0””’l = ol"+11 Therefore this is precisely how
we proceed, obtaining a sequence of increasingly coarse-
grained operators

Top-tensor contractions:

M o ST U P
[}Tj fy \7 ?1 =

FIG. 13. (Color online) (i) The top tensor transforms a two-site
operator or_; defined on lattice £;_; into a one-site operator (a
X7 X xr matrix) o7 on the top of the MERA. (ii) The two-site den-
sity matrix py_; on lattice L7_; is obtained through contraction of
the top tensor with its conjugate. Notice that py_;, as well as all p,,
are normalized to have trace tr(p,)= xr.
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Bottom-top contraction:

(i) (ii)

(iii)
(iv)

FIG. 14. (Color online) The contraction of the tensor network in
the lower half of Fig. 12 using the bottom-top approach corresponds
to employing the ascending super operator A a number of times. In
this particular case, we first use (i) Ag, then (ii) A, and then (iii)
A;, to bring the tensor network into a simple form whose contrac-
tion gives a complex number: the expected value of Eq. (8).

A A A
()([)r,r+l]_)o[lrl,r1+1]_)0[2r2,r2+1]_> e op (14)

supported on lattices Ly,L,L,, ..., Ly, respectively. Here,
the xrX xr matrix o7 at the top of the MERA is obtained
according to Fig. 14 and the expected value of Eq. (8) cor-
responds to its trace,

tr(o!"*1IP) = tr(oy). (15)

Top-bottom. In the top-bottom approach, we would in-
stead start by contracting the indices of the tensors in the top
layer (7=T) of the causal cone; then we would contract the
indices of the tensors in the layer right below (7=7T-1); and
so on (Fig. 15). However, that corresponds to first computing
a density matrix p;_; for the two sites of £;_; according to
Fig. 14 and then repeatedly applying the descending super-
operator D. Therefore this is how we proceed, producing a
sequence of two-site density matrices

D D D
pr— pgrz,r2+l]_)p[lrl,r1+l]_)p([)r,r+l] (16)
supported on lattices L1, ...,L5,L;, L, respectively.?” The

last density matrix, pl""*!= pgr,m]’ describes the state of the
two sites of £ on which the local operator ol"*' is sup-

ported. Therefore we can evaluate the expected value of
[rr+1]
o )

tr(O[r,r+l]P) — tr(O[r,r+1]p[r,r+1]) ) (17)

PHYSICAL REVIEW B 79, 144108 (2009)

Top-bottom contraction:

(i) (ii)

(v)

FIG. 15. (Color online) The contraction of the tensor network in
the lower half of Fig. 12 using the top-bottom approach corresponds
to first implementing (i) a fop tensor contraction followed by re-
peated application of the descending super operator D. Specifically,
here we first use (ii) Dy, then (iii) D, and then (iv) Dg, in order to
compute the appropriate density matrix p[’*’“] for two sites [r,r
+1] e £. With the density matrix pI""*'] we can finally compute (v)
the expectation value tr(ol"+11P)=tr(olr+1plrr+1ly,

Middle ground. More generally, one can also evaluate the
expected value of Eq. (8) through a mixed strategy where the
ascending and descending superoperators are used to com-
pute the operator ol’~"*! and density matrix pl"~""!) sup-
ported on lattice £,, which fulfill

tr(o[r,r+1]P) — tI‘(OErr’“r#l]p[rrT’r"H]) . (18)

In all the cases above, one needs to use the ascending/
descending superoperators about 7=~log N times, at a cost
O(x®), so that the total computational cost is O(x® log N).

C. Evaluation of a sum of two-site operators

In order to compute the expected value

(O)y, =u(OP), 0= > olrr+ll (19)

of an operator O on L that decomposes as the sum of two-
site operators, we can write

tr(OP) = 2, tr(ol*11p) (20)

and individually evaluate each contribution tr(o""*'1P) by
using, e.g., the bottom-top strategy of Sec. III B, with a cost
O(x®N log N). However, by properly organizing the calcula-
tion, the cost of computing tr(OP) can be reduced to O(x*N).
We next describe how this is achieved. The strategy is
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closely related to the computation of expected values in the

presence of translation invariance, as discussed later in this

section. Again, there are several possible approaches.
Bottom-top. We consider the sequence of operators

T i +
Uy Uy U

00—>01—>02—>"'0T, OOEO, (21)

where the operator O is the sum of N/37 local operators,

N/3T
0,= >, o, (22)
r=1

O, is obtained from O, by coarse graining, O,
:UZOT_IUT. Each local operator 0[7””] in O, is the sum of
three local operators from O ,._; [see (i)—(iii) of Fig. 9], which
are lifted to £, by the three different forms of the ascending
superoperator, A;, A¢, and Ag. Since O,_; has N/37! local
operators, O is obtained from O,_; by using the ascending
superoperator .4 only N/37! times. Then, since 2L03‘T< 2,
this means that the entire sequence of Eq. (21) requires using
A only O(N) times. Once O is obtained, the expected value
of O follows from

tr(OP) =tr(O7). (23)

Top-bottom. Here we consider instead the sequence of en-
sembles of density matrices
Ura U, U
ET—I — "'EZHEIHE(), (24)

where E is an ensemble of the N/37 two-site density matri-

ces p[T”r“] supported on nearest-neighbor sites of £,

E.={p 2, p23, . pM oy, (25)

From each density matrix in the ensemble E. we can gener-
ate three density matrices in the ensemble E,_; by applying
the three different forms of the descending superoperator,
D,, D¢, and Dy [see (i)-(iii) of Fig. 10]. All the N/3™!
density matrices of ensemble E._; can be obtained from den-
sity matrices of E in this way. Since =7_;377< 2, we see that
by using the descending superoperator D only O(N) times,
we are able to compute all the density matrices in the se-
quence of ensembles of Eq. (24). Once the ensemble E
= F has been obtained,

E={pl"?,p>3], . pt" 1, (26)
the expected value of O follows from
trf(OP) = X, tr(ol+Hplrr+1l) (27)

Middle ground.—More generally, we could build operator
0. as well as ensemble E and evaluate the expected value of
O from the equality

tr(OP) = 2, tr(ol 1 plrr+ily (28)

T

Each of the strategies above require the use of the ascending/
descending superoperators O(N) times and therefore can in-
deed be accomplished with cost O(*N).

PHYSICAL REVIEW B 79, 144108 (2009)

0[11] o

FIG. 16. (Color online) In order to compute a two-point cor-
relator C,(ry,r,), we need to consider the union of the past causal
cones of sites r; and r,. Notice that, in contrast with the case of a
single local operator, the joint causal cone of two distant sites typi-
cally involves more than two contiguous sites of some lattice L.
This makes the computational cost scale as a power of y larger than

Xt

D. Evaluation of two-point correlators

Let us now consider the computation of a two-point cor-
relator of the form

Cy(ry,rp) = <\I’|o[’1] ® 0[’2]|\If>, (29)

where ol"l and ol*! denote two one-site operators applied on
two arbitrary sites r and s of £; see Fig. 16. Figure 17 shows
the tensor network to be contracted. Again, we can use Eq.
(2) to remove all disentanglers and isometries that lay out-
side the joint past causal cone for sites r and s. Then, we can
proceed to contract the resulting tensor network, for instance,
through a bottom-top or top-bottom approach, with the help
of the ascending and descending superoperators (and gener-
alizations thereof). Notice that since at intermediate layers
the two legs of the causal cone may contain two sites each
one, in general we will need to compute operators or density
matrices that span more than just two sites, and the cost of
their computation will be larger than O(x®).

However, for specific choices of sites r,s € £, we are still
able to compute C,(r,s) with overall cost O(x® log N), as
illustrated in Fig. 18. We emphasize that this was not pos-
sible in the binary 1D MERA and is one of the main reasons
to work with the ternary 1D MERA. For such choices of
sites r and s, each of the two legs of the joint past causal
cone contains just one site until, at some layer 7, they fuse
into a single two-site leg. We can introduce one-site ascend-
ing and descending superoperators A" and DV (Fig. 19), in
terms of which we can express, for 7= 7, the transformation
of a product operator o[’]1 ®0[:_]1 into a product operator

O[Tr,] ® o[:'] = AV @ AV, (30)
[r's']

or of a density matrix p?

into a density matrix
prl= (" o D)L, (31)

where r,se L, and r',s’ € L are sites corresponding to
single-site legs of the causal cone. In, say, the bottom-top
approach we can compute the correlator of Eq. (29) by using
the single-site ascending superoperator A for layers 7
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Two-point correlator:

FIG. 17. (Color online) (i) Tensor network to be contracted in
order to evaluate a two-point correlator C,(r;,7,). Similar to the
case of a local observable in Fig. 3, the tensors outside of the casual
cone annihilate in pairs due to their isometric character [Eq. (2)].
(ii) The resulting tensor network is much simpler network. How-
ever, for a generic pair of sites r|,r, € L, the joint past causal cone
will contain more than just two sites per layer, resulting in a com-
putational cost that scales with y as a power larger than x5

=1, and then the two-site ascending superoperator A for
layer 7> 7.

E. Translation invariance

The computation of the expected value tr(ol”"*'1P) of a
single local operator ol""*!1 in the case of a translation-
invariant MERA can proceed as explained earlier in this sec-
tion. In the present case one would expect the result to be
independent of the sites [r,r+1] € £ on which the operator
is supported, but a finite bond dimension y typically intro-
duces small space inhomogeneities in the reduced density
matrix  pl”*') and therefore also in  tr(ol""*'1P)
- tr(o[r,r+ 1 ]p[r,r+ 1 ]) .

Given a two-site operator o, an expected value that is
independent of [r,r+1] can be obtained by computing an
average over sites,

1
(ol +11p) — X}E tr(ol"*11p) (32)

PHYSICAL REVIEW B 79, 144108 (2009)

(ii)

o o ol ol

(iif)

FIG. 18. (Color online) Two-point correlators for specific pairs
of sites r,s (at distances of 37 sites for g=1,2,3,...) can be com-
puted with cost O(x® log N). This is due to the fact that the causal
cones for each of r,s contains only one site until they meet—(i) at
Ly, (ii) at £,, or (iii) at Ls.

1
:]T]E tr(o[r,r+l]p[r,r+l])’ (33)

where the terms ol”"+!1 denote translations of the same op-
erator o. This average can be computed, e.g., by obtaining
the N density matrices pl”’*! individually and then adding
them together, with an overall cost O(x*N). However, with a
better organization of the calculation the cost can be reduced
to O(x® log N).

We first need to introduce average versions of the ascend-
ing and descending superoperators. Given a two-site operator

(i) O[r{]

T

Olrll

-1

(ii) One-site Ascending (iii) One-site Descending

Superoperator: Superoperator:
(1 )il [nl_ '
0~: te A(l)(or—ll) pz'—ll_ D(l)( PErl ])
&y /\ — Ww; p"Jl <—w7‘r
@ — T% —0,; \,v = O] — P
= Wﬂ‘ W

T

FIG. 19. (Color online) A one-site operator o,_; supported on
certain sites of £, (corresponding to the central wire of an isom-
etry w,) is mapped onto a single-site operator on £ . In this case the
(i) ascending and (ii) descending superoperators A" and DV have
a very simple form.
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0,_; in lattice £._;, we can build a two-site operator o, by
using an average of the three two-site operators resulting
from lifting o, to lattice £, namely, A;(0,_), A;(0,_),
and A;(o,,). In terms of the average ascending superopera-

tor A,

A=A+ Ac+ Ap), (34)
this transformation reads
0,-=Z(0,-_1). (35)

Importantly, if we coarse grain the translation-invariant op-
erator

L ol

N, = N/3%, (36)
NT—I r

where N,_; is the number of sites of £, and the terms
0[7’_’1“] denote translations of o,_;, the resulting operator can
be written as

1
. [r,r+1] 37
NTEr: o G

where the terms o[T’_’{“] denote translations of o, and where
0, and o, are related through Eq. (35). In other words, the
average ascending superoperator A can also be used to char-
acterize the coarse graining, in the translation-invariant case,
of operators of the form of Eq. (19).

Let p, denote the two-site density matrix obtained by av-
eraging over all density matrices p[”“] on different pairs

Y
[r,r+1] of two contiguous sites of L,

1

= = E: [r,r+1] 38
p’T NT . pT ’ ( )
and similarly for lattice £,_|,
P = L p[r,r+1] (39)
71 N»;-] . —l

Recall that each density matrix p[T”’“] on lattice £, gives rise

to three density matrices in £,_; according to the three ver-
sions of the descending superoperator, namely, D;, D, and
Dg. It follows that the density matrix p,_; can be obtained
from the density matrix p, by using the average descending
superoperator,

D= 1(D, +Dc+Dp), (40)
that is,
1= Ap,). (41)

We can now proceed to compute the average expected
value of Egs. (32) and (33). This can be accomplished in
several alternative ways.

Bottom-top. Given a two-site operator o, we compute a
sequence of increasingly coarse-grained operators

A A A

00— 01— 03— *** 01, 09=o0, (42)

where o, is obtained from o, ; by means of the average
ascending superoperator A. Then we simply have

PHYSICAL REVIEW B 79, 144108 (2009)

1%2 tr(ol*11P) = tr(o0y). (43)

Top-bottom. Alternatively, we can compute the sequence
of average density matrices

D D D
Pr-1— """ P2— P1— Pos (44)

where p,_; is obtained from p, by means of the average
descending superoperator D and where p= p,, corresponds to
the average density matrix on lattice £,

p= _E p[r,r+1]’ (45)

in terms of which we can express the average expected value
as

]%[E tr(o"11P) = tr(op). (46)

B Middle ground. As customary, we can also use both A and
D to compute o, and p,, and evaluate the average expected
value as

1
;/E tr(o"*11P) = tr(0,p,). (47)

In all the above strategies the average ascending and de-
scending superoperators .A and D are used O(log(N)) times
and therefore the computational cost scales as O(x® log N).

To summarize, with a translation-invariant MERA we can
coarse grain a single two-site operator o (with a transforma-
tion that involves averaging over all possible causal cones)
or compute the average density matrix p by using the aver-
age ascending or descending superoperators. This leads to a
sequence of operators o, and density matrices p,,

A A A

00— 01— " —0p, 09=o0, (48)
D D D
Po—pi1— P P =P, (49)

from which the expected value of o is obtained as tr(op), as
tr(o) or, more generally, as tr(o.p,).

F. Scale invariance

In the case of a translation-invariant MERA that is also
scale invariant, the average ascending superoperator A is
identical on each layer 7, since it is always made of the same
disentangler u# and isometry w. We then refer to it as the
scaling superoperator S."' Its dual S* corresponds to the
descending superoperator D.

As derived in Ref. 10, the expected value of a local ob-
servable o in the thermodynamic limit can be obtained by
analyzing the spectral decomposition of the scaling superop-
erator S,

S(.) = E )\a¢a tr((za.)a tr((;sa(ﬁﬁ) = 5a/ﬁ' (50)

We refer to the eigenoperators ¢, of S,
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S(da) = Notbas (51

as the scaling operators. Notice that the operators &, which
are biorthonormal to the operators ¢,, are eigenoperators of
S,

S (ha) = Noba- (52)

We recall that the scaling operator S is made of isometric
tensors [cf. Eq. (2)] and therefore the identity operator I is an
eigenoperator of S with eigenvalue 1 (that is, S is unital),

SM=1. (53)

On the other hand, since the MERA is built as a quantum
circuit—and descending through the causal cone corresponds
to advancing in the time of a quantum evolution—it is obvi-
ous that the descending superoperator D is a quantum chan-
nel, and so are D and S* (see also Ref. 10). In particular, S*
is a contractive superoperator,>® which means that the eigen-
values A, in Eq. (50) are constrained to fulfill |\ |=1. In
practical simulations'! one finds that the identity operator I is
the only eigenoperator of S with eigenvalue of 1, \j=1, and
that |[\,| <1 for a# 1. Let p denote the corresponding unique
fixed point of S,

S(p)=p. (54)

In an infinite system, the local density matrix of any lattice
L, (with finite 7) results from applying S* on p” an infinite
number of times, and it is therefore equal to the fixed point
5.9 Consequently, Eqs. (48) and (49) are then replaced with

s s S

00— 0,—0y,— 03", 09=0, (55)
s s S
pep—p—p---, (56)

where in addition, by decomposing o in terms of the scaling
operators ¢,

0= 2 Coz¢w Ca= tr(&ao) s (57)

we can explicitly compute o0

0,=(S° -+ 28)(0) = 2 ¢o(No) "By

7 times (5 8)

This expression shows that unless ¢; # 0, the operator o, de-
creases exponentially with 7 (recall that |\ /<1 for a#1)
and its expected value must vanish. The average expected
value of o then reads

1
lim sz tr(o""*1IP) = tr(0p). (59)

N—ooN"7

Two-point correlators for selected positions can also be
expressed in a simple way, by considering the one-site scal-
ing superoperator SV, which is how we refer to the super-
operator A" in Fig. 19 in the case of a scale-invariant
MERA. Its spectral decomposition,
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SV = X st t(fry®),  tr(Puthg) = 8,5, (60)

provides us with a new set of (one-site) scaling operators i,.
Given two arbitrary one-site operators o and o', we can al-
ways decompose them in terms of these i, [similarly as in
Eq. (57)]. Thus we can focus directly on a correlator of the
form (gb[;]gb[g]). Here r and s are restricted to selected posi-
tions as in Fig. 18. Then we have

rlgls Ca
(Whigh = |r——s|Ai+_Aﬁ’ (61)

where A,=log; u, is the scaling dimension of the scaling
operator ,, whereas C,g is given by

Ca'ﬁ = tr[((ﬂa ® (pﬂ)ﬁ]’ (62)

with p from Eq. (54).

In deriving Eq. (61) we have used that, by construction,
|r—s|=34 for some g=1,2,3,.... Coarse graining J;]zp[/;] a
number g of times produces a multiplicative factor (u,ug)?
and the residual two-site operator lﬁ[ct)]l,b[ﬁl , whose expected
value gives C,z On the other hand, by noting that uf
=,u,1°f°='3"‘5‘=|r—sﬁ°g3 t=|r—se 8 we arrive at (wqup)?=|r
—s|3*28, which explains the denominator in Eq. (61).

We note that the polynomial decay of correlators in the
scale-invariant MERA was established in Ref. 5. Their con-
nection with the eigenvalues of the scaling superoperator
[Eq. (50)] was formalized in Ref. 10. Its closed expression in
Eq. (61), including the coefficients C,g, was derived in Ref.
11, where also three-point correlators were considered. (Ref-
erence 11 also unveiled a connection between the scale-
invariant MERA and conformal field theory. The coefficients
C,p of two-point correlators and the analogous for three-
point correlators are the key to identifying the operator alge-
bra of primary fields and their towers of descendant fields.)

In conclusion, from the scale-invariant MERA we can
characterize the expected value of local observables and two-
point correlators, as expressed in Egs. (59), (61), and (62).
All critical exponents of the theory can be extracted from the
scaling dimensions A,. The required manipulations include
computing p from S (using sparse diagonalization tech-
niques) and diagonalizing S, all of which can be accom-
plished with the ternary 1D MERA with cost O(x®).

IV. OPTIMIZATION OF A DISENTANGLER OR ISOMETRY

In preparation for the algorithms to be described in Sec.
V, here we explain how to optimize a single tensor of the
MERA. Let H be a Hamiltonian made of nearest-neighbor
two-site interactions A"+,

H= Y, hlrr+1l, (63)

r

For purposes of the optimization below, we choose each term
Alm+11 5o that it has no positive eigenvalues, h""*1=0.
(This can be achieved with the simple replacement AL""+!]

—>h[”’+1]—)\maxl, where A\, is the largest eigenvalue of
h[r,r+1].)
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(i) Energy: E = tr(HP)

(i) Isometry Environment: Y’

