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Understanding quantum phases of matter is a fundamental goal in physics. For pure states, the representatives
of phases are the ground states of locally interacting Hamiltonians, which are also renormalization fixed points
(RFPs). These RFP states are exactly described by tensor networks. Extending this framework to mixed states,
matrix product density operators (MPDOs) that are RFPs are believed to encapsulate mixed-state phases of
matter in one dimension, where nontrivial topological phases have already been shown to exist. However, to
better motivate the physical relevance of those states, and in particular the physical relevance of the recently
found non trivial phases, it remains an open question whether such MPDO RFPs can be realized as steady states
of local Lindbladians. In this work, we resolve this question by analytically constructing parent Lindbladians
for MPDO RFPs. These Lindbladians are local, frustration free, and exhibit minimal steady-state degeneracy.
Interestingly, we find that parent Lindbladians possess a rich structure that distinguishes them from their
Hamiltonian counterparts. In particular, we uncover an intriguing connection between the noncommutativity
of the Lindbladian terms and the fact that the corresponding MPDO RFP belongs to a nontrivial phase.

DOI: 10.1103/1qyd-59z7

I. INTRODUCTION

In quantum many-body systems, short-ranged interactions
strongly constrain the entanglement of physically relevant
states. This fact provides a natural foundation for theoreti-
cal tools that exploit the underlying entanglement structure.
Among these tools, tensor networks have been remarkably
successful in revealing a variety of phenomena in strongly
interacting many-body quantum systems [l]. The tensor-
network framework makes the spatial structure of the un-
derlying correlations explicit while allowing for the efficient
description of physically relevant many-body quantum states.
For instance, matrix product states (MPS) [2], the prototypical
class of pure tensor-network states in one-dimensional (1D),
can approximate ground states of gapped local Hamiltonians
using a number of parameters that scale only polynomially
with system size [3]. Analogously, matrix-product density
operators (MPDO) are the mixed-state counterparts of MPS.
They can provide an efficient description of Gibbs states of
local Hamiltonians [4,5] and, via the bulk-boundary corre-
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spondence of tensor networks [6], they appear as boundary
states of two-dimensional (2D) systems.

Beyond serving as a successful variational class [7], tensor-
network states also emerge as exact solutions to the ground
state problem of local Hamiltonians. Specifically, every pro-
jected entangled-pair state [1] (PEPS)—the generalization of
MPS to higher dimensions—can be realized as the exact
ground state of a local Hamiltonian. The resulting so-called
parent Hamiltonians are local, have the minimal possible
ground-state degeneracy, and, in 1D, are also gapped [1,2].
The parent Hamiltonian construction thus endows pure tensor-
network states—MPS in particular—with a direct physical
interpretation.

Parent Hamiltonians also play a central role in the clas-
sification of quantum phases of matter [1]. PEPS, together
with their parent Hamiltonians, provide representatives for
all known (nonchiral) gapped topological phases of matter in
2D, as they encompass string-net models [8—13]. In particular,
this holds true even if PEPS are restricted to renormalization
fixed point (RFP) states [1]. This fact becomes both rigorous
and explicit in 1D. There, RFP MPS emerge in the limit of
a real-space renormalization flow. Moreover, the complete
phase classification can be conducted directly [14,15] and the
associated MPS RFPs provide representatives for all phases.

Recently, there has been an increasing interest in classify-
ing quantum phases of matter for mixed states [16-30], where
phases—not present in pure states—can emerge. Notably,
for 1D MPDO, nontrivial phases exist even with short-range
correlations [31,32]. This contrasts sharply with pure states,
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TABLE 1. Properties of parent Lindbladian for MPDO renormalization fixed point, in comparison with parent Hamiltonian for MPS.

Parent Hamiltonian H

Parent Lindbladian £ (RFP)

Geometrically local H=)h L=Y,L

Local term construction h=1(1-vvhHh Li=t(ToS-1)

Frustration free hilymes) =0Vi  (H > 0) L;(pmppo) = 0 Vi

Degeneracy Minimal ground-state degeneracy Minimal steady-state degeneracy
Degeneracy implies long-range correlation v Not always

Commuting for RFP? v Not possible for a class of RFP

where nontrivial phases with short-range entanglement appear
only after imposing symmetry protection [14,15]. Although
a full classification of mixed-state phases is still unresolved,
MPDO RFPs are expected to capture all possible phases,
analogously to their pure-state counterparts. However, it has
remained unclear whether MPDO RFPs admit a physical in-
terpretation analogous to parent Hamiltonians for MPS.

In this paper, we resolve this question by establishing the
open system analog of the parent Hamiltonian construction
for MPDO RFPs. Since this concerns mixed quantum states,
in place of the Hamiltonian ground state, we consider steady
states of a Markovian open-system evolution, described by a
Lindblad generator [33]. When is a given MPDO the steady
state of a local Lindbladian? In analogy to the pure state case,
we call this a parent Linbladian of the MPDO. We systemati-
cally answer this question, giving an explicit analytical parent
Lindbladian construction for the case when the MPDO is an
RFP (see Table I). We show that the constructed parent Lind-
bladians satisfy many important properties: They are local,
frustration free, and with minimal steady-state degeneracy. In
contrast to parent Hamiltonians, parent Lindbladians are not
always commuting at the RFP and a nontrivial steady-state
degeneracy does not necessarily imply long-range correlation
(see Table I for a summary and Sec. II for further discussion).

The problem of constructing a local Lindbladian with a
unique (specified) tensor-network state as its fixed point has
been considered before, most notably as a numerical algo-
rithm under certain assumptions [34], in dissipative state
preparation [35-37] and in the context of thermal states
[38—42]. In particular, Ref. [37] includes a simple construc-
tion to leverage the parent Hamiltonian of a given injective
MPS to a parent Lindbladian with the specified MPS as
its unique fixed point. Although this method can be used
to construct a parent Lindbladian for the purification of a
mixed state, it fails to give a parent Lindbladian for the
mixed state itself, which is the main objective here. For
thermal states, Ref. [41] gives a construction for a parent
Lindbladian for the case of stabilizer Hamiltonians. Our
construction contains thermal states of nearest-neighbor com-
muting Hamiltonians with zero correlation length but also
includes states that are not necessarily full-rank, such as a
generalization of (non-full-rank) thermal states and mixed
states arising as boundaries of 2D topologically ordered
systems.

Our results endow MPDO, which are RFP, with a direct
physical meaning—they arise as the exact steady states of
local dissipative dynamics. Moreover, we identify the class
of MPDO whose parent Lindbladian is rapid mixing, thereby
allowing efficient mixed-state preparation. We envision our

the parent Lindbladian construction can serve as a tool for
classifying mixed-state quantum phases.

The remainder of the paper is organized as follows. In
Sect. II, we summarize the results, outlining the core com-
ponents for constructing parent Lindbladians and discussing
their key properties. Section III provides an overview of the
essential concepts of MPS and MPDO, offering the necessary
background for the parent Lindbladian construction. The clas-
sification of MPDO RFPs is divided into two cases: simple
and nonsimple. In Sec. IV, we present a general framework
for constructing parent Lindbladians for MPDO RFPs, with
explicit treatments of the simple and nonsimple cases de-
tailed in Secs. V and VI, respectively. Finally, we conclude
in Sec. VII by highlighting open questions and directions for
future research.

II. SUMMARY OF RESULTS

We consider N spins in 1D and a density operator, p, which
is an RFP MPDO (as defined below). Our goal is to find a
Lindbladian £™ such that (1) L™ =YV | £;, where £;’s
are local Lindbladians themselves (i.e., act on the site i and its
r neighbors, where r is a fixed integer); (2) £L;(p) = 0 for all
i; and (3) the convex set of states satisfying L™ (p) = 0 has a
finite cardinality of extreme points independent of the system
size N, and are RFP MPDOs. We will call such cardinality
steady-state degeneracy (SSD). We will call £ the parent
Lindbladian.

We recall that a Lindbladian is a superoperator that
generates the time evolution of a density matrix capturing
Markovian dynamics in open quantum systems [33]. An
MPDO, specified by a tensor M, is an RFP if there exist two
local quantum channels [i.e., completely positive (CP) and
trace-preserving (TP) maps] 7 and S that respectively convert
a one-site tensor and a two-site tensor into each other [43],

T
7~ X

ey

7\‘_3/

As expected physically, at the RFP, there is no (finite) char-
acteristic length scale of the correlations in the system. This
is made apparent by the fact that the RFP of an MPDO has
zero correlation length [43], in the sense that every two-point
correlation function (O;0) is independent of the distance |i —
Jj| between the two operators. Furthermore, the conditional
mutual information /(A : C|B) vanishes for any consecutive
regions A, B, C when the complement of ABC is nonempty.
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The two quantum channels of the RFP—7 and S—allow
for the straightforward construction of a local parent Lindbla-
dian with desirable properties. For this, we first construct a
local channel acting on two neighboring sites

E=ToS, @

and denote &; = 1;(€), where t; translates the sites by amount
i. The parent Lindbladian is then constructed as a summation
of these terms,

N

LY =3"r, 3)
i=1

Li=&-1, )

where L£; is understood as L£; ® 1., acting trivially outside
the support of £;. By construction, £; is a valid Lindbladian
operator, and the parent Lindbladian £ is local. Conditions (1)
and (2) are obviously satisfied, and we will show in Secs. V
and VI that (3) is also fulfilled.

We note that the above construction can be understood as
a generalization of the MPS parent Hamiltonian. In that case,
the role of S, T is played an isometry V and its hermitian
conjugate V. That is, VT is the isometry that brings two-site
MPS tensor to one-site MPS tensor during renormalization,
and V brings one-site tensor to two-site tensor. The parent
Hamiltonian H = ), h; is then formed by choosing for each
local term 4 = 1 — VV7, which is completely analogous to
our Lindbladian construction.

While the construction is intuitive, the major contributions
of the paper are to characterize several key theoretical proper-
ties of the parent Lindbladian:

(1) Local and frustration free: The parent Lindbladian is
a summation of geometrically local terms, L") = Zivz  Li.
A global steady state that satisfies L™ (p) = 0 is also in the
space of steady states of each local term, £;(p) = 0, making
it frustration free.

(2) Minimal steady-state degeneracy: The SSD of our
constructed parent Lindbladian is minimal; no other local
Lindbladian construction admits lower steady-state degener-
acy.

(3) Steady-state degeneracy does not necessarily imply
long-range correlations: Unlike MPS, we show the MPDO,
whose parent Lindbladian hosts two or more steady states,
does not necessarily have long-range correlations. For exam-
ple, the parent Lindbladian of the state p = 5 (18V + g ®V)
has two degenerate steady states, but p has only short-range
correlations.

(4) Steady-state degeneracy does not classify mixed-state
quantum phases: Unlike MPS, we show the MPDOs, whose
local parent Lindbladians host the same minimal steady-state
degeneracy, may belong to different mixed-state quantum
phases. For example, the parent Lindbladians for state p =
(1% +0®V) and p = 1(10)(0®Y + |1)(1|®V) both admit
exactly two linearly independent steady states. Nevertheless,
they belong to different phases.

(5) (Non)commutativity of the parent Lindbladian: The
parent Lindbladian cannot always be chosen to be commuting
([£i, Lj] = 0) even at the RFP if we require it to be local
and have minimal steady-state degeneracy. In contrast, the

parent Hamiltonian at the MPS RFP can always be chosen as
commuting, local, and with minimal ground-state degeneracy.

(6) rapid mixing dynamics: We identify a class of MPDO
RFP whose parent Lindbladian is commuting, and thus rapid
mixing, in the sense that, starting from any initial state, the
Lindbladian evolution brings it to the unique steady-state
(or space of steady states) with vanishing error after time
t = O(poly log N). For example, the parent Lindbladian for
p = 55 (1% + 0®V) is rapid mixing and can bring product
state p = |0)(0|®V to it after t = O(poly log N) with vanish-
ing error. More interestingly, we will show in Sec. VIE that
the parent Lindbladian for the nontrivial density matrix [31]
pg;)x = ZLN(]l?N + Ug%/))() is also rapid mixing.

The distinction of MPDO RFP between the so-called sim-
ple and nonsimple [43] will play an important role in our
parent Lindbladian construction, which applies to both cases.
The simple MPDO RFPs include, but are not limited to, Gibbs
states of local commuting Hamiltonians (e =¥, where H =
> hi and [h;, h;] = 0) with zero correlation length. However,
the simple MPDOs under consideration can be non-full-rank
mixed states, which can be understood as special limiting
cases of Gibbs states. In that sense, our result goes beyond the
usual Gibbs states of commuting Hamiltonians. More inter-
estingly, the nonsimple MPDO can correspond to boundaries
of 2D topologically ordered systems. For this class, we will
employ a systematic construction that exploits tools from C*-
weak Hopf algebras [44—47].

III. PRELIMINARIES

In this section, we provide a minimal review of MPS and
MPDO and set up the notation. For a comprehensive review,
we refer the reader to Ref. [1]. Regarding MPS, we introduce
the concept of RFPs and the construction of parent Hamiltoni-
ans. Parent Hamiltonians enable the demonstration that MPS
RFPs provide an exhaustive classification of MPS phases [15].
Specifically, every MPS belongs to the same phase as its
corresponding fixed point.

After establishing a unified structure for all MPS RFPs, we
next introduce MPDOs and review the full characterization
of their associated RFPs [43], highlighting their significantly
richer structures. In particular, we will treat simple and non-
simple MPDO RFPs separately, as their distinct structures will
lead to different parent Lindbladian constructions. This frame-
work sets the stage for the parent Lindbladian construction,
which we present in the following sections.

A. Matrix product state, renormalization fixed points, and
parent hamiltonian

1. Basics of MPS

Consider a rank-3 tensor A with graphical representation,

‘ i
(Al)(xﬁ = a ‘A ﬁ cC (5)

where i = 1,2,...,d labels the Hilbert space and «, 8 =
1,2, ..., D label the auxiliary (virtual) space. d is the local
Hilbert space dimension and D is the bond dimension. A’ can
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be viewed as a D x D matrix, A’ € M, where M, denotes
the matrix algebra of D x D-dimensional complex matrices.
Given the tensor A, one can concatenate N copies to form

a uniform MPS,

[y ™) = ZTr(A”A”--~Al’N)|i1i2-~-iN>. (6)
Graphically,

e 2

When restricted to a finite bond dimension D, MPS provides
an efficient description of the underlying many-body states
while incorporating by construction the entanglement area
law.

The MPS tensor has redundant degrees of freedom, in the
sense that two different tensors may generate the same MPS
[ ™(A)) for any N. One can use such redundant degrees
of freedom, along with a finite number of blocking steps
(combining n neighboring tensors to form a larger tensor with
physical dimension d") to bring A’ into a block-diagonal form
where each block exhibits a desired structure. Before showing
this canonical form of the tensor, we first need to define the
concept of injectivity [43]:

Definition 1 (Normal and injective tensors). An MPS ten-
sor A is called injective if the matrices A’ span the whole set
of Mp matrices. An MPS tensor A is a normal tensor if it
becomes injective after blocking.

In other words, A is injective if any D x D matrix X can be
expanded as X = Y% | ¢;A’, where ¢; € C.

For any tensor B, it is always possible to obtain another
tensor A that generates the same MPS state for any N, and A
is in the following canonical form,

8

A= P (na ®AL). (®)

a=1

Where I‘La = diag{l’La,la I’La,27 R} //La,n,l } (9)

Moreover, the tensors {A,}4=1,.... , can be taken to form a basis
of normal tensors (BNT): (1) Each A, is a normal tensor;
(2) There exists some Ny such that for all N > Ny, | M (A,))
are linearly independent. That is, a BNT explicitly separates
the (normal) tensors generating proportional MPS.

The MPS state generated by A can, therefore, be written as
a summation,

8

> Zua |V A 10)

a=1 \ g=1

[y M (A)) =

2. Renormalization fixed point

In statistical mechanics, for phase classification, one
defines the local coarse-graining transformation and the cor-
responding renormalization flow. The limit of renormalization
flow, if it exists, is the renormalization fixed point. Different
renormalization fixed points typically correspond to different
phases.

In the context of MPS, coarse-graining is defined naturally
by blocking neighboring MPS tensors and applying a local

isometry to remove short-range entanglement, while keeping
the long-range entanglement intact [37]. Such a renormaliza-
tion flow is reversible, in the sense that there exists a local
isometry to fine-grain the state. The renormalization fixed
point is then defined as the limit of the renormalization flow
[43].

Definition 2 (Renormalization fixed point). A tensor A is
called an RFP if it satisfies

AlAR — Z V(ilig),jAj» (11)
J

where V is an isometry V'V = 1. Graphically,

oo -
4@ " e 12

The RFP of an MPS has zero correlation length, in the
sense that every two-point correlation function is indepen-
dent of the distance |i — j| between the two operators. In the
context of MPS, the phase classification is done conveniently
using the RFP. One can show that an MPS and its RFP are in
the same phase using the parent Hamiltonian [15]. The phase
classification problem is then reduced to the phase classifica-
tion for the RFP; MPS RFPs provide representatives for all
1D phases.

At RFP, [y™V)(A)) is a summation of linearly independent
states | (4,)), each being a direct product of states that
are entangled only between neighboring sites. Specifically, by
unitarily rotating the basis on each local site, | ™) (A,)) takes
the form of

[ (A

)>®N

a)) = [w(Aq

S o O

where the matrix A, is diagonal, positive, and Tr(Ag) =1.
Thus,

U

Z > ol |leo(an))® (14)

a=1 \ g=1

[y ™ (A)) =

where now |u, 4| = 1.

3. Parent Hamiltonian

Given an MPS, one can always construct a local Hamilto-
nian such that this MPS is a ground state. A particularly useful
construction is the parent Hamiltonian, which enjoys many
nice properties. Given a uniform MPS generated by tensor
A, one defines the vector space G as the space spanned by
all states | (") (A))x, generated by L consecutive tensors with
arbitrary boundary condition X,

G = {|[y'P(A)xIVX € Mp) (15)

ZTr(XA” .

L is called the interaction length, and we choose large enough
L such that its orthogonal subspace G in the L-site Hilbert
space is not a null space, which is always possible. Consider
any positive definite operator & > 0 such that ker(h) = G

[y P (A))x ASiy i), (16)
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(one simple choice of 4 is the projector to G). A parent
Hamiltonian is constructed as [48]

N
HY =3 "h, (amn
i=1

where h; = t;(h) and 7; translates the sites by i. At the RFP,
the choice of & as the projector onto G can be rewritten as

h=1-VVT, (18)

where V is the isometry from Eq. (12).

Definition 3 (Frustration freeness). A Hamiltonian is
frustration free if it can be written as a sum of terms H™) =
Zfi 1 hi, such that the lowest energy state of the full Hamil-
tonian is the lowest energy state of each individual term.
Namely,

HYy) = Eoly) & hily) = ehly), (19

where Ej is the ground state energy of H") and €} is the
ground state energy of A;.

By construction, the parent Hamiltonian is translational
invariant and frustration free. The ground state of the full
Hamiltonian satisfies H®™|y) = 0. Since each individual
term h; is positive semidefinite, (¥ |h;|y) > 0. Therefore,
h;|¥r) = 0 holds for each individual state, verifying frustration
freeness.

Frustration freeness plays an important role in proving
that the ground-state degeneracy of a parent Hamiltonian is
minimal when choosing sufficiently large L. In particular, the
ground state degeneracy is g, the number of BNT elements
in tensor A, and the ground state space is Span{|y™)(A,))}
[1,48]. Using the parent Hamiltonian of MPS at the RFP, one
can establish the phase classification of MPS: The number of
elements in the BNT completely specifies the different phases
[15]. This number coincides with the ground-state degeneracy
of the corresponding parent Hamiltonian.

Finally, the parent Hamiltonian is commuting [A, 7;(h)] =
0 for all j if the tensor is RFP. A nearest-neighbor parent
Hamiltonian has L = 2. One has the following theorem [43].

Theorem 1. A tensor A is an RFP iff for all N > 2,
[y M(4)) is a ground state of a nearest-neighbor commuting
parent Hamiltonian.

Let us summarize a few key properties of MPS that will be
contrasted later in the case of MPDO with nontrivial distinc-
tions: the overall structure of the noninjective MPS RFPs does
not depend on the details of each BNT element. Moreover, the
corresponding parent Hamiltonian is always commuting and
straightforward to construct. However, as we will demonstrate
in subsequent sections, the additional structure inherent to
density matrices in the mixed-state case leads to a richer set
of properties.

B. Matrix product density operator
and renormalization fixed points

Analogously, one may ask whether mixed states on a one-
dimensional chain also allow a tensor-network description.

Consider a rank-4 tensor M with graphical representation,

7

(M), 5= a{lr%ﬁ eC (20)

J
where i,j=1,2,...,d are physical space indices and
a,B=1,2,...,D are auxiliary space indices. A tensor M

generates a valid matrix-product density operator (MPDO)

,O(N)(M) — ZTI(Mi‘j‘MiZJZ . ,MiNjN)
(i}
livia - in) (g2 - gnls (2D
or graphically,

PN (M) = @—@N% . @

if o™ = (p™)" > 0. More generally, one can include a
boundary condition matrix B in MPDO,

PN (M) = N% . @3)

Given M, deciding whether p™)(M) is a positive operator for
all system sizes is, in fact, an undecidable problem [49,50].
Nevertheless, as we will see, it is possible to bypass this
difficulty by assuming an RFP condition.

What kind of mixed states admit an MPDO description?
There are at least two physical scenarios where MPDOs ap-
pear:

(1) Gibbs states of local Hamiltonians [5,51,52].

(2) Boundaries of two-dimensional topologically ordered
systems [53,54].

Although a complete classification of mixed-state quantum
phases is still ongoing, it is believed that the renormalization
fixed points of MPDOs capture mixed-state phases of matter.
In the following, we introduce RFPs for MPDO, distinguish-
ing between simple and nonsimple RFP characterizations.

1. Renormalization fixed point

One natural way to generalize the definition of renormal-
ization to MPDO is to define coarse-graining channels which
map two consecutive tensors to one and also maintain long-
range correlation. Unlike the renormalization flow for MPS,
which is always reversible, the existence of another quantum
channel that can reverse the coarse-graining is not guaran-
teed. We require the existence of such a channel to restore
reversibility. Unlike MPS, devising an explicit algorithm to
find the coarse-graining quantum channel of a given MPDO
tensor M is still challenging (see a recent progress in Ref.
[55]). Nevertheless, one can still define the renormalization
fixed point for MPDO as the limit of renormalization flow
[43].

Definition 4 (RFP for MPDO). A tensor M generating
MPDO is called an RFP if there exist two quantum channels,
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T and S, that act on the physical space and fulfill the follow-
ing condition:

T
/‘N
Q;@ QJ,@ @:@ , 24)
xS

T(Maﬁ) = ZMay ®MV/3’

14

namely,

S ZMW®MWS = Myp. (25)
Y

One can show this definition agrees with Definition 2 when
the MPDO is pure.

Next, we would like to characterize the RFP for MPDO.
By treating indices i, j as a compound index (namely, by
vectorizing the MPDO), M can be viewed as a rank-3 tensor,
and one can apply the previous results for matrix-product state
to bring M¥ into the canonical form with a BNT as in Egs. (8)
and (9), namely,

4
MY = P (ke ® M), (26)

a=1

where [, = diag{ua,l, Hads s ua,,,a}. 27

We call this the horizontal canonical form and denote the BNT
as {M,}.

Consider evaluating a two-point correlation function,
which can be evaluated via the tensor-network transfer matrix.
The transfer matrices E for MPS and MPDO are defined as

MPS: E = , MPDO: E = %EE] - (28)
A

While all BNT element A, contribute to the transfer ma-
trix for MPS, some BNT element M, for an MPDO may
lead to nilpotent operators, meaning that Trg(o™)(M,)) =0
when we trace R < D consecutive sites, and N is sufficiently
large. Therefore, such BNT elements do not contribute to
the two-point correlation function when the separation of the
two operators is larger than R. This motivates the following
definition.

Definition 5 (Simple). A tensor generating an MPDO is
simple if none of the elements in its BNT is nilpotent.

Below, we give two examples of noninjective MPDO ten-
sors; one is simple, and the other is nonsimple.

Example 1 (Classical GHZ state). Consider a tensor M
with d = D = 2 which has components M) = M{] = 1, and
all other components vanishing. The corresponding MPDO is

p™ (M) = 10)(01%Y + 1) (1|®N. (29)

This is an example of a simple tensor. There are two el-
ements in BNT, each with bond dimension 1: Mf){?:()) =1

and M(lalzl) = 1. None of them is nilpotent. Similar to the
Greenberger-Horne-Zeilinger (GHZ) state, this MPDO has
long-range correlations. Indeed, pY)(M) can be obtained

from the pure GHZ state by tracing out one site.

Example 2 (Boundary state of the Toric Code). Consider a
d = D =2 tensor M with components M) = M)} = MY =
-M 1111 = 1/2 and all other components vanishing. The corre-
sponding MPDO is

1
p™M ) = 2_N(1®N +o2V). (30

This is an example of a nonsimple tensor. There are two
elements in BNT, each with bond dimension 1: M(O[?=0) =

5. Mg =% and MY =3 M}_, = —3. M gener-
ates 1®V and M), which is nilpotent, generates oc®V.
After tracing any single site, the MPDO is proportional to
a maximally mixed state and thus does not have long-range
correlations.

The simple and nonsimple MPDO RPF tensors have differ-

ent structures, which we review below.

2. Simple RFP characterization

Theorem 2. If a tensor M is in canonical form, generates
an MPDO, is an RFP, and is simple, then each BNT element
M, takes the following form after a local unitary rotation:

1?:€Bipﬁ}» G1)
keSS,

lv) >0, for kK €8,, (32)

and the matrix R defined below is a rank-1 matrix

Riw :==Tr(m ) = arby, (33)

with

with normalization Zkes“ agby = 1.

Different elements of a BNT are supported on orthogo-
nal physical subspaces. They further satisfy nz =0 if k €
S., k' € Syanda # d.

We emphasize that the direct sum in Eq. (31) is in the
physical space [unlike Eq. (8), where the direct sum is in the
auxiliary space]. The local Hilbert space for each site is de-
composed into a direct sum H = &, H,. Moreover, each H,, is
further decomposed into another direct sum H, = GBkesaH(k)
with H® = H,(k) ® H*). Denoting dl(k), d™® the Hilbert space
dimension of H, H® respectively, the physical Hilbert
space dimension of a single siteisd = ), > ;¢ dl(k)dr(k).

By concatenating M, the MPDO generated by simple RFP
tensor M is thus a summation of mixed states, each of which
is a direct product,

8
P (M) = @na @ My @ My ks @ =+ @ My k-
a=1

(34)

We use the direct sum to emphasize different summands are
supported on orthogonal subspaces. In fact, each summand
labeled by a in the above MPDO is the generalized Gibbs
state of nearest-neighboring commuting Hamiltonian with
zero correlation length,

p™ ocem Xl (35)
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where h; = t;(h), [h;, h;j]=0. By “generalized” here we
mean that each % includes the limiting case where h = h; +
Bhy with hy >0, [h1, 1] =0 and B — oo, so that e =
Pye™™, with P, the projector onto the ground space of h;.
Therefore, the generalized Gibbs state can be rank-deficient.
Vice versa, the generalized Gibbs state of nearest-neighboring
commuting Hamiltonian with zero correlation length can be
rewritten in the form of Eq. (34) [43,51,56].

The MPDO generated by the simple RFP tensor satisfies
several properties physically expected for an RFP. First, it
has zero correlation length £ 2 — E. Second, the conditional
mutual information /(A : C|B) vanishes for any consecutive
regions A, B, C when the complement of ABC is nonempty,
which directly leads to the above local Hilbert space decom-
position [57].

Example 3 (Gibbs state). We provide two examples of
simple MPDO RFPs in Appendix A. The first one is a direct
product of Werner states, therefore with a single & in Eq. (31):
There is no further decomposition for the local Hilbert space
at each site. The second one is constructed by two Werner
states with different parameters, and has two k’s: The local
Hilbert space is a direct sum H = H*=D @ H*=2), For both
cases, we show that they are indeed Gibbs states by construct-
ing the Gibbs state Hamiltonians explicitly.

Finally, using the characterization of simple RFP, one can
explicitly construct the renormalization channels 7 and S.
When the MPDO is injective, with only one horizontal BNT
element, the channel 7 that transforms two sites to three sites
and the channel S that transforms three sites to two sites read

1 .
Tad=69L%%Tmﬂ@h®memg®Q@

ki ko
® (@ (M0 ® nk’,kz)>]a (36)
"

and

1
SX) = @ |:ak1 ™ Trir2.31(Q ® Ok, ® Qi (X)O),

ki,ka ks

®Q;®qg®mm} 37)

Here, Q) is an isometry QO QZ = 1 that projects onto the
Hilbert subspace H*) and satisfies 3°, Of Oy = 1. After ap-
plying the projector O, the symbol Tr;, denotes taking partial
trace on Hﬁk), and “1” labels the site of the action. Similarly
for Try; the partial trace is taken on ”Hgk) on the second site. In-
tuitively, the quantum channels perform project, partial trace,
and replace. Graphically,

T- P —

o e et 1 Oz
S ENES S Ay
[ My K/ ] [ M/ kg ] (38)
O N ’
(@ ] (9]
bt bt

and
1
S f—
k1,ka,k3 Uk bk3
N
0 [ 0 ’
(Qu ) [ Qw [ Qs |
It [ 3 ] it

where we employ the vectorized notation, using the upward
arrows to denote the output Hilbert space degrees of freedom
and the downward arrows to denote the input Hilbert space
degrees of freedom. Q; in the graph thus denotes Oy ® O;.

We would like to comment that the channels 7 and S intro-
duced above convert a two-site tensor and a three-site tensor
into each other. By blocking the tensor once more, we can
define 7 and S that go between one-site tensor and two-site
tensor; however, we will keep the form between two-site and
three-site tensor due to its simplicity.

3. Nonsimple RFP characterization

In this section, we review the more general nonsimple
MPDO RFPs and their characterization [43]. The nonsimple
RFPs have several nontrivial features since they can emerge
on the boundary of topologically ordered models in 2D. We
will first briefly state the general characterization, then use
the language of C*-weak Hopf algebra to write down explicit
RFP tensors M and the corresponding MPDOs.

For the general characterization, we need to use the canon-
ical form with a BNT in the vertical, instead of a horizontal,
direction. Starting from the rank-4 tensor M, we now treat
indices «, B8 as a compound index and view M as a rank-3
tensor. One can then apply the results for MPS (with the
horizontal and vertical directions exchanged) to bring Mg
into canonical form with a corresponding BNT. We call this
the vertical canonical form and denote the BNT as {M,}.
Moreover, it is proven that [43] if an MPDO tensor is in
the horizontal canonical form, it is automatically also in the
vertical canonical form.

Consider the one-site tensor M and the two-site tensor K
formed by concatenating two copies of M horizontally,

G906

Up to isometries acting on the physical indices, they can be
written in the vertical canonical form,

Mup) = EP s ® Map) 1, (41)
A
Kpy = @ Ve ® Kwp)ier (42)

where {M, } and {K, } are BNTs for M and K, respectively, and
W, v, are diagonal positive matrices. We define m; = Tr(u;)
and n, = Tr(v,). Again, we emphasize the direct sum and
direct product are in the physical space (vertical direction).
Theorem 3. A tensor M generating an MPDO is an RFP
iff the elements in BNTs {M,} and {K,} for one-site tensor M
and two-site tensor K are related by a unitary U, acting on the
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physical index
Kapys = UsMap) U, (43)

for any A and m; = n;, [43].

The multiplication in Eq. (43) is over the physical indices
(along the vertical direction). In other words, at the RFP,
the one-site tensor M and two-site tensor K share the same
vertical BNT up to a unitary transformation. This feature can
be used to construct the channels 7 and S, and thereby the
parent Lindbladian for the nonsimple case in later sections.

We comment that, in practice, it is more convenient to
generate the nonsimple MPDO RFP using C*-weak Hopf
algebras, as we introduce in Sec. VI A; this construction also
makes the MPDOs manifest as boundaries of 2D topologically
ordered systems. However, such constructions do not exhaust
all nonsimple RFPs [58]. We will explicitly present a coun-
terexample and construct its parent Lindbladian in Sec. VIE.

C. Lindblad master equation

Here we give a short introduction to the Lindbladian
formalism. The Linbladian operator £ is a linear map that
generates a continuous dynamical semigroup of quantum
channels Eeyol s Via Eevolr = e“. Physically, the Lindblad mas-
ter equation [59] governs the evolution of an open quantum
system weakly coupled to the environment,

1
p=L(p)=—ilH,p]+) (Lka,I - 5Lk p}>,
k

(44)

where the Hamiltonian part H governs the unitary part of
the evolution, and {L;} are called jump operators, governing
the dissipative part of the evolution. An initial density matrix
Pinit €Volves as p(t) = et (pinit)- The evolution operator Lt is
completely positive and trace preserving for all r > 0.

One can prove that the eigenvalues of £ have a nonpositive
real part with at least one zero eigenvalue. In particular, the
parent Lindbladian we construct takes the form of £L®) =
Zf'v:1(5i — 1), subsequently has H = 0 and only jump oper-
ators, and all the nonzero eigenvalues have a strictly negative
real part [60].

Given a Lindbladian operator, a steady state is a density
matrix p. corresponding to the zero eigenvalue, satisfying
L(po) = 0. Namely, it is a fixed point of the evolution opera-
tor e“' (pso) = Poo- The set of steady states forms a convex set,
and all steady states can be written as a convex combination of
extreme points. In case there is a finite number of such points,
we will call it SSD. If £ has a unique steady state, any initial
state pinic Will evolve toward the steady state after infinite time
evolution, lim;,_, oo €~ (Oinit) = Poo. If the steady state is not
unique, the initial state will evolve toward a state in the convex
set of steady states.

D. Mixed-state quantum phases

For completeness, here we provide a definition of the
mixed-state quantum phases via Lindbladian evolution [16].

Definition 6. A state py can be driven fast to another state
p1, and we write pg — p1, if there exists a local and time-
dependent Lindbladian £ acting on the original system and

a locality preserving ancillary system, such that for any r >
poly log N,

lle“(p0 ® 00) — p1 ® o111 < en, (45)

with o and o respectively the initial and final states of the
ancillas, and €y — 0 in the thermodynamic limit N — oo.

Two states belong to the same phase if there exist two local
Lindbladians described above such that oy — p; and p; —
£o-

In the above definition, including the ancillary system is
necessary for the phase equivalence to be transitive.

In particular, if an MPDO p™) admits a rapid mixing par-
ent Lindbladian that brings a product state pg to o™, then it is
in the trivial phase. Showing the reverse direction o™ — py
is easy by designing a parent Lindbladian for the product state.

We comment that we emphasize the rapid mixing property
of Lindbladian instead of the gapped property, because rapid
mixing, by definition, ensures fast convergence to the steady
state and guarantees the smoothness of observables along the
evolution. In contrast, the presence of a spectral gap alone
does not provide such a guarantee [16,61].

IV. PARENT LINDBLADIAN CONSTRUCTIONS

After reviewing the characterization of the MPDO renor-
malization fixed point tensor, we are now ready to construct
its local parent Lindbladian. We use the channels 7 and S of
the RFP to form a local quantum channel

5:7—08, (46)

and denote & = 1;(€), where t; translates the sites by amount
i. We then construct the parent Lindbladian as

Li=&—1, 47

N
LY =3"L,. (48)
i=1

In this construction, the jump operators of the local Lindbladi-
ans L; are identified with the Kraus operators of &; (note that
> LZLk = 1 due to the trace-preserving property of &;), and
the Hamiltonian part of £; is zero. The MPDO generated by M
is a steady state of L™ by construction, LN (o™ (M)) = 0,
and the Lindbladian is geometrically local.

One may wonder whether we can find an easier solution by
first constructing the parent Lindbladian for the purification of
the mixed state and then taking a partial trace over the purify-
ing system. There are two problems with this approach. First,
not every MPDO allows for a local purification, as pointed
out in Ref. [50]. The second is that the quantum channel for
partial trace cannot be generated by a Lindbladian. Therefore,
this procedure fails to give a parent Lindbladian for the mixed
state itself.

Next, we define several key properties for parent Lindbla-
dians.

Definition 7 (Frustration freeness). A Lindbladian is frus-
tration free if it can be written as a sum of terms £®) =
Zf/:] L;, such that every steady state of the full Lindbladian
is the steady state of each individual term. Namely,

LMPp)=0 < Li(p)=0. (49)
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Definition 8 (Minimal steady-state degeneracy). A parent
Lindbladian £®) of an MPDO p™) (M) reaches minimal
SSD if there does not exist any other local Lindbladian with
a lower-dimensional steady-state subspace which includes
PN (M).

While the parent Lindbladian construction is straightfor-
ward, proving its properties, such as minimal steady-state
degeneracy and frustration freeness, is challenging. The rest
of the text is devoted to proving the properties summarized
in Sec. II for the parent Lindbladian defined in Eq. (48).
There are at least two main differences compared to the parent
Hamiltonian.

First, unlike the parent Hamiltonian, parent Lindbladian is
not automatically frustration free. Although the eigenvalues
of L£; always have a nonpositive real part, it is possible that a
global steady-state is not a steady-state of each local term, as
shown in the following counterexample,

Example 4. Consider the following Lindbladian acting on
a single qubit:

L=L+ L,
L1(X) =Tr(X)|0)(0] — X, (50)
Lr(X) =Tr(X)|1)(1] — X.

The steady state of L is p = %(|O) (0] + |1)(1]), and it is not a
steady state of £, or £;.

However, if the parent Lindbladian is commuting, then
frustration freeness is guaranteed.

Lemma 1. A Lindbladian £ =), £; with [£;, £;1=0
and L£; = & — 1 is frustration free. That is, if £(0) = 0 then
Li(p) =0 for all i.

Proof. Using the local Lindbladian term, we define the
projectors,

P = lim %, P = lim %% = HP,-, (51)
1—>00 —00 ;

where we used [£;, £;] = 0. The limit is well defined because
L; does not have pure-imaginary eigenvalues by construction.
P; is a projector Pl-2 = P, but not necessarily Hermitian. Using
Pi2 = P, one can show that P; as a linear map is nondefective:
For each eigenvalue, the geometric multiplicity equals the
algebraic multiplicity. Therefore, P; is diagonalizable.

The commutation of the Lindbladian [£;, £;] = 0 leads
to the commutation of the projectors [P;, P;] = 0, and subse-
quently, they are simultaneously diagonalizable. Furthermore,
the eigenvalues of P; can only be 0 or 1. For a steady state,
L(p00) = 0 leads to P(ps) = 1, and thus P;(p) = 1 for all
i, equivalently, £;(po) = 0. This finishes the proof. |

Second, let the linear space of kernels of L£;, which is
equivalent to the linear space of fixed points of £, be denoted
as F¢. Define the vector space G (M) as the space spanned
by all states p'“)(M)x, which are states of L consecutive sites
generated by M with arbitrary boundary condition X,

GL(M) = {p"(M)x|VX € Mp}, (52)
where
PP M)x =Y Te XM M iy i) (- s
{ij}
(53)

and L is the interaction length of £. Unlike parent Hamil-
tonians where Gj = ker(h), for a parent Lindbladian, we
generally have

GL(M) C Fg. (54)

This is because the fixed-point space of a quantum channel
has a specific structure (see Theorem 6.14 of Ref. [62]) that
might not be satisfied by G (M) (see Example A2).

Because of the above two differences, the techniques for
proving parent Hamiltonian ground-state degeneracy cannot
be directly applied to determine the steady-state degeneracy
of parent Lindbladians. In the following, we give explicit con-
structions of the channels £ and show the above-constructed
parent Lindbladian is still frustration free and reaches the min-
imal steady-state degeneracy, along with other properties such
as commuting, rapid mixing, and the nature of its correlations.
We discuss the simple MPDO and nonsimple MPDO in the
next two sections, respectively.

V. PARENT LINDBLADIAN CONSTRUCTIONS:
SIMPLE MPDO

In this section, we explicitly construct the parent Lind-
bladians for simple MPDOs and prove their properties. We
begin by considering the injective MPDO case, where the
MPDO has only one BNT element in horizontal canonical
form, and then extend to the noninjective MPDO case. The
parent Lindbladian for injective MPDOs is commuting, has
a unique steady state, and exhibits rapid mixing. For nonin-
jective MPDOs, we prove a no-go theorem stating that the
parent Lindbladian cannot be commuting. We also show that
the steady-state degeneracy is minimal and equals g, the num-
ber of BNT elements in the horizontal canonical form of the
tensor M.

A. Injective MPDO

Using the channels 7 and S in Eq. (37), the local channel
& = 1;,(T o S) acting on three consecutive sites i, i + 1,7 + 2
reads

1
&xX) =P [—bTrI,,z,gl(le ®1® 0 (X)0],

ki,k; ki Bhs

®1® Q;L) ® (@ (M, ® nké,kg)):|' (55)

Ky
Graphically,

&= P !

ag, br.
ou kg 1R

1y 1y S 18
[nkl,k’z ] ["k’z,k3 ]

ﬂ

where we employ the vectorized notation, using the upward
arrows to denote the output Hilbert space degrees of freedom
and the downward arrows to denote the input Hilbert space
degrees of freedom.

(56)
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Using the graphical notation, it is easy to see the channels
&; commute. The product of neighboring channels is

o
o oo, V1 O
151 1Y I8 181 1Y 151

oy =

[ My k4 ] [ nké,ké ] [ "71c’3,k4 ] (57)
() (3 )
N N
and similarly for & o &;, leading to
Eioliy1=E108&, (58)

and subsequently [£;, £;1;] = 0. The nonoverlapping Lind-
bladians trivially commute. Therefore, the parent Lindbladian
is commuting for injective MPDO, which leads to frustration
freeness.

Frustration freeness allows for a simple proof of the
steady-state uniqueness. Using frustration freeness, a global
steady state p with L(p) =0 also satisfies L;(p) =0,
or equivalently, &(p)=p for all i. Therefore, it must
satisfy

510520-“05]\/(/)):/). (59)

The channel £ 0 & o - - - 0 Ey is nothing but the replacement
channel, which can be shown graphically, for example, when
N =4,

E1060808 = P

K kY kL K,

4y 4y by 4y 4y by
fJ (7eaws ) (eans ) [ )
N N K N

This quantum channel takes the trace of the input state and
replaces it with o™ (M). The unique steady state of the parent
Lindbladian is then ps = p™(M).

@,k’l (60)

B. Rapid mixing dynamics

The parent Lindbladian of a simple MPDO has one ad-
ditional nice property: it is a rapid mixing. That is, starting
from any initial pi,; and evolving for time #, the distance be-
tween the evolved state e’ (o) and the unique steady-state
Poo Vanishes when ¢ = O(poly log N) in the thermodynamic
limit N — oo [16]. The rapid mixing dynamics is a di-
rect consequence of the fact that the parent Lindbladian is
commuting.

Lemma 2. A local Lindbladian £®™) = Zf': \ Li, where
[£i, £;] =0 and L; does not have pure-imaginary eigenval-
ues, has rapid mixing dynamics.

Note that in our formalism, £; does not have pure-
imaginary eigenvalues by construction.

Proof. Since the Lindbladian is commuting, we define
the projectors P;, P as in Eq. (51). Consider the completely

bounded trace norm of the superoperator e~' — P,

le“" — Plloy = ‘ [T -T1~
i i O
N
<Y lefe s - eF (e — PPy - Pyllo
i=1
N
<D lleF = P, 1)

i=1

where we use the triangle inequality, submultiplicativity of the
completely bounded trace norm, and ||£||, = 1 for a quantum
channel €.

For each local term, one can use the Jordan decomposition
of the superoperator to show that the norm is bounded by

e~ — Pillo < e, (62)

for some constant y; since £; acts locally on a Hilbert space
of fixed dimensions. Subsequently,

e — Pllo < Ne™”', (63)

where y = min(yy, Y2, ..., ¥N)-
The error is then bounded by

€ := [le“ (oinit) — Poolli
= [le“ (oimit) — Pomi)ll1 < I~ — Pll1ll pinicll1
= [le“" — P|l; < [|le“" — Pllo < Ne™”". (64)

The norm in ||e£’ — P||; is the induced trace norm of the
superoperator, which lower bounds the completely bounded
trace norm. One can take ¢t = (log N)'*® for any positive &
and show € — 0 when N — oo. This justifies that £ is a rapid
mixing Lindbladian. |

C. Noninjective simple MPDO

A natural guess for generalizing the local quantum channel
for a noninjective MPDO is given by

-0 @ —

ar b
a kkes, “Kivk

x (Qn ® P, ® 01, (X)0}, ®1® Q]

Tri,0,3

® | P (ki @nis) | (65)

ki €S,

where P, = Zkes“ QZQk is the projector to Hilbert subspace
corresponding to BNT element a and satisfy ), P, = 1. By

direct inspection, one can see Si(l) as a linear map is CP and
o™ (M) in Eq. (34) is a fixed point of this CP map. However,
a valid quantum channel must also be TP, while

Tr(Ei(')(x)) = Tr((Z PP, ® Pa>X)

# Tr(X). (66)
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To form a CPTP map, denoting P = Za P, ®P,® P, and
Pt =1 — P, we construct the local quantum channel &; as

="+, (67)

where ™ (X) = Tr(PX)p, (68)

and py is a density matrix satisfying

D (Pi®P.®P)po(Pua® Pa®P) =pp.  (69)

a

Note that this condition is stronﬁer than PpoP = pg. One can
check that the second piece 5;'( ) is still a CP map, and the
combined map &; is indeed trace preserving.

By construction, the second piece Ei(n) satisfies El.(m o0& =
0, which leads to &; 0 &; = Eim o &;. Using the graphical rep-
resentation, one can show that Ei(l) is idempotent, £ i(I) o Ei(l) =
Ei(l). Combing the above properties, one can show the equiva-
lence

EX) =X & &PX)=X. (70)

The fixed point space of local channel &; is the same as the
fixed point space of the CP map Eia).

The proof of frustration freeness is more involved, since
&; is no longer commuting. As we will show later, this is not
merely an artifact of our choice of Ei(H); in fact, noninjective
simple MPDO RFPs never admit a commuting local parent
Lindbladian (see Sec. VD). To prove the parent Lindbladian
is frustration free, we make a convenient choice of pg as

1 8
po = — @ @ My o @ Miey ey @ M ke - (71
8 =1 kikokses,

Under this condition, Ei(l)(po) = pp and
Ei(l) o 5;11) = Si(n). (72)
Combined with the properties

gi(l) o gi(l) — gi(l) (73)

EP oD =£9

i+1 = Cit1 © gi(l)’ (74
(while keeping in mind that & o &1 # 41 0&;) one can
prove frustration freeness using a “flow diagram” method. We
leave the proof for Appendix C.

With frustration freeness, steady-state degeneracy can be
shown using a method similar to simple MPDOs. A global
steady state satisfies & (p) = p, or equivalently, 51.(1)(,0) =p
for all i. Consequently, it must satisfy

EVo&V o0 EP(p) = p. (75)

The CP map 81(1) o Eél) 0---0 S,(VI) can similarly be found us-
ing graphical representation, where now

=@ @O -

@ ki ks kb€Sa Uk, Dy
IS NS G S SN S

} [ Moy k4, ] [ My kg ] ’ (76)
0O N 0O

(@] [Lr ) (@)

Let’s take N = 4 as an example,

gloclocloc = P

a K, kb, kYK €Sy

by 1y 1y by 1y 1y
) Oam) (am) (mm) (me o»

a) a) a) a) ;
(e ) () (2] (P
F1 T Fi F1

and the generalization to arbitrary N is straightforward. There-
fore, the global steady-states take the form of

8
N
péo) = @Ca
a=1

with ¢, € C. A direct inspection shows all the states in the
above form are steady states of £. This concludes that the SSD
is g, the number of horizontal BNT elements, i.e.,

@ Mk ® Mgk ® -+ @ Miyky > (78)

(SSD) = g. (79)

Moreover, the minimally possible steady-state degeneracy is
g, as proven below.

Theorem 4. Consider a simple MPDO p™) (M) generated
by the RFP tensor M with g BNT elements in the horizontal
canonical form. A local Lindbladian £? that has p™ (M)
as its steady state must have at least g independent steady
states. In particular, the MPDO p™)(M,) generated by each
BNT element is a steady state.

Proof. Consider the vectoried state |p(M))) of p(M)
and define an operator in the vectorized space Hy = LTZ,
where £ is the representation of £ in the vectorized
space. By construction, H is positive semi-definite, satisfies
{p(M)|He|p(M))) =0, and it is k-local (but not geomet-
rically local) because each term in the expansion H, =
> EAITLA‘,- is only supported on a finite number of sites.

Now, if there are g BNT elements in the horizontal canoni-
cal form of M, one can decompose |p(M))) = ﬁ:l |o(M,)),
where (p(M,)|p(M,))) = 0 for a # a’. We construct another
vectorized state

lp'(M))) = 2|p(Ma=1))) — |p(M)))
= [p(Ma=1))) — |p(Ma=2))) — - - - = [p(Ma=y)))-

Consider any region A and its complement A. By construction,

Trz(lo (D) (p(M)] = Trz(|p" M) (" (M),

where we use the fact that different BNT elements are sup-
ported on orthogonal physical subspaces locally (Theorem 2).
This shows that each term ﬁlﬁ j in H, being k local, cannot
distinguish |o(M))) and |p’(M))), and therefore |p’'(M))) also
fulfills (o’ (M)|Hz|p'(M))) = 0. Equivalently, £|p'(M)) = 0
and back to the unvectorized notation, L(0'(M)) = 0.

Since both p(M) and p’(M) are steady states of L, their
summation, p(M,—), is also a steady state of L. This can be
applied to any BNT element a and finishes the proof that each
p(M,) is a steady state of L. The steady-state degeneracy is at
least g. ]

This shows that our parent Lindbladian construction
reaches the minimal steady-state degeneracy. Below we show
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an example of parent Lindbladian for the noninjective simple
MPDO, the classical GHZ state.
Example 5 (Classical GHZ state). Let us consider again

p™M (M) = 0)(01®N + [1)(1]®N, (80)

(see also Example 1). In this example, there are two elements
in the BNT, each with a bond dimension of 1. Therefore, it
is sufficient to consider a two-site local channel rather than a
three-site one. The two projectors for the two BNT elements

are
10 0 0
n=o0) 7=( )

Denoting PL=1-P,®@P) — P, ®P,, the local channel
takes the form

EX) =Tr((Po ® Py)X)Po ® Py + Tr((Pr ® P1)X)Py
® Py + Tr((PH)X ) po, (81)

and pg can be chosen as py = %(Po ® Py + Py ® Pp). Using
this local channel, the parent Lindbladian has a two-
dimensional space of steady states:

psy) = c110)(01® + e 1) (12",

with ¢y, ¢o > 0.

D. No-go theorem for commuting local Lindbladian

In this section, we prove a no-go theorem regarding the
existence of commuting local Lindbladians with minimal
steady-state degeneracy. We first prove a lemma on long-range
correlations of noninjective simple MPDO.

Lemma 3. Consider a noninjective simple MPDO RFP
o™ (M) generated by the tensor M with horizontal BNT
{M,}. The state pV) = c,p™M(M,) + co p™M (M, ) with a #
d,cq > 0,cy > 0 has long-range correlations, in the sense
that there exist local operators 04, OB such that the connected
correlation function (O*0%). has a positive lower bound for
arbitrarily large separation between region A and region B.

Proof. We will prove the lemma by construction. For a
noninjective simple MPDO RFP p™)(M) generated by tensor
M with horizontal BNT {M,}, denote the transfer matrix for
a BNT element M, as E,, and the transfer matrix for M, with
operator O/ inserted as E2. Diagrammatically,

(82)

&

I

n

I
&

The operator O? is an onsite operator supported on H,.

Next, we construct O as O* = 04 — 0%, where a # d/,
namely, O? and O are supported on orthogonal physical
spaces. The one-point function (O4) can be computed as

(0 =Tr(0"p™)
= ¢, Tr(0)p™ (M) = caTr (05, 0™ (M)
= ¢,Tr(E.E}) — ca Tr(E4EJ), (83)

where the fixed point condition E? = E,, is applied. Similarly,
(0%) = ¢, Tr(E,E?) — cu Tr(ELEL). (84)

One can always choose 0%, 0%, 08, 08 such that the one-
point functions vanish, (0*) = 0 and (0%) = 0.

For 0 and O supported on different sites, one can com-
pute the two-point function as

(0408 = Tr (02 08 p™))
= ¢ Tr(0304 0™ (M) + ¢ Tr(04,05 0™ (M)
= ¢ Tr(E,E)EEP) + ¢ Tr(E4EQE/ES),  (85)

where in the second line, there are no cross terms like 0405
because different BNT elements are supported on orthogonal
physical subspaces locally (Theorem 2). Since E, is a rank-
one matrix, one can further decompose

(0'0%) = ¢, Tr(E,E})Tr(ELEL) + coTr(E4E}) Tr(E4EY)

Cqa

_ Ca<1 + C_”)Tr(EaEg)Tr(EaEf), (86)

where in the last line, we use (04) = (O®) = 0. Since the one-
point functions vanish, the connected two-point correlation
function (0*0®). = (04 0P), which is a positive finite value,
independent of the separation between A and B. |

The above proof essentially shows that the noninjective
MPDO RFPs have long-range correlations. The fact that
different horizontal BNT elements are supported on orthog-
onal physical subspaces plays an important role in the above
proof. This feature is true only for simple MPDOs. nonsim-
ple MPDOs do not have this property and a state p®) =
cap™ M) + co p™ (M) may only have short-range corre-
lations.

We are now ready to prove the following no-go theorem for
commuting local Lindbladian.

Theorem 5. A noninjective simple MPDO generated by
an RFP tensor M does not admit a local Lindbladian that has
o™ (M) as its steady state, is commuting, has minimal steady-
state degeneracy, and has no purely imaginary eigenvalues.

Proof. We will use proof by contradiction. For this, we
assume that there exists a local and commuting parent Lind-
bladian that has p™)(M) as its steady state, and has (SSD) =
g (recall that by Theorem 4, the minimal steady-state de-
generacy is g and the space of steady states is spanned by
{p(M}p)}). More precisely, consider a commuting local Lind-
bladian £L™) = vaz , Li, where each summand £; is local,
acting on a region of length L, and L is a finite number that
does not grow with N. Since [£;, £;] = 0, the time evolution

operator EX) | = ™" can be written as the product
N-1 L-1 (N/L-1
N Lit _ c;
oo =1 =TT| [T =) @D
i=0 1=0 \ j=0

EM = ¢£™ is a finite-depth local channel

In other words,
with depth L.

As a finite-depth local channel, 52521,: has a strict light
cone, and no correlation can be created outside the light cone.
This also applies when ¢ — oo; recall that the limit exists

and is equal to the steady-state projector Eeyol 0o since L has
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no purely imaginary eigenvalues. Specifically, starting from
an initial state p( ) which is a product state the connected

init
correlation function with O(¢) = Tr(Eeyol, ,(,0 )O) satisfies

init
(040p)c(t) = (040p)(t) — Ox(1)0p(t) = 0, (88)

when the separation between region A and B is larger than 2L
for any operators Oy, OB Consequently, the steady state after
infinite time evolution ,0C>o = Eevol, OC(,0 ) is still short-range
correlated.

Now, consider initial states as product states,

“® pNs (89)

init

pﬁﬁ) =@M
where p; is an arbitrary density matrix at site i. By assumption,
the steady state is in the space spanned by {p(M,)}. Suppose
there exists a product state whose steady state is a superposi-
tion ¢; p(M,) 4+ c20(M,) with a # a’. By Lemma 3, this state
has long-range correlations and is in contradiction to Eq. (88).
Therefore, the steady state of a product initial state does not
contain superposition.
Since all possible product states 'Omlt form a complete basis
for the operators, all the states in the space of steady states

shall be reached, and there must exist two initial states, ,0lnll u

and ,omlt > such that their corresponding steady states are the
MPDOs generated by different BNT elements,

gevol,oo(pi(n]\i]t)a) = p(M,),
Eevolioo (Pl ) = P(Mur), (90)

which do not have long-range correlations. Denote pY) =

mnit,a
Pla ® -+ @ pn., and similarly for ,o]mt «» We next interpolate
between pi.a and p; o by p;(s) where 0<s<1,and pi(s) is
continuous in s, p;(0) = p;, and p;(1) = p; ». For example,
one can choose

pi(s) = (1 = $)pia + spia- (91)
and build an interpolated product initial state
fﬂt)(s) = p1(5) @ p2(5) @ - - - ® pn(s). (92)

The evolution operator Eyol.00 as a linear map is continuous,
so there must exist a s’ € (0, 1) such that Eeyol 00 (0N (s)) =
%(p(N)(Ma) + p™M(M,)). This is since Eeyol,00 pPreserves pos-
itivity and p™(M,,), p™ (M) are supported on orthogonal
spaces, thus the convex-combination coefficients are indeed
nonnegative for all s. Again, by Lemma 3 this state has long-
range correlations and contradicts Eq. (88). |

The long-range correlations in o) (M) not only lead to a
no-go theorem for a commuting local parent Lindbladian but
also forbid rapid mixing dynamics [63,64].

VI. PARENT LINDBLADIAN CONSTRUCTIONS:
NONSIMPLE MPDO

In this section, we explicitly construct the parent Lind-
bladian of nonsimple MPDOs and prove their properties. In
principle, 7 and S can be constructed using the vertical
canonical forms of one-site tensor M and two-site tensor K,
subject to the condition in Theorem 3, which we demonstrate
explicitly for two examples in Sec. VIE and Appendix E. For

the purpose of proving the properties of the parent Lindbla-
dian, we adopt a more convenient algebraic approach based
on the C*-weak Hopf algebra, which implicitly uses the hori-
zontal canonical form.

We begin with a lightweight review of the characteriza-
tion of nonsimple MPDO RFPs using C*-weak Hopf algebra,
employing the graphical notation. Given a C*-weak Hopf al-
gebra A, one can generate an MPDO RFP, which corresponds
to the boundary of a 2D topologically ordered system, and
construct the renormalization channels 7 and S. We leave the
rigorous algebraic treatments behind the graphical notations
in Appendix B. Next, we construct the parent Lindbladian
using 7 and S. In the special case of C*-Hopf algebras, the
parent Lindbladian is commuting and exhibits rapid mixing,
though the steady state is not unique. For a general C*-weak
Hopf algebra A, the SSD depends on the boundary condition:
with open boundary condition SSD equals dim(A), while with
periodic boundary condition SSD equals g, the number of
BNT elements in the horizontal canonical form.

Finally, we present a case study of a nonsimple MPDO
RFP that lies beyond the framework of C*-weak Hopf algebra,
and construct its parent Lindbladian via the vertical canonical
form. The conclusion regarding SSD remains unchanged in
this case.

A. Nonsimple RFP characterization: C*-weak Hopf algebras

This subsection is devoted to recalling some elementary
facts for the construction of RFP MPDOs from the alge-
braic point of view in Refs. [44-46]; see also Appendix B
for rigorous definitions and statements. The central algebraic
structures in this context, introduced by Bohm and Szlachanyi
in Ref. [65], are known as C*-weak Hopf algebras, and are,
in essence, complex finite-dimensional vector spaces A such
that both A and their dual vector spaces A* are C*-algebras,
and which are furthermore compatible in the sense that their
categories of x-algebra representations encompass unitary
(multi)fusion categories [66,67]. For example, any group alge-
bra A = CG of a finite group G can be promoted to a C*-Hopf
algebra (see details in Example B1).

In the context of tensor networks and for our purposes here,
let us recall that, given any C*-weak Hopf algebra A, one can
systematically construct a rank-four tensor

generating RFP MPDOs for all system sizes N € N:

N
:@;@__@:4}% 94)

in the sense of Definition 4 or, more generally,

P % 5)

for certain admissible boundary conditions B; see [45]. Fur-
thermore, the tensor M is in the horizontal canonical form by
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construction, for which we label the BNTasa =1, ...
let

,gand

g
<: ) _ Z a a (96)
a=1

stand for its corresponding block decomposition; here, the
labels a correspond to projecting onto the a-th block at the
virtual level. Furthermore, there exists a rank-four tensor M’
with the same block decomposition, and two rank-two tensors
Q and E satisfying

(@)-@)
=2 > C c)
@ o a
and, on the other hand,

SIS S T

See Appendix B for explicit constructions of the tensors
M,M', Q@ and E. Essentially, Eq. (97) is a consequence of
the horizontal canonical form. Moreover, €2 is invertible and
is proportional to the identity matrix in each block a, and
therefore it commutes at the virtual level with M (and M")
by construction:

wb-bo

in other words, we say €2 is central with respect to M. By using
Egs. (97) and (98) and the property of €2, one can easily derive

that
TP o w

Below we show the example of MPDO tensor when A =
CZ,. See Appendix E for a more advanced example where A
is the Fibonacci C*-weak Hopf algebra.

Example 6 (Boundary state of the Toric Code). Let us re-
consider the boundary state of the toric code introduced in
Example 2. This MPDO tensor is in fact generated using CZ,
group C*-algebra, where the tensors M and M’ are given by

4¢F=H¢F=§®M@+?®@@

where the first tensor factor corresponds to the endomorphism
in the physical space and the second tensor factor to one in
the virtual space, and the rank-two tensors acting in the virtual
space are

We show the explicit derivation using C*-Hopf algebra in
Appendix D.

Any tensor M satisfying Eqgs. (97)-(99) defines RFP MP-
DOs in the sense of Definition 4. Indeed, on the one hand, the
fine-graining quantum channel 7 is given by the following
diagrammatic formula using the vectorized notation:

s

On the other hand, the coarse-graining quantum channel S is
given by a sum of the form

(101)

S§=804 s, (102)

where the first summand is defined by the expression

(103)

which is completely positive and trace-nonincreasing, but not
necessarily trace preserving, and the second summand is such
that

(104)

i.e., acts nontrivially only on the orthogonal of the space
spanned by p®(M)x where X is an arbitrary boundary con-
dition matrix, and makes S trace preserving. We will make a
particular choice of S in the next subsection.

It can be deduced that the effect of the fine-grained map
followed by the coarse-grained map is trivial, i.e.,S o 7 leaves
the tensor M invariant; and the opposite combination, the
quantum channel 7 o § is an idempotent map that leaves the
two-site tensor invariant and stabilizes the RFP MPDOs. This
makes 7 o S the main candidate for the local stabilizers on
the Lindbladian construction in the next subsections.

B. Parent Lindbladian
With the notations of Sec. VI A, let us consider the quan-
tum channel £ := 7 o S, which can be decomposed in the
form

E=ED 4 g, (105)

where E® .= T o S8®, k=111 (106)
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In diagrammatic notation, it is easy to check that the first term
takes the form

eW = (107)

|

and, moreover, that the RFP MPDOs with arbitrary boundary
conditions are invariant under the action of £® [and hence of
& due to Eq. (104)], since

S &) &)

@@

as an immediate consequence of Eq. (100).
Let us denote &; = t;(£) where t; translates the operator by
i sites and define the linear maps

5(10 5(1<) 5.(1() g(k)

i,..., i+1 i+

(109)

for k = I, II, where the operators are tensorized with the iden-
tity map elsewhere. For example, for £ = 2 it is easy to check
that it takes the form

%ww@”

This is because &, Do & g )1 is given by the expression

@2 o
.2

and by virtue of Eq. (97), this is equal to

% >

which corresponds exactly to the expression introduced in Eq.
(110). Similarly, one can also show £ (1)1 o0&, 0 s given by the
same exrg)resswn in Eq. (110), and therefore the two linear

maps 5( Y1 and 8 commute,
EP ol =D o0&V, (111)

Due to this commutation, the definition of &; a )
dent of the order of the products. o

Furthermore, in the particular case of C*-Hopf algebras
it holds that £ = €Y is already trace preserving and hence
£ = 0 this includes the case of group C*-algebras. Hence,
the parent Lindbladian is commuting for the MPDO RFP
generated by C*-Hopf algebra, and subsequently, the parent
Lindbladian is frustration free and is rapid mixing (the same
proof in Sec. VB applies). Define the quantum channels for
open boundary condition (OBC)

¢ 1s indepen-

Eln =1 (112)
and periodic boundary condition (PBC),
ENPN =EV 0 &Yy (113)

where £} acts on sites N and 1, closing the boundary. The
global steady state of the parent Lindbladian L is, therefore,
the fixed point of the channel

S(I)O/PBC (p) = p

(114)

depending on the boundary condition.

However, one cannot expect that £ = £V for C*-weak
Hopf algebras in general; see, e.g., Appendix E. Similar
to the noninjective simple case, there are degrees of free-
dom in the choice of £, Here, we make a convenient

choice of,
e < \}/ \}/D
PJ_

where the normalization constant can be determined by €2,
and P is a projector onto the orthogonal space of the space
generated by two-site MPDO,

(115)

By construction, £V satisfies the properties,
EMoe =0, (117)
EWogM = g (118)

and along with the fact that £D o0 £0 = £D one can show
E£(X) = X if and only if £V (X) = X, same as Eq. (70). These
properties also allow us to prove the frustration freeness,
where we show the proof in Appendix C. Being frustration
free, the global steady state of the parent Lindbladian is, again,
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the fixed point of the quantum channel,

S(I)O/PBC(

)=p. (119)

Let us now characterize the parent Lindbladian fixed
points, equivalently, the solution of Eq. (119), in two dif-
ferent cases, depending on whether we consider open or
periodic boundary conditions. As we will see, the degener-
acy of the steady state is different for these two boundary
conditions.

C. Open boundary conditions

For an open finite quantum system of N sites in a one-
dimensional interval, labeled 1, ..., N, we consider the local
Lindbladian defined by

N—-1
LV =3"r,
i=1

As an immediate consequence of Eq. (108), we have
Li(p™(M)g) = 0 for any boundary condition B, and con-
sequently, LM (o™ (M)g) =0. In fact, these are all the
solutions of the fixed points of the linear map E(D ??,S,
and equivalently the steady states of the global Llndbladlan

Indeed, by expressing S(I) OBC graphlcally as a generaliza-
) _

tion of Eq. (110), any steady state ,ooo satisfies g

X () = p™M M)y for some boundary condition X.
Tﬁe'number of independent admissible boundary condition
B equals the dimension of the C*-weak Hopf algebra A,

and thus

(SSD) = dim(A). (121)

D. Periodic boundary conditions

For a finite quantum chain system of N sites, i.e., with
periodic boundary conditions, let

N
LN =%"r;,
2

where the sites 1 and N + 1 are identified. For the sake of
simplicity, let us note that it is sufficient to evaluate SI(I;P? Sv
with system size N = 2

E,’ = Si — ]l, (122)

e =& ol (123)
which is given by the expression
(124)

@ )

where the open left and right indices are identified, respec-
tively, and again as a direct consequence of Eq. (97), this is

equal to

@) @
@%@

Let B be central with respect to M (namely, B is propor-
tional to the identity matrix in each sector a) and let us prove
that the previous quantum channel S{I%PBC leaves o (M)g

invariant:
@

(125)

PP (M) ) =

"@

> o @le@le - 0
p
B@)-|— 1
which, by virtue of Eq. (100), equals
@)-®
(127)

and since both B and Q! are central with respect to M, i.e.,
proportional to the identity in each sector,

:Z...%m

a

(128)

—

finally, as a consequence of Eq. (98),

Y Y Y E——

(129)

as we wanted to prove. Therefore L® (p® (M)g) = 0 for any
boundary weight B which is central with respect to M.

This can be easily generalized to arbitrary N > 2 to con-
clude that p™)(M )z with a central B is a steady state of LV;
and there are g independent choices of B that are central,
where g is the number of BNT. In fact, these are all the
steady states of £ by noting that EI(I%I?_,CN can be expressed
as a generalization of Eq. (125), which is a summation over
BNT elements a, and each summand is tracing and replacing.
To summarize, when taking the periodic boundary condition,
the steady-state degeneracy of L is

(SSD) = g. (130)

Moreover, it can be proven that the minimal steady-state
degeneracy is g when the C*-weak Hopf algebra is bicon-
nected, meaning there is a unique vacuum sector e. In this
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case, the transfer matrix for a horizontal BNT element £, = 0
unless a = e. In other words, all BNT elements are simple ex-
cept the one associated with the vacuum sector. Biconnected
C*-weak Hopf algebras include unitary fusion categories,
which are the cases of primary interest (see precise definition
in Appendix B).

Theorem 6. Consider a nonsimple MPDO p™)(M) gener-
ated by RFP tensor M with g BNT elements in the horizontal
canonical form, constructed from a biconnected C*-weak
Hopf algebra. A local Lindbladian £® that has p™)(M) as
its steady state must have at least g independent steady states.

Proof. Using the horizontal canonical form, one can
decompose the state into p™M(M) = >"5_, p™(M,). Let’s
construct an operator

oMMy = p™M M) —2pN (M)

= —p™ M) + p V(M) + -+ PN (M),
(131)

where a = 1 is not the vacuum sector e. Since E, = 0 for all
nonvacuum sectors, the reduced density matrix for p™)(M,,)
vanishes when a # e. Therefore, when tracing out one site,
the reduced density matrix for o) (M) and p'™ (M) are the
same and equal to the reduced density matrix for o™ (M,).
Any term £; in a local Lindbladian £ cannot distinguish
pM (M) and p'™M(M); if p™V) (M) is a steady state of £, then
'™ (M) must also be a steady state. Finally, there are (g — 1)
independent ways to construct o™ (M) —2p™M(M,), a # e.
We conclude that there are at least g steady states of a local
Lindbladian that has p™) (M) as its steady state. [ |

Therefore, under the periodic boundary condition for
L, our constructed parent Lindbladian reaches the minimal
steady-state degeneracy.

Finally, we would like to point out the implications of the
above results for the particular case of C*-Hopf algebras.

Theorem 7. An MPDO RFP generated by C*-Hopf al-
gebras exhibits only short-range correlations and admits
a commuting local rapid mixing parent Lindbladian with
minimal degenerate steady states under periodic boundary
conditions. The minimal degeneracy equals g, the number of
BNT elements in the horizontal canonical form of the MPDO
tensor, which is larger than 1.

The fact that this class of RFPs only exhibits short-range
correlations is a direct consequence of the existence of rapid
mixing local parent Lindbladian [63,64]. It can also be under-
stood by noting that the transfer matrix £ =) E, = E, is
a rank-one matrix. This demonstrates that steady-state degen-
eracy does not necessarily imply the existence of long-range
correlations for MPDOs. Moreover, it shows that steady-
state degeneracy alone cannot classify mixed-state quantum
phases. For example, MPDO RFPs generated by C*-Hopf
algebras and noninjective simple RFPs may share the same
steady-state degeneracy, yet they belong to different phases.
This is demonstrated in the following example.

Example 7 (Boundary state of the Toric Code). As a con-
tinuation of Example 6, let us note that the local quantum
channel acting on two sites is given by the explicit formula

EX) = (132)

HTrX)19* + Tr(02°X) o 22).

The corresponding local Lindbladian is rapid mixing. It is
easy to verify that it brings the product state |0)(0|®V to
(1®Y + ¢#V) /2" and the product states [0)(0|®V~D @ |1)(1]
to (1®N — o ®N)/2" . The steady states of the global Lindbla-
dian take the form of

1
pd) = 18V + co®V, (133)

N
with ¢ € (=27V,27V). There are two independent steady
states, independent of the boundary condition. Indeed, g =
dim(A) = 2 for A = CZ,. However, unlike Example 4, the
coefficient of 1¢V is fixed to 1/2V for p&’ to be a valid
density matrix. This is a general feature for nonsimple MPDO.
This state is in the trivial phase because the parent Lindbladian
drives a product state fast to it, and therefore, it is in a different
phase from the classical GHZ state.

We provide a more complicated example for the parent
Lindbladian construction in Appendix E for the Fibonacci
C*-weak Hopf algebra A = Fib. In this example, g = 2 while
dim(A) = 13.

E. Beyond C*-weak Hopf algera: a case study

Having reached general conclusions for nonsimple RFPs
constructed from C*-weak Hopf algebras, in this final section,
we present a case study of a nonsimple RFP beyond the
framework of C*-weak Hopf algebras [31,58]. The density
matrix under concern is the CZX density matrix associated
with a nontrivial 3-cocycle.

Example 8 (CZX density matrix). Consider the density
matrix of even system size N [31]
1
(N) (N)
Pczx = 2_N(]1£®N +Uczx)s (134)

where Ué’g( is a nontrivial representation of Z, group element

associated with a nontrivial 3-cocycle,

N N
Uy = l—[CZi.,iJrl H(Gx)i-

i=1 i=1

(135)

This density matrix can be represented by an MPDO tensor M
withd =2,D =3,

~001100 ~111100
m°=_lo o o], m=-lo o o],
2\0 0 o0 20 0 o0
(0 0 0 (0 0 0
M"=-lo 1 1), M°==|0o 0 0 |. (136)
2\0 0 o0 2\o0 1 -1

This is an example of a nonsimple RFP with two elements
in the horizontal BNT, the first with bond dimension D = 1
generating ]l?N and the second with D = 2 generating UC(IZ;(
After tracing any single site, the MPDO is proportional to a
maximally mixed state and does not have long-range corre-
lations. Nevertheless, p(cjé)x is in the nontrivial phase due to
multipartite entanglement [31].

One can prove that this MPDO is an RFP after blocking
two sites by showing the vertical canonical form verifies The-
orem 3 (see details in Appendix F). However, this RFP lacks
the C*-weak Hopf algebra structure, as carefully analyzed
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in Ref. [58]. In particular, the counit is absent in A and A
is not cosemisimple, therefore the previous constructions of
renormalization channels 7 and S from C*-weak Hopf al-
gebra do not apply. Nevertheless, one can still construct the
renormalization channels from the vertical canonical form, as
described below.

Example 9 (Parent Lindbladian for the CZX density ma-
trix). Using the vertical canonical form of M and K, one can
construct the channel 7 and S as follows. Denote M as the
two-site tensor (blocking two sites of M) and K as the four-site
tensor (blocking four sites of M) with vertical canonical form
as in Eqgs. (41) and (42),

2
UMpU' = @Mx ® Mp).n (137)
r=1
2
VKap)V' = @ Vi @ Map).i.,

r=1

(138)

that verifies the conditions in Theorem 3, m; := Tr[u;] =
ny, := Tr[v,]. There are two elements in the vertical BNT,
each with physical dimension d; = 2, and both wu;, u, are
one-dimensional, both v; and v, are four-dimensional. Using
the vertical canonical form, the channel 7 bringing M to K is

2
TX) = v*[EB <ﬂ ®PAUXU*PI>}V’ (139)

m
a=1 A
where

Pi=(1y | 00x2), Pr= (02 | 12) (140)

are the isometries projecting to the first and second BNT,
respectively.

Similarly, the four-site MPDO K to two-site MPDO M
channel S is

2
S(X) = U*[@ Trl(PA’VXVT(P;)*)}U, (141)
=1
where
Pl =(Ig | Ogxs), P;=(Ogxs | Lg) (142)

and Tr; denotes tracing over the multiplicity degrees of free-
dom. The explicit forms of M;, u,,v,,U,V are given in
Appendix F. Knowing the renormalization channels 7, S, the
parent Lindbladian is constructed by the standard algorithm as
in Sec. IV.

This parent Lindbladian is commuting and therefore rapid
mixing. The steady states of the global Lindbladian take the
form of

1 N
P = oy (8 +cUGx). cel-11],
hence the steady-state degeneracy equals 2. We leave the
detailed derivation in Appendix F.

(143)

VII. OUTLOOK

In this paper, we systematically construct the parent Lind-
bladians for the renormalization fixed-points of MPDO. Our
constructed parent Lindbladian satisfies the important proper-
ties of local, frustration free, and reaches minimal steady-state

degeneracy. In comparison to pure states, the parent Lindbla-
dian has unique properties that are distinct from the parent
Hamiltonian.

There are at least three interesting questions that deserve
further study. The first open question concerns the parent
Lindbladians with symmetries. Given the construction of our
parent Lindbladians, they naturally inherit the symmetries
present in the state. As such, this construction could be po-
tentially useful in exploring symmetry-protected topological
phases for mixed states [16,17,19-29]. However, in this work,
we have focused exclusively on topological phases without
symmetry protection. Investigating parent Lindbladians with
symmetries is left for future study.

Second, can we construct the parent Lindbladian for a
general MPDO that is not at RFP? A natural generalization
isstill taking £ = T oS and £ = £ — 1, but with 7, S being
the renormalization quantum channels for a general MPDO,

T

'
LRSR X I
IQg/

where the tensor M after coarse-graining is not the same as
M. We note that the parent Hamiltonian construction z = 1 —
VV T applies to general MPS that is not at RFP, and it is natural
to expect the above generalization to also apply to general
MPDOs. One difficulty, however, is that there is no universal
algorithm to find the renormalization quantum channels 7" and
S when away from MPDO RFPs; furthermore, such channels
do not exist for certain MPDOs. We note a recent progress in
Ref. [55], and it is reasonable to expect that our construction
can be applied to the MPDO where renormalization channels
exist and are known.

The third question comes from an interesting numerical
observation that the parent Lindbladians constructed from the
vertical canonical form and from the C*-weak Hopf algebra
(which is associated with the horizontal canonical form) ap-
pears identical for the examples studied (see Appendix E).
This finding hints at a potential duality between the horizontal
and vertical canonical forms at MPDO RFPs, requiring further
study.
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APPENDIX A: EXAMPLE OF SIMPLE MPDO RFP

In this Appendix, we give two examples of simple MPDO
RFP, which has the structure as in Theorem 3. We construct
their Gibbs state Hamiltonian and parent Lindbladian and
discuss their properties.

Example Al (Product of Werner state). Consider an
MPDO RFP as a product of Werner state W (b), where
W (b) is supported on C?> ® C2 and b € [0, 1],

oM =WhL) /WD) ® - @ W(b),

W (b) = %(]l ®1—b(o, @0 +0y,®0,+ 0, ®0,)).

(AD)
The MPDO tensor M only has a single BNT element and
a single k = 1, and we identify n; ; = W(b). Therefore, the
Hilbert space for each site is decomposed as H = H; ® H,
with d; = 2,d, =2 and d = d;d, = 4. The explicit MPDO
tensor representation is injective and has bond dimension
D =4,

1 1
1 =1, 1]1,

2
b b
oo gL,

b b
M —

42?02, 1) = \f

When b € [0, 1), n1.1 = W (b) is full-rank, and this MPDO

is a Gibbs state of nearest-neighboring commuting Hamilto-
nian p™ = ¢~ H#"' with iltoni
p=e , with Hamiltonian

N
HY = Zhi,
i=1

where h; = t;(h) and h is supported on two consecutive sites
as

(A2)

(A3)

h=13 ®(—logn1)® ly,. (A4)

The identity e'® = 1 ® e” is used in the derivation.

The channel £ in parent Lindbladian is simply a replace-
ment channel,

EX) =Tri23(X) @ 11 @ n11).

Example A2 (Variation of Werner state). Consider an
MPDO RFP generated by tensor M that has a single BNT
element and two k's, k = 1 and k = 2, with components

(A5)

1 1

o =oat rlEgat
¢72 = @0—1’7 2 lk: = _@Um;

2\@ 2\f (A6)
3 = @a 3 = \/7

272 Y eV
4 = ﬂaz; 4—lx| = _ﬂo—za

2v/2 2v/2

where by, b, € [0, 1]. The Hilbert space for each site is de-
composed as H = (7—[;1) HD) @ (Hl@) ® H?®) with dl(l) =
dV = dl(z) =d?P=2andd=), dl(k)dr(k) — 8. The tensor
is injective with bond dimension D = 4. Explicitly,

@;/D _ ((t1)a ® (1)
@ B = < Ve (l2)a ® (T2)B> - (A7)

By construction,
ma=sWb1), ma=3Wh),

M2 =mi1 =W biby), (A8)

and Tr(n ) = 1/2 for k, k' = 1, 2, satisfying >, Tr(nix) =
1.

When by, b, € [0, 1), nip are full-rank for k, k' =1, 2,
and this MPDO is a Gibbs state of nearest-neighboring com-
muting Hamiltonian p®) = ¢~#"’ | with Hamiltonian

N
HO =S b,
i=1

where h; = 7;(h) and h is supported on two consecutive sites

(A9)

as
h=EP L ® (—logni i) ® L. (A10)
ki,ko '
The identities ¢'®4 = 1 ® ¢ and ¢*®8 = ¢* @ P are used to
derive
Bi i1 = e_fl(h)®]lresl
@ ﬂyim ® Moy @ Lyt | @ Lrest, (AL
ki ki1
leading to
oM (M) = @ Mkt ky @ Moy @ =+ + @ Ny
=ﬂ&M (A12)
i=1
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Indeed, the MPDO is a Gibbs state of commuting local Hamil-
tonian.

Finally, the channel £ in parent Lindbladian is constructed
as in Eq. (55), with isometries

0 =

—_ o OO
(=N el Ne)

O =

SO = O (=l N
(= e M) SO OO
-0 OO (=N eNeNe]

SO OO [ e
SO OO oo ~=O
(=N NN (= e )

(=N eNeNo)
(=N el

and n’s constructed above. This is an example for G, C Fg
commented in Sec. I'V. In this example, L = 3, and G, has di-
mension dim(G;—3) = D* = 16 since the MPDO is injective.
On the other hand, the fixed point space of £ is

Fe=EP

ki,k3

M ® D 1o ® Moty | © Mo, (A13)

ka

where M, is the full matrix algebra of d x d matrix.
Therefore, the fixed point space has dimension dim(Fg,) =
Zkl,k3(dl(kl))2(dr(k3))2 =64, and G, C Fg¢. Due to this mis-
match, the techniques for proving ground state degeneracy for
parent Hamiltonian do not directly apply to parent Lindbla-
dian. For example, we cannot use the intersection property in
Ref. [48].

APPENDIX B: CONSTRUCTION OF RFP MPDOS USING
C*WEAK HOPF ALGEBRAS

This Appendix is devoted to introducing and recalling the
rigorous definitions and statements for the construction of
RFP MPDOs based on C*-weak Hopf algebras. We also refer
the reader to Refs. [44—46] for detailed proofs.

1. Algebraic framework

Let us first recall that a coalgebra is a complex vector
space C endowed with a linear map A : C — C ® C, called

comultiplication, which is comultiplicative, i.e.,
(A®Id)oA=(Id® A)o A, (B1)

and a linear functional € : C — C, called counit, which is
compatible in the sense that

(e®Id)oA=Ild=(Id®e€)o A. (B2)
For successive applications of the comultiplication,
AD .— A, AOTD . (A® Id®n) o A® (B3)

for all n € N. In general, it is more appropriate to employ
Sweedler’s notation, in which we denote

X1 ®X2) ® -+ ® Xur1y 1= AP (x),

a shorthand notation for sums >, x;; ® -+ @ X,11;; note
that the terms x(;, above are not individual tensor factors. It

(B4)

turns out that representations of coalgebras (more concretely,
comodules) are in one-to-one correspondence with tensors
generating MPS [44], and the action of the comultiplication
is understood as a notion of system size extensivity for these
kinds of states.

Definition Bl. A C*-weak Hopf algebra A is a complex
finite-dimensional C*-algebra endowed with the structure of a
coalgebra, such that the comultiplication is a *-algebra map,
i.e., forall x € A:

Alxy) = AWAQG), A" = AWK, (B5)
where the product and the *-operation is defined on A ® A
componentwise, the counit is weakly multiplicative, i.e., for
all x,y,z € A:

e(xyz) = e(xya))e(y)z) = e(xy@))e(Y1)2), (B6)
the unit is weakly comultiplicative, i.e.,
ln®lg®le =11 @ lylay® 1),  (B7)

where the prime symbol is intended to distinguish between
different coproduct instances of 1 € A, and there exists a linear
map, S : A — A, called antipode, which is antimultiplicative,
anticomultiplicative, and satisfies for all x € A:

Sxayxey) = e(10)x) 1), (B8)

)C([)S(.X(z)) = E()Cl(z))l(]). (B9)

A C*-Hopf algebra is a C*-weak Hopf algebra with
A(l)=1Q® 1.

The axioms of C*-weak Hopf algebras are such that the no-
tion is self-dual, i.e., the dual vector space A* = Hom(A, C)
is endowed with the structure of a C*-weak Hopf algebra
[69], and such that category of x-algebra representations are
unitary (multi)fusion category [66,67]. First, the monoidal
product is given by ®; X &, := (®; ® ®,) o A, and there ex-
ists a trivial x-representation in the sense of relaxed monoidal
categories, denoted (H., ®.) [70]. Second, for any finite *-
representation (H, ®) there exists a x-representation of A,
given by the expression

P(x) = (P o)),

on the dual Hilbert space, for certain linear map J:
A — A [70,71]; this generalizes the notion of dual group-
representations. We note that, in general, J # S. Furthermore,
it is a semisimple category and the set IrrA of equiva-
lence classes of irreducible representations is finite, also
known as the set of sectors of A. The unusual feature of
the trivial *-representation in this setting is that it can be
decomposable [69,70]; if this is not the case, A is said to
be connected or pure, and if both trivial x-representations
of A and A* are indecomposable, A is said to be bicon-
nected. We note that categories of x-representation of bi-
connected C*-weak Hopf algebras encompass unitary fusion
categories [66].
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Example BI. Let G be a finite group. Then, the group
algebra A = CG, endowed with the linear extensions of the
maps defined by

Ale)=e®e, c:e>1, Se)=e =e ',

for all ¢; € G, defines a C*-Hopf algebra.

2. Tensor-network constructions

In terms of tensor networks, given a C*-weak Hopf algebra
A and two faithful x-representations & and W of A and A%,
respectively, one can define the rank-four tensor

dim A
— Z P(e;) @ W(eh), (B10)
i=1
where ey, ..., e; € A stands for abasisof A and ¢!, ..., e €

A* stands for the dual basis. Here, the first tensor factor cor-
responds to an endomorphism at the physical level and the
second one corresponds to an endomorphism to the virtual
level.

For any x € A, there is b(x) € W(A*) C End(K) satisfying
the following:

MC[)+—+‘\_+>: ((I>®NOA(N_1))(1‘). (B11)

Moreover, provided a decomposition of the x-representation
V=0 @.. oW in terms of irreducible -
representations Wy, ..., W,, the rank-four tensor introduced
above can be decomposed as a sum of the rank-four tensors

denoted
dim A

Lot =) Be)@UI™(');  (B12)
=1

or, from another point of view, these tensors induce a BNT.
In particular, the tensor is in horizontal Canonical Form. The
duality manifests as the existence of another tensor,

dim A

= Z (®oJ)(e;) @ WT(eh).

=1

(B13)

3. Pulling-through identities

In this context, it is fundamental to recall the existence
of a positive idempotent 2 € A satisfying a pulling-through
identity, which can be regarded as a microscopical descrip-
tion of the topological order phenomena. The following
result summarizes the fundamental properties needed in the
framework.

Theorem Bl. Let A be a C*-weak Hopf algebra. Then,
there exists €2 € A such that it is a positive idempotent which
is invariant under both S and J:

P =Q=Q" =85(Q) =JQ), (B14)
and it is a cocentral element, i.e., it satisfies
Qa) ® L) = Q) ® QL), (B15)

or, equivalently, for any n € N and any shift permutation o of

{1, ..., n}, it holds that
Qi) @ QL) =L Q-+ ® Qu, (B16)

and moreover, there exists an invertible positive element £ € A
such that J(§) = & and, for all x, y € A,

XE2(Qa) ® oy = £20(Q) @ Loy, (B17)

1 1
J(Q)ETY ® Qp) = J(21))E? @ yQp),

known as pulling-through identities. Let w € A* stand for the
dual analog of 2 € A, then

(B18)

o(£2Q01)52J(x))Qa) = x (B19)

for all x € A.

See Refs. [45,46] for a proof.

Remark BI. (1) If the C*-weak Hopf algebra A is bi-
connected,

Q=D2(dix; + - +dgxy),

where Xxi,...,X, € A= A" stand for the characters of
the irreducible x-representations of A*, di,...,d; > 0 are
the associated quantum dimensions or Frobenius-Perron di-
mensions, and D? := d12 + 4+ d; is the total quantum
dimension.

(2) In the particular case of C*-Hopf algebras, see Defini-
tion B1, the element introduced above 2 € A coincides with
the well-known Haar integral [45],J = S, and £ = D1.

(3) More concretely, for group algebras A = CG,

Q=161"Y & w=4.,
geG

where §, is the dual basis element of e € G.

4. Renormalization fixed point MPDOs

Proposition BI. The tensor

4

defines RFP MPDOs in the sense of Definition 4.
Moreover, let us define the rank-four tensor introduced in
Sec. VI A by the expression

(g2
O Sagye

(B20)

(B21)
the rank-two tensor €2 as the one given by
Q)= b(Q), (B22)
and the rank-two tensor E is defined by
(B =@ (B23)

where & € A* stands for the dual analog of £. By the
above definitions, Eq. (97) is simply a consequence of the

013210-21



YUHAN LIU et al.

PHYSICAL REVIEW RESEARCH 8, 013210 (2026)

pulling-through identity Eqs. (B19) and (98) is translated to
Tr(We(§7")) = du/D*.

On the one hand, the explicit expression of the fine-
graining quantum channel 7 is the following:

TX) :=Tr((® o J)(E7Q0)E?)X)
b(@)®2 (D% o A1), (B24)

for any X € End(#). We refer the reader to Ref. [45] for a
proof of the facts that it is completely positive, trace preserv-
ing and, in addition, it satisfies the fine-graining condition

T(b(@)®(x)) = b(@)**(@%? 0 A)(x).
On the other hand, the coarse-graining quantum channel S :
End(H ® H) — End(H) is given by
S:=80 48,
where the first summand is defined by the expression
SO :=Tr((®%* 0 A 0 J)(£7 Q) £2)Y)

and is supported on the symmetric subspace, satisfying the
coarse-graining condition

SP(b(@)®(D%* 0 A)(x)) = b(w)D(x)

for all x € A, and the second part is given by the expression
on the complementary subspace,

SWY) := Tr(Y — (%2 0 A)(1)Y)oy, (B26)

where op € End(H ® H) is any mixed state; as commented
above, this part is completely positive by construction and
completes the first part making S a trace-preserving linear
map. We typically consider oy 1= o(22)~'b(w)P () for sim-
plicity. Note that

SW(h(0)®2(d%? 0 A)(x)) = 0.

APPENDIX C: PROOF OF FRUSTRATION FREENESS

In this Appendix, we prove the frustration freeness of a
general parent Lindbladian (not necessarily commuting) using
a “flow diagram” method. Define

1 N
M =228 (@)
i=1

which is related to parent Lindbladian by L™ = N(EW —
1), and the steady state of L) corresponds to the fixed point
of M. The proof is inspired by the observation that if p is a
fixed point of £, then it is also a fixed point of (E™))" for
any positive integer m. One can rewrite the fixed-point p into
a summation

1 1 1 1
p =50+ SEV )+ L8 (0 + & (o) +

1 1
+ & () + &), (€2)

and ask how each of these terms gets modified by successive
applications of €™ and draw the corresponding flow diagram.
We note that all Sl.(l) and Si(n) are CP maps and each term in
the decomposition is positive semi-definite.

Since the simple injective MPDOs and the nonsimple
MPDOs generated by C*-Hopf algebra are guaranteed to
be frustration free due to the commutation of their par-
ent Lindbladians, we only need to consider the remaining
two scenarios: (1) simple noninjective simple MPDOs and
(2) nonsimple MPDOs generated by a C*-weak Hopf alge-
bra which is not a C*-Hopf algebra. For noninjective simple
MPDOs, by choosing pg in 51.(1 ) as Eq. (71), the pieces in the
channels satisfy

" (po) = po, (©3)

5i(1) o 51'(11) _ gi(II)’ (C4)
£W o gM =0, (©3)

5;1) o 55(1) — gi(l)’ (C6)
Sia) © 5:'([+)1 = 51’(1+)1 © 51'(1)~ (€7

For MPDO generated by C*-weak Hopf algebra, by choosing
EMW as Eq. (115), the pieces in the channels also satisfy
Egs. (C3)—~(C7). We will use these properties to draw the
flow diagram. We organize the terms with different structures
into separate boxes. For every action of £ M p is rewritten,
flowing between boxes. Since £V is a quantum channel, the
summation of the trace of terms in different boxes is equal to
one. By iterating this process for large enough m, we prove
below that all the terms of a fixed-point p in Eq. (C2) will
flow to the final box, in the form of

p=EVo&P o 0P (p). (C8)

Using Egs. (C5)—(C7), one can then show such a fixed-
point state is frustration free: £;(p) = Sia)(,o) = p, leading to
Li(p) = 0. In the following, we separate the treatments of the
two cases.

1. Noninjective simple MPDO

Below, we prove the frustration freeness of parent Lind-
bladian for noninjective simple MPDO RFP with system size
N =35 as an explicit example. Generalization to larger N is
straightforward.

Proposition C1. The parent Lindbladian for noninjective
simple MPDO RFP with system size N = 5 is frustration free.

Proof. We first decompose fixed-point p as in Eq. (C2).
Under an action of €M), the decomposition terms of p
will flow to each other, which includes the following
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arrows,
%
A @ (1) M, C % D v E
& () &1 08, (I) (1) (I) (I) (I) (1) (I)
(1) ) (1) . 5(1) (p E17 o0&y o0& (p) E170&57 0E3 0 &7 (p) Y
(I) (1) (T) (1) (I) (T) (I) (1) (T) (T) (1) ()
5(1)(p) £M 0 M (p) &7 08 o0&y (p) &1 0 0837 057 (p) £ 08y 085 081 0 &7 (p)

3§

po)123 ® 045
( 0)451 ® Oa3

BN

(p0)234 ® Os1
(po)s12 ® O34
A

/

P0)345 ® O12

We group all possible terms in boxes labeled by “A,” “B,’
“C,” “D,” “E,” and “S.” The terms in box B come from two
neighboring actions of the form & Do 5 D where “neighbor-

ing” means the support of 5;'(1) and SJ(.I) overlap; namely, j
can be i —2,i—1,i+ 1,i+ 2. The terms in box C come
from three neighboring actions of the form Eim o Ej(.I) o 5,?),

where “neighboring” means the support of Sia) and 5}(1)

overlap, and the support of S(I) and S(U overlap. For ex-
ample, when considering a sufﬁmently large N, say N > 8,
the term E(D 5(1) E(I)(p) belongs to box C, while E(I)
Eél) oé'él)(p) belongs to box B. Similarly for boxes “D”
and “E.” Finally, the terms in box “S” come from an ac-
tion of €M, taking the form of £ (p) = (po)iit1.i42 ®
Oiy3.i14. EW is a completely-positive linear map and p
is a density matrix, leading to O;;3;44 being positive
semi-definite.

We justify the following facts:

(1) Either arrow A = B or arrow A = S must exist. With-
out loss of generality, let’s start from term 51(1)(,0). When
acting &,, 551) will bring it to term 8{1) o 551) in box B, and
&M will bring it to term (pp)a4 ® Os; in box S. Since &
is a CPTP map, at least one of these two terms is nonzero.
Therefore, an arrow must exist for either box A to box B or
box A to box S.

(2) The arrow S = B must exist. Without loss of
generality, let’s start from term ((09)123 ® O4s), and
decompose Oss =) /(P ®1)0ss5(Py @ 1). Since
O4s >0, for each a, (P, ®1)04s5(P,®1)>0 and
Tr(Oss) =Y, Tr((P, @ 1)045(P, ® 1)) > 0. Therefore,
there exists at least one a such that (P, ® 1)O4s5(P, ® 1) > 0,
and for this a we have a lower bound for the trace
Tr((P, ® 1)04s5(P, @ 1)) > 1Tr(045) where g is the
number of elements in the BNT For this a and with explicit
choice of py in Eq. (71), (P, ® P, ® P, ® P, ® 1)((po)123 ®
O45)P, P, QP,®P,®1) >0, leading to (1®P, ®
Py ® P, ®1)((00)123 ® Os45)(LQP, P, @ P, ®1) = 0,
and subsequently,

EP((po)1zs ® O45) > 0.

The action 1%,851) will bring the term (0p)123 ® O4s from box
S to box B. Therefore, the arrows from box S to box B must
exist.

(€9

Furthermore, by noting that Tr(P, ® P, ® P,(po)P, ® P, ®
P) = éTr(po) by construction, we can put a lower bound for
the trace,

1
Tr(E5" (o) 123 ® Ous)) > é3Tr((/00)123 ® 045)),

where the lower bound 1/g is a constant.
(3) Either arrow B = Corarrows B = S = C must exist.
Without loss of generality, let’s start from term £ 1(1) o 8;1)(,0) in

box C and consider the action of 1%,53. If E;D ) 51(1) o 52(1)(,0) >
0, then - y&s will bring & R (I)(p) from box B to box C.

If, however that S(I) S(I) S(I)(p) = 0, we then consider
E(H) (5(1) S(D(p)) which is term (0g)z45 ® O1, in box B.
Due to the structure of & {0 82(1), & DOsg (I)(p) satisfies

Y (P®P®1®1®1)

(EV o D) B8P @1o1e1) =00 M)
and therefore by acting 53(11) which does not act on site 1

and 2, 53(11) o (51(1) o 52(1)(;))) can be written as a sum of direct
product,

& o (€17 0 E(0)) = Y (012 ® (p0)3ss,

where 0, > 0 and (P, ® P, ® 1 ® 1 ® 1)(0,)12(P, ® Ps ®
1®1®1)=(0,)2. There exists at least one a such
that O, > 0, and for this a we have a lower bound for
the trace Tr(P, @ P, ®1® 1 ® 1)(0, ® po)) = };Tr(géu) °
(51(1) o 52(1)(,0))). For this a and with explicit choice
of py in Eq. (71), (P, ® P, ® P, @ P, @ P)(EM o (P o
SS)(,O)))(P,I ®P,QFP, ®FP,®P,) > 0, therefore by acting
on another £ o £,

EPoEP oMo (e 0 &M (p)) = 0.
Using Eq. (C4), we see this term is in box C. Therefore, either

arrow from box B to box C or from box B to box C via
box S must exist. Furthermore, we have a lower bound for
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the trace
Te(ED 0 €0 0 1 o (€9 0 £9(0)))

> LTe(E o (£ 0 £0(p),

where the lower bound 1/g” is a constant.

(4) There are no arrows from boxes C, D, E to box S.
At N =5, the terms in box C are already in the desired
space. Specifically, taking 81(1) ) 2(1) o 53(1)(,0) as an example,

it already satisfies

D (P ®@P, @ P, @ P @ P)(E" 0 & 0 £ (p))

(PP, ®P,QP,@P,)=EN o &P 0P (p),

because the support of EEI) o 851) o 53(1) covers all the five sites.
When acting &, only Sf) leads to nonzero result and brings it
to term EI(I) o Eél) o 53(1) o Ef)(,o) in box D, while acting Ein)
gives zero. Similarly, the terms in box D are already in the
desired space, and further actions of & can only bring the
terms to themselves or the term in box E. Finally, acting &;
to terms in box E bring them to themselves. Therefore, no
arrows are from boxes C, D, and E to box S.

With the above arrows, it is clear that the trace of terms
in box E will keep increasing as long as there exist terms in
previous boxes, and subsequently, a steady state can only be
supported in box E, taking the form of Eq. (C8). Therefore,
the parent Lindbladian is frustration free. ]

The above proof can be generalized to arbitrary N by
repeatin 5% the argument in point 3. For example, starting
from 00 €06 £0(p), if £V 0 (€W 0D 6 ED(p)) =0
then one can similarly show

EM oMo gD 0 &M o (£W 6 £ 6 €M (p)) > 0,

justifying either arrow C = D or arrows C = S = D must
exist.

2. MPDO from C*-weak Hopf algebras

In this Appendix, we prove the frustration freeness of
parent Lindbladian for nonsimple MPDO RFPs generated by
C*-weak Hopf algebras. We make a particular choice for £
as in Eq. (115), which takes the explicit form of

EM(X) := Tr(PX)po,

o B(e)P2(D®2 o
po = (Q)b(a)) (@7 0 A)(R2),

where PL := 1 — (%2 o0 A)(1) and py satisfies Eq. (C3).

(C10)

a. Open boundary condition

Let us first consider system size N = 4 and open boundary conditions as an explicit example, where under open boundary

condition EW) is defined as EN) =

1 N—1
N1 Zi:l &

Proposition C2. The parent Lindbladian for nonsimple MPDO RFPs generated by Cx-Weak Hopf algebras under the open
boundary condition with a system size of N = 4 is frustration free.
Proof. We first decompose the fixed-point p as in Eq. (C2). Under an action of £, the decomposition terms of p flow to

each other as

Ay
& (p)
11) (I) ° S(I) (P)
&7 (p)
?I) 5(1) ° E(I)(p)
&5 (p)

Hgm £ 0 M ()

NN\ S

(C11)

(P0)12 ® O34
(po)3a ® O12

A

(P0)23 ® 041

We group all gosmble terms in five boxes labeled by “A,” “B,” “C,” “S.” The terms in box B come from two neighboring actions

of the form 5

5 0 where “neighboring” means the support of 51(1) and 5}(I> overlap; namely, j can be i — 1, i + 1. The terms

in box C come from three neighboring actions of £, Finally, the terms in box “S” come from an action of £ on a density

matrix and therefore O; ;1 > 0.
We justify the following facts.

(1) Either arrow A = B or arrow A = S must exist. The argument is the same as for noninjective simple MPDOs.

(2) The arrow S = B must exist. Without loss of generality, let’s start from the term ()12 ® O34 and act &,

&3P 0 ((po)12 ® O34) = 0.

(I), and show

(C12)
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This expression can be simplified to

W )-—an)
D Ip9
£ o ((po)12 ® Os4) = ) 9 @i _

)

g

)
@

by virtue of Eq. (97).

Now, let us recall the definition of the tensors M’ and E in Egs. (B21) and (B23). One can also prove that the element £ € A
can be factorized in the form & = &, & for some positive invertible elements &;, £g € A, which in particular have the properties
of &, x = §L(x(1))x(2), xEg = §R(x(1))x(2); we refer the reader to Lemma 3.5 in Ref. [45] for a proof. Using these properties,

D@} % - -
= B = = (C13)
P(¢)1/2 292 2(9)” o(9)” D)t o()7?

where g 1= & &5 ! i.e., the previous expression takes the form

J = (T ®Id) o T)((®(6") @ 1d)Os4 (@611 @ 1d)),

[N
[N

52(1) o ((po)i2 ® Oz4) =

and since 7T is completely positive, we conclude that the term in Eq. (C12) is positive. Moreover, it is nonzero since its trace is
of the form Tr(®(£,)™? ® Id)034) by the previous equation and the fact that 7 is trace preserving, and £; is positive definite,
leading to that Tr(®(&)~% ® Id)0s4) > 0. Therefore, the arrow from box S to box B must exist.

Furthermore, using the von Neumann trace inequality, the trace is lower bounded by Tr(®(£,) ™ ® Id)034) > rTr(0s4) where
7 = Amin(®(£2)72) is the minimal eigenvalue of ®(£;)~2, which is a constant given a C*-weak Hopf algebra. Since 7 is trace
preserving, we can put a lower bound for the trace

Tr (5" o ((p0)12 ® O34)) = rTr((p0)12 ® O34),

where r is a constant.

(3) Either arrow B = C or arrows B = S = C must exist. Without loss of generality, let’s start with the term Eél) o S_gl)(,o)
in box C and consider the action of &;. If 81(1) o 82(1) o 83(1)(,0) > 0, then +&; will bring 52(1) o 53(1)(,0) from box B to box C.

If, however, that 51(1) o (5;1) o Sél)(,o)) = 0, we then need to consider SI(H) o (52(1) o 53(1)(,0)), which is term (0p)12 ® O34 in box
B. We need to show by acting another 82(1) o 53(1),

ED 0 €06 (51 0 £0 0 £0(p) 2 0.

which, by noting that [€ & Efﬂ)] = 0 because these two linear maps do not overlap and using [5;”, 6’]@] =0, Ei(l) o Si(l) = 51.(1),
amounts to

&V o (V0 & 0 & (p)) = & 0 (p0)12 ® Ox) 2 0. (C14)

This is true based on the proof in point 3; using Eq. (C4), we see this term is in box C.

When starting from & Do Eél)( p), we would need to consider the action of & and finish the proof using a similar equation as
Eq. (C13) with E on the right of M’. Therefore, either arrow from box B to box C or from box B to box C via box S
must exist.

(4) There are no arrows from box C to box S. This is a direct result of Eq. (C5).

With the above arrows, it is clear that the trace of terms in box C will keep increasing as long as there exist terms in previous
boxes, and subsequently, a steady state can only be supported in box C, taking the form of p = 51(1) o 52(1) 0--+0 1(\,1)_ ().
Therefore, the parent Lindbladian is frustration free. |

The above proof can be generalized to arbitrary N with the open boundary condition by repeating the argument in point 3.
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b. Periodic boundary condition

Finally, for the periodic boundary condition, one more
step is needed to close the boundary. Let’s start from a
term 51(1) o SS) 0-++0 Eli,lll(p) > 0 in the second to last box

and act £y on it. If S,ﬁ,l) o (51(1) o 52(1) 0---0 Egll(p)) > 0, the
resulting term is in the final box. If, however, that 5](\,1) o
(51(1) o 52(1) 0---0 5,5,1)_1 (p)) = 0, we need to consider the term
51(\}]) ) (51(1) o 551) 0---0 5,(\11)_1(/))). By acting 5](\,])_1 0 &Y one
can show

ED 0D o (€M o (EW 0D oo 0 €D () 2 O,
(C15)

which is a term in the final box. In the following, we provide
the proof.

By assumption, the C*-weak Hopf algebra is biconnected
with a unique vacuum sector . Denote p = £’ 0 EV 0 --- 0
& 1(\,111 (p) and the corresponding boundary condition matrix as
B = b(x) where x € A is positive semi-definite. W.1.0,g., we
choose B = b(x) to be block diagonal in the same basis as
v, ie., B= P, B,. Recalling Eq. (127) and note that €,
is proportional to identity, if 51(\,1)(,2)) =0, then Tr(B,&,) =
Tr(E]}/zBa E;ﬂ) =0 for any a (for example, in Fibonacci
C*-WHA, choosing x = e; 1; would lead to Tr(B,&,) = 0 for
all a). In this case we consider 51(\,11)([)), which amounts to
partially tracing p and replacing the traced degrees of freedom
by po, diagramatically.

80 = s @@) ‘ @N@@>

The partial trace amounts to replacing the boundary condition matrix B — B’ = EBE where E is the transfer matrix. By
construction, the transfer matrix £ = W(w) is rank-one and is positive semi-definite. Therefore, B’ oc E > 0 and in particular,

B, xE, > 0.
We next act 5,5,1)_1 o& I(I). Diagrammatically,

eV oMo p) =

where we use Lemma 3.5 in Ref. [45] to move the posi-
tion of E and Eq. (97). The boundary condition matrix is
replaced by B' — B” = E!/?B'E!/? where E!/? is positive
definite (and each block E, is positive definite). In partic-
ular, B/ = EI/?B/E1/2 > 0. At least for the vacuum sector
Tr(EY?B/E!/?) > 0, and therefore £V acting on this state
must be nonzero. With this, we conclude

ED 0 €06 (€M o (6D 0 £ 0. 0D () 2 0.

This finishes the proof.

APPENDIX D: EXAMPLE OF CZ,

In this Appendix, we show explicitly the construction in
Example 6 of the MPDO tensor for the boundary state of the
toric code, using CZ, group C*-algebra. The MPDO tensor
is constructed by Egs. (B10) and (B20). Hence, we need to
identify the basis {e;} of A and the dual basis {e’} of A*, their
faithful x-representations ®, ¥, and b(w).

Since A = CZ, is a group algebra, its basis elements are
identified with the group elements, and we denote the two
basis elements as ey, e,; namely, the dimension of A is 2. They
obey the multiplication rule of Z, group, and their faithful
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representation is the direct sum of the two irreps of Z, group,

Q) =1, P(e) = o (D1

For the dual algebra A*, its multiplication rule is induced
by the comultiplication rule in A, A(e,) = ¢, ® e,. The mul-
tiplication of A* is thus €' - e/ = )", §; e, and the faithful
representation of A* is

\I/(el)=<(1) 8), \y(eZ)z(g (1))

Finally, the boundary condition matrix b(w) is found using
® = e' and by definition Tr(b(w)P(x)) = w(x) for any x € A.
The result is b(w) = 1,/2.

Assemble everything, we obtain the MPDO tensor

]12 ]_0 (o 00
@—2 (00)*5°(1):

where the first tensor factor corresponds to the endomorphism
in the physical space and the second tensor factor to one in the
virtual space, as given in Example 6. The parent Lindbladian
of this MPDO is given in Example 7.

(D2)

(D3)

APPENDIX E: EXAMPLE OF FIBONACCI

In this Appendix, we construct explicitly the MPDO RFP
for the Fibonacci weak Hopf algebra Ag, and its parent Lind-
bladian as a more complicated example. Ap;, is not a Hopf
algebra because A(1) # 1 ® 1. This necessitates the second
piece £ in the parent Lindbladian construction. We will
show the parent Lindbladian construction from two different
ways (horizontal canonical form and C*-weak Hopf algebra)
and see that they give the same Lindbladian.

1. Fibonacci MPDO construction

To construct the MPDO RFP using Egs. (B10) and (B20),
we need to identify the basis {e;} of A and its dual basis {e}
of A*, their faithful x-representations ® and W, and b(w). The
Fibonacci C*-weak Hopf algebra is defined as the direct sum
M,(C) @ M3(C) of full matrix C*-algebras with complex
coefficients. The basis elements of Ag;, is identified with the
matrix units ey ;;, i, j = 1,2in M»(C)and ey ;;, 1, j = 1,2,3
in M3(C). Namely, the dimension of A is 13. The multi-
plication rule comes from the matrix multiplication, and the
faithful representation & is simply the 5 x 5 matrix as a direct
sum of the two irreducible *-representations labeled by a = 1
and a = t. For example,

o O
S -

D(ey,12) = (ED)

0 0 O
0 0 O
0 0 O

To obtain the MPDO tensor, we still need the faithful
representation W of A*. Let’s use / to denote the combined
index (a, ij), where a = 1, 2. W can be found by noticing that
Arp 18 self-dual, and therefore there exists a “natural basis”
{&'}, which is related to the dual basis {¢’} by a transformation

& =3, R, such that the faithful representation in the
natural basis reads

v = o(e)). (E2)

The transformation matrix R, in general, is not unique. It is the
solution of a consistency relation between multiplication and
comultiplication. Specifically, the multiplication and comulti-
plication on A can be specified using the basis elements

E : K
er-ey = )uueK,
K

A(EK) = ZA%el Rey.
1

By definition of dual algebra, they induce the comultiplication
and multiplication in A*,

I 1J K
e~e:EAKe,
K

A®) = Z)\fje’ ®e.
1

As a natural basis, & - &/ = " AK&X and therefore the con-
sistency relation requires

ZRII’RJJ/AgJ’ _ Z)\rf/RKS (E3)
ry K

For Apjp, the multiplication rule kfj comes from matrix multi-
plication and the comultiplication rule A¥ is given explicitly
in Example 2.5 of Ref. [45,72], and one possible solution for
transformation R of Eq. (E3) is [47]

él,ll — el,l], 51,12 — 62’”, é1,21 — 62’22,

é1,22 — ;.461,22 + {262'33,

EZ,I] — 61’12, é2’12 — 62’]2, 52,13 — 62’13,

52,21 — C_ZEZ’ZI, 52,22 — 61’21, ‘?2,23 — §_1€2’31,
é2,31 — ;_7162,23’ 52,32 — 62’32,

52,33 — {261’22 _ {262’33, (E4)

where 2 = 2/(1 + V/5).

Finally, the boundary condition matrix b(w) can be found
by using character y, of Irrep class a € Irr(A) (namely, x, =
Tr o ®,, which is the dual analog of x,),

1,11 1,22
Xx1=e'  +e T,

2,11 2,22 2,33
Xt =¢€ +e +e

1
w = ﬁ((SIXI + 8 %),

where §; = 1, 8, = ¢ 2 are the quantum dimensions of each
Irrep, D* =), 82 =1+¢* is the total quantum dimen-
stion, and by definition Tr(b(w)®P(x)) = w(x) for any x € A.
The result is

3 8;

In fact, one can show that in general, b(w) = @H,(3, /Dz)]la.
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Assemble everything, we obtain the MPDO tensor

13
ag@iﬁ :Z[b(w)]ii’q)i’j(el)\llaﬁ(el)
I=1

=Y (R b(w)]ier®irj (1) @ap(es)-

17
(E5)

Using the representation & and transformation R in Eq. (E4),
the part without b(w) is
2 + 2

2

5
3+5

3

,_.
I
—
)
I
)

w
Il
w
e e
S
I

[N
Il
o
W~
Il
o

o
Il
ot
w
Il
o

e

(E6)

e e e e e

w

I

|
t

U“+7

(@38

I

I
[V}

which agrees with the explicit components given in Ref. [45].
Using the explicit expression, one can also compute the
transfer matrix

s v 000
7 16B+v5) 000
E= =1 0 0 000>
0 0 000
0 0 000

(E7)

and verifies that E2 = E and E = W(w). The eigenvalues of
E are 1, 0, 0, 0, 0, which indicates that p(M) is a short-range
correlated state, similar to the boundary state of the toric code.

2. Parent Lindbladian construction: vertical canonical form

To construct the parent Lindbladian, we need the renormal-
ization channels 7 and S. In this section, we construct these
two channels from the vertical canonical form Egs. (41) and
(42) and Theorem 3.

The one-site tensor Mg, taking the form of a direct sum,
is already in the vertical canonical form. We write explicitly

Mgy = miMp)1 © maMgp)2, (EB)

where M(,p)1 is the upper-left 2 x 2 block of Mgy and
Myp),2 is the lower-right 3 x 3 block of Mgy with proper

normalization constants. Namely, there are two BNT ele-

ments. The corresponding multiplicity matrices are constants

wy = \% and p, = #, which takes care of the normaliza-

tion [viewing M 4p) ;. as matrix-product vector (MPV)].

To obtain the vertical canonical form for two-site MPDO
K(p), we need a basis rotation U on the physical indices. The
result is

= o @@ 2

2
= [@VK®M(Qﬂ)K @ 012,

k=1

V5+1 0

where v = 1(;’ Vi1 |
10
1
£ 0 0
=03+ 0 |, (E9)

0 0 V5t

and 0, denotes a 12 x 12 zero matrix. The explicit form of U
will be specified at the end of the section. Indeed, the vertical
BNT of K is still {M(4p),,.}, as stated in Theorem 3. The trace
relation is also satisfied: m; = u; = Tr(vy) = % and my =

— _ 545
po = Tr(vp) = 5=,

Using the vertical canonical form of M and K, one can
construct the channel 7 and S as follows. The one-site MPDO
to two-site MPDO channel T is

TX) = U[(ﬂ ® P.XPI) @ (E ® P2XP;> ® O,Z]U*,
ny nmy
(E10)

where

0 0 1 0 O
P1=<(1) (1) 8 8 8) p=|0 0 0 1 O
0 0 0 0 1
are the isometries projecting to the first and second BNT,
respectively. By direct inspection, one can see 7 (M(yp)) =

Kiap)-
The two-site MPDO to one-site MPDO channel S is

S=8V+8M,
SOX) = Tr(PJUTXUP)") @ Tri(PUTXU(Py)),
SW(x) = Tr(PUXU(P)")po, (E11)

where we use p; = m, in this example. The isometries
P|, P}, P} project to the blocks corresponding to the first BNT,
the second BNT, and the zero matrix, respectively. Their cor-
responding dimensions are 4 x 25,9 x 25 and 12 x 25. Tr
denotes tracing over the multiplicity degrees of freedom. The
term S is added to make the map trace preserving, and py
can be any density matrix supported on one site. By direct
inspection one can see S(K(y8)) = Map).
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Combining 7 and S, the local quantum channel £ is
=D ¢ g(H)7

£0(x) — U[i & T (PUTXU (P
ny
ea:l—z ® Tr (RUTXUP)) & OIZ]UT’ (E12)
2
£W(x) = U [i ® (PipoP ) Tr(FUTXU (P)")
n

V .
o m—2 ®(P2poP)Tr(PyU XU (P))') @ 01,]U".
2

By direct inspection, one can see the fixed-point space of
channel & is the fixed-point space of £V,

(E13)

2
Fe = U|:<@V,\ ®Mdk) @012:|UT.

A=1

where M, is the full d x d dimensional matrix algebra
and d,—; = 2,d,—, = 3. The dimension of the fixed point
space is therefore d?_, + d;_, = 13. This finishes the explicit
construction of parent Lindbladian. We note again that the
construction is based on the fact that at RFP, M and K share
the same vertical BNT; the coarse-graining and fine-graining
channels only act on the multiplicity degrees of freedom,
without changing the BNT part.

Although this construction is intuitive, proving frustration
freeness and finding global steady states is difficult. In the
next section, we present another construction using C*-weak
Hopf algebra, which is more convenient for finding the global
steady states. Numerically, we verify that these two construc-
tions give the same CP maps £V,

Finally, we provide the explicit form of the transformation
matrix U. The unitary matrix U is the concatenation the fol-
lowing 25 column vectors (where |v;) ; is the j-the component
of the vector |v;)),

¢ 1

=1, |n)is=——=, |n)hs=——,

$2+1 2+
) =1, Ju)r =1, Jus)z =1, Jug)o =1,
[v)i0 =1, lvgho =1, [|vo)is =1, (E14)
i)z =1, Junhis =1, [viz)aa =1,

1 —¢
vis)is = ———, |vis)as = ———,
/§-2_|_1 §-2+1

with all other components equal to zero, and |vi4) to |vos)
being arbitrary basis vectors in the orthogonal space of |v;)
to |vi3),

3. Parent Lindbladian construction: C*-weak Hopf algebras

In terms of C*-weak Hopf algebras, the quantum channels
T and S are given in Eqgs. (B24)—(B26), from which we can

write down £ = T o S. The first piece is
EVX)=ToSV(X)
= b()®H (D% 0 A)(Q1))

CTr((0%2 0 A 0 J)(E2 Q0 2)X), (E15)
where we use Eq. (B19), and the second piece is
EMX) =T oSMW(X)
= b(@)®*(®%* 0 A)(Q1))
CTr((@ 0 ) (52 Q&%) po) Tr(PX),  (E16)

where PL = 1 — (®%2 0 A)(1) and py is an arbitrary density
matrix.

To explicitly construct £, we need the explicit form of
1, 2, & and the map J. The comultiplication A is given ex-
plicitly in Ref. [45]. The explicit form of 1 comes from its
definition as the unit element in A,

l=e1+e1m+ex +e0 +erss, (E17)

and the explicit form of € is

1
Q= ﬁ(dlxl +drxr)

1 1 1 1
= ﬁ(el,n + gel,lz + {—261,21 + Fel,zz>, (E18)

whered, = 1,d, = ¢ 72, D* = 1 4+ ¢{~*. The form of & can be
determined using £ ! = w((1))2(2), and the result reads

£ =D er11 + tern + Per it + (Pernm + e ).

(E19)

Finally, the linear map J can be obtained from the pulling-
through identity Eq. (B18), which after applying J to the first
site, becomes (J(X)E2 ® 1)- A(Q) = (£2 ® x) - A(Q). The
result is

J(er,11) = er11, J(e12) =e1o1, J(ero1) = e 12,

J(e122) = e, J(ex1) = e, J(ezn) =er i,

J(e2,13) = ex 32, J(exn1) = ez21, J(e222) =en 11,

J(e223) = ex31, J(ea31) =er23, J(e232) = e 3,

J(e233) = €233 (E20)

Using the above data, one can explicitly construct the quantum
channel €.

By direct inspection, one can see the fixed-point space of
channel & is the fixed-point space of £V, which is the span

13
Fe = 1D cb(@)® (@ o A)er)

I=1

cgeC } (E21)
The dimension of the fixed-point space is 13.

4. A hint of duality

Using two explicit parent Lindbladian constructions, we
numerically find that £P from Egs. (E12) and (E15) are
identical [68]. This result is intriguing because the first con-
struction is derived from the vertical canonical form of the
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MPDO, while the second stems from the algebraic structure,
which implicitly relies on the horizontal canonical form. This
observation suggests a potential duality between the vertical
and horizontal canonical forms. One might speculate whether
this duality arises from the self-duality of the Fibonacci C*-
weak Hopf algebra. To explore this further, we examine a
nonself-dual case, the MPDO RFP constructed from the CS;
Hopf algebra. Interestingly, we find that £ from the two con-
structions remains identical. A deeper understanding of this
apparent duality is left for future work.

APPENDIX F: EXAMPLE OF pczx

In this Appendix, we provide details of the vertical canoni-
cal form analysis of pczx and study the properties of its parent
Lindbladian. This is an example of the nonsimple MPDO
beyond the C*-weak Hopf algebra [58].

1. Vertical canonical form

We now show explicitly that this MPDO is an RFP after
blocking two sites by using the vertical canonical form. Define
M as the tensor obtained by blocking two sites of M. By a
unitary transformation U on the physical degrees of freedom,

U
Mgy = M, = UMupU"

1 0 0 O
0 0 0 1

U= o1 0 ol (F1)
0 0 1 O

one can bring M to the vertical canonical form with two BNT
elements,

M(léﬂ) = Mg © oM@p).2s (F2)

with ) = pp = \/Té’

Mang = %(é (1)), Moy = %(8 é>,

M3y = %(8 (1)), M@z = %(_01 8),

M3y = %((1) 8) (F3)
and

Man, = %((1) (1)), Moy = %(8 (1)),

M3y = %(g _01> M@z 2 = %(? 8)

Msys = %(? 8). (F4)

One can verify that these two BNT elements are indeed in-
dependent by computing the leading eigenvalue of the mixed
transfer matrix.

Next, consider K as the tensor obtained by blocking
two sites of M (which is, four sites of M). By a unitary

transformation V on the physical degrees of freedom,
Kiap) = Kiupy = VEKap)V'. (F5)

one can bring K to the vertical canonical form with the same
two BNT elements,

K(‘gzﬂ) = ViM@p)1 © VaMap),2, (F6)

with vy =1, = *1/—63114. The coefficients verify m; = u, =

Tr[v,] = @. The explicit form of the unitary V is

Vii=Vais=Vaz=Vora=1,

Vss =V =Vi7=—Vs10=1,

Voo =Vio1s =Viia= Vi3 =1,

Vize = Viann =Visg = Vieo = 1. (F7)

We would like to comment that the one-site MPDO tensor
M contains only one BNT element, and therefore M itself is
not an RFP tensor. On the other hand, after blocking two sites,
we see that M is an RFP tensor by showing that M and K share
the same set of BNT. This is expected, since we require N to
be even, and the above MPDO representation is valid only for
even N.

2. Steady states of parent Lindbladian

Using the vertical canonical form, the renormalization
channels 7, S are constructed as in Example 9 and with them
one constructs the parent Lindbladian. In this section, we
analyze the properties of this parent Lindbladian.

Following the general treatment, we build the local channel
£ (that acts on four original sites) and the Lindbladian

E=ToS, &=r1(&),
N/2

Li=&—1, LY=Ly (F8)
i=1

Let us first examine the fixed-point space of the local channel
5’

2
Fe=V' [@ v, ® Mdk}v, (F9)

r=1
where My, is the full d, x d) dimensional matrix algebra,
and d,—; = d,—, = 2. The dimension of the fixed point space
is therefore dj_, + d}_, = 8. Explicitly,

Fe=VoOW,

V=span{lL 3L, ®L,®1,,L®L XL o,

01,1, 012,0,0 1L, ® 1, ®o.},
W =span{o2*CZ¥ (Im)(m| ® 1, ® 1,

® |n)(n)lm,n = 0,1}, (F10)

where CZ® = []\_,(CZ);;41 and note that VW = {0}.
In particular, the vector space W allows a simple MPO
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representation same as Uczx,

W = G1=4(0)
2 (1 1
=(b o)
20 (0 O
o= %)

where G, (0O) is defined as in Eq.~(52). As a side remark, we
note that the vector space Gy—_4(M) has dimension 5 and is a
subspace of the fixed-point space,

Gr—4(M) C Fe.

(F11)

(F12)

To find the space of steady state of the global Lindbladian,
we examine the commutation relation of local channels. We
verify numerically that

[&i, Eiva]l = 0. (F13)

Therefore, the parent Lindbladian is commuting and thus
frustration free. The global space of steady state is then the
intersection of the fixed-point spaces NY_| Fe,. Let’s first con-
sider

FeNFen, =(VidW)N (Vi @ Wipo), (F14)

where V, = VQ M; @ M, Viio = M, @ M, ® V, and
similar for W;, W,,,. To simplify, we note that the following
two intersections are empty: V; N Wi, = {0} and W; NV, =
{0}, which can be proven by considering a nonzero vector in
this intersection and then tracing out site i + 2, leading to a
contradiction. Along with the conditions V; N W; = {0} and
Viea N Wiy = {0}, the above expression can be simplified to
Fe,NFep, = (ViN Vi) @ (W, N W), (F15)

i+2

The first term can be computed by considering a nonzero
vector in the intersection vy = vy, v; € V;, v2 € V45, mul-
tiplying o, on site i 4+ 2, and then tracing out site i 4 2. Since
v; can only take 1, on site i + 2, this procedure leads to
Tr;12[v2(0;)it2] = 0, enforcing v, to take 1, on site i + 2.
One can apply similar procedures on other sites to obtain other
constraints, and the final result is

Vi :=V,NVi,
=span{l, ® 1, V1L, ® 1, ® 1, ® 1,
LRILELELEI1; o,
0;3L,R1,®1,® 1, ® 1,,
;0LR1L,R 1,1, R o, (F16)

Next, we consider the second term Wé n Wii2. We note that
by blocking two sites of MPO tensor 0;’5, it becomes injective
when viewed as an MPV (by grouping i, j indices). One can
then apply the intersection property of MPV [1] and obtain
Wiita :=WiN Wi
= (G1=4(0) ® My) N (M4 ® G1=4(0))

= Gr=6(0). F17)

The above procedure can be performed iteratively until we
reach the system size N, and for W, using the closure property

when crossing the boundary. We conclude

W) _ N )
Poo. = 2—N(12 +cUCZX), cel[-1,1], (F18)
where N is even.

We note that the above-constructed parent Lindbladian is
rapid mixing, which is a direct result of commuting local
terms. Nevertheless, it cannot drive a product state fast to

pczx, as shown in the following evolution analysis.

a. Evolution

Starting from a trivial state p = 55 (1% + 0®), we nu-
merically verify that: when N = 4, 6, 8, the resulting steady
state is

1 1
P = 2—N<11§’N + S UC‘Z)L). (F19)
We conjecture that this relation holds for general N. In the
following, we prove that the parent Lindbladian constructed
above cannot drive a fully separable state to pczx.
Proposition FI1. Consider any initial state as a fully sepa-
rable state

PN, =Y a4s(P1s ® P25 ® -+ ® i), (F20)

where N is an even integer and ) _ ¢, = 1. The corresponding

steady state o) under the evolution of CZX parent Lindbla-
dian takes the form of Eq. (F18), with

(F21)

Proof. To begin, note that the coefficient ¢ in Eq. (F18) can
be computed via

¢ = Tr[Ugr] = TrUgxEn (Pl
= Tr[€2,(U&X) Piai ]

(F22)
where £y = lim,_, o €', and &% is its adjoint. Since the
CZX parent Lindbladian £ is a commuting Lindbladian,
Eoo = [1; Eirco Where E; oo 1= lim,_, o 5. Similarly, £ can
also be decomposed as &%, = [, &, where & is the ad-
jointof & . '

The local infinite time evolution channel is a projector on
the space of local fixed point (on four physical sites),

8
Eino(X) =) Tr[0]X 10y,

m=1

(F23)

where Tr[O! O,] = 8, and {O,,} are the basis operators of

m
local fixed point space in Eq. (F10) up to normalization,

01=3;1L0LRLRAL, 0,=;LeLRL.,

0;=10.91L®L®L, 04=100LeL®d,

05 = 02*CZY(|0)(0| ® 1> ® 1, ® [0)(0)),

06 = o2*'CZP(10)(0] ® 1, ® 1, ® [1)(1]),

07 =oP*'CZP(1)(11 ® 1, ® 1, ® [0)(0]),
) )

O = o2*CZV (N1 ® 1, @ 1, ® [1)(1]). (F24)
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Subsequently, its adjoint takes the form of

8
& o (X) =Y Tr[0,X]0j,.

m=1

(F25)

Note that 0,, = Of form = 1,...,4and O = 05, O} = 03,
the explicit form of &l 1s therefore the same as 5, 00, and
thus Uczx stays 1nvanant under the global ajoint map,

N2
ExWUczx) = l—[‘%q,oo Uczx = Uczx.

i=1

(F26)

Now, consider a pure single-site initial state with no sum-

mation over s, p; = |v;){v;] where |v;) = a;]0) + b;|1), |a;:|* +
|b;]? = 1. The MPU representation of Uczx reads
oo _ (1 1 w_ (0 0
U_<OO’U_1—1’ (F27)
and we define a transfer matrix
L @ o a;-*b,' afbi
EU,'L = @ = (azbr alb;"> . (F28)
Then,
¢ =TrlEy1Ey---Eun], (F29)
and its absolute value can be bound by
lel < [lEvalhllEvz -+ Eunlloo
N
< NEualh [TIEwilloo- (F30)

i=2

Using the explicit form of Ey ;, one can show |Ey illec =
V2l0a;||bi] < 1 / V2, where the inequality comes from |a;|? +
|b;|> = 1; and similarly ||Ey ||} = 2+/2]a;||bi| < +/2. This
leads to

(F31)

Finally, we justify that the extreme value of ¢ must occur
when there is no summation over s and each p; in pj; is a pure
state. To see this, consider

e+ 1= T(18" + UL
— T (18 + U A

nit
= Z qs melx e

Py Tr[(15™ + UR)
s {mis}

: (|Wmlg><1pmh

where we decompose each

Pis = me,»s

omn

® te ® |wmm><wmm )]a (F32)

wm,»y )(Wm,-;

’

with p, = 0,3, pm, = 1. Since (IS + U3 ) is positive
semi-definite, each trace term in the last line of Eq. (F32) must

be non-negative. Therefore,

¢ < max (|- (V| UG [V )+~ [, ). (F33)
and

> min, (V| (W | Uz [V ) [y ) (F34)

This finishes the proof. n

The above proposition and proof can be generalized to the
initial state after blocking a finite number of / sites.

Proposition F2. Consider any initial state as a fully sepa-
rable state

(N)

qupls@pzs@ - ® PNJL.s)- (F35)

where each p;, supports on / consecutive sites of qubits,
N is an even integer, N/I is an integer and ) g, = 1. The

corresponding steady state ,oégl ) under the evolution of CZX
parent Lindbladian takes the form of Eq. (F18), with

1

lel < NI (F36)

Proof. Most of the proof runs parallel to the previous one.
In particular, we now consider the transfer matrix of a block
of I consecutive sites,

W2 )
By = l

(F37)

where we omit the position label i, and we would like to show
that | Eyollec < 1/v/2 and [ Eyo | < V2.

To start, denote U") as the horizontal blocking of I sites
of U, and apply a Hadamard gate H on its right, U —
UWH. Note that ||U(1)H||,, = ||U(l)||p, the Schatten norm is
unchanged. The explicit form of U (after applying H) reads

U =200l ® o} @ 0V ®@ o/t
+V20)(1|® 0] ® 0P ® 0
+ V210l ® oy
+V2I) (1| @0 @ 0P @0,

where the first register is the virtual bond degree of freedom,
and O is a summation of strings of oF,

0" =3 Oufr k),
k

® 0¥ ®o,
(F38)

(F39)

where k = (ky, k3, ...,k,—1) with k5, = 0,1 and denoting
1

oli=06",0%:=0",
Or =0y @ o ®~--®alkf1‘,
fl (k) — (_1)k2k3+k3k4+~~+k1_2k1—1
folk) = (_1)k2k3+k3k4+---+k172k17|+k17| , (F40)
fg(k) — (_])k2k3+k3k4+---+k/,2k/,1+k2,

f4(k) — (_1)k2k3+k3k4+---+k1,2k1,1+k2+k,,1.
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Now, consider the pure state p = |) (| and write

1
) =D 1in @ 1Y) ® i,

i,j=0

(F41)

where we single out the first and last physical qubit as above.
Thus, we can write

Eyi =) Euig, (F42)
k
where Ey: ;. are 2 x 2 matrices with components
Ey1 10, 0) = ~V2(Wo,0| Ol ¥1.1) f1 (k).
Ey1 (0, 1) = ~/2(10.11 Okl ¥1.0) o k),
Eyi (1,0) = ~2(r1 0| Ol v0.1) f3(),
Eyi (1, 1) = V2(y1.110g Y000 fak).  (F43)

Note that in the third and fourth lines,_we have changed the
index of summation and replaced k — k= (1,1,...,1) — k.
Expand |v; ;) in the computational basis

W)=Y allky =Y blIk).
k

k

(F44)

Note that (k" |Og k') = 8}, 76k x7, the matrix Ey i is simplified
to

(k) zfa(k)
Eyry =3 }_’kfl k _kfz DY E45)
wSf3(k) - Fifalk)
where y, = al°b}' and z; = a'b}°. Using
(F46)

Euilly < D 1Ey &l
k

we need to compute the singular values of Ey: ;. When
fik) f3(k) + fo(k)fs(k) = 0, the singular values are degener-
ate,

A= 2 = V2V 02+ lul?
1
< —= (| + 6" + |a' | + [B1°]).

F47
7 (F47)

and when f;(k)f3(k) + f>(k)fs(k) = £2, the singular values
are

A= V2(yl + 1z,
A2 = V2l — |zl (F48)

Mo < —=(|a®F + B + o' + [P,

V2
Thus,
1 2 2 2 2
Eyilloe < —= D> (Ja®]” + [ + || + [5°])
V24
_ ! (Vly) = . (F49)
=5 =5
Similarly,
1Eyll < V2. (F50)
This finishes the proof. |
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