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We study the phenomenon of Hilbert space fragmentation in isolated Hamiltonian and Floquet quantum
systems using the language of commutant algebras, the algebra of all operators that commute with each
local term that appears in the Hamiltonian or each local gate of the circuit. We provide a precise definition
of Hilbert space fragmentation in this formalism as the case where the dimension of the commutant algebra
grows exponentially with the system size. Fragmentation can, hence, be distinguished from systems with
conventional symmetries such as U(1) or SU(2), where the dimension of the commutant algebra grows
polynomially with the system size. Furthermore, the commutant algebra language also helps distinguish
between “classical” and “quantum” Hilbert space fragmentation, where the former refers to fragmentation
in the product state basis. We explicitly construct the commutant algebra in several systems exhibiting
classical fragmentation, including the r—J, model and the spin-1 dipole-conserving model, and we
illustrate the connection to previously studied “statistically localized integrals of motion.” We also revisit
the Temperley-Lieb spin chains, including the spin-1 biquadratic chain widely studied in the literature, and
show that they exhibit quantum Hilbert space fragmentation. Finally, we study the contribution of the full
commutant algebra to the Mazur bounds in various cases. In fragmented systems, we use expressions for
the commutant to analytically obtain new or improved Mazur bounds for autocorrelation functions of local
operators that agree with previous numerical results. In addition, we are able to rigorously show the

localization of the on-site spin operator in the spin-1 dipole-conserving model.
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I. INTRODUCTION

The study of ergodicity and its breaking in isolated
quantum systems is a subject of active research. Ergodicity
in isolated quantum systems is defined by the eigenstate
thermalization hypothesis (ETH), a conjecture about the
matrix elements of local operators in between the eigen-
states of the Hamiltonian [1,2]. Restricting to diagonal
matrix elements, which is sometimes referred to as diagonal
ETH [3], it states that the expectation value of any local
operator in eigenstates of the Hamiltonian is a smooth
function of energy, determined by its thermal expectation
value in an appropriate Gibbs density matrix [4—6]. Its
strong version, known as strong ETH, states that all
eigenstates satisfy diagonal ETH, whereas its weak version,
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known as weak ETH, states that almost all eigenstates
satisfy diagonal ETH, which allows for a small (measure-
zero) set of eigenstates to violate it. While strong ETH is
believed to hold in generic isolated quantum systems, its
complete violations (i.e., violations of strong and weak
ETH) are well known in two cases. First are integrable
systems, where an extensive number of conserved quan-
tities lead to quasiparticle descriptions and complete
solvability of the spectrum. Second are many-body local-
ized systems, where strong disorder or quasiperiodicity
results in the existence of emergent integrals of motion that
lead to localized eigenstates throughout the spectrum,
although its stability for large system sizes in more than
one dimension is a subject of much debate [7,8].

In addition to complete violations, several examples of
partial violations of ETH have been recently found. One
such family of examples is comprised of quantum scarred
systems, which possess a small number of “quantum scars,”
i.e., ETH-violating eigenstates amidst a sea of ETH-
satisfying eigenstates. The quantum scars in all such
systems form a measure-zero set of eigenstates in the
thermodynamic limit, and weak ETH is satisfied while

Published by the American Physical Society


https://orcid.org/0000-0001-8031-0022
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevX.12.011050&domain=pdf&date_stamp=2022-03-16
https://doi.org/10.1103/PhysRevX.12.011050
https://doi.org/10.1103/PhysRevX.12.011050
https://doi.org/10.1103/PhysRevX.12.011050
https://doi.org/10.1103/PhysRevX.12.011050
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

SANJAY MOUDGALYA and OLEXEI I. MOTRUNICH

PHYS. REV. X 12, 011050 (2022)

strong ETH is violated. Nevertheless, quantum scars have a
striking impact on the dynamics of particular initial states
including in systems with experimental relevance, as seen
in Rydberg atom experiments [9,10]. Several examples of
exactly solvable quantum scars are found in the literature
[11], including ones with equally spaced towers of states
[12-24] that lead to perfect revivals from particular initial
states. Many of these examples can be captured by unified
formalisms [18,20-25] which typically involve starting
from a highly symmetric Hamiltonian and adding pertur-
bations that preserve some of its eigenstates.

Another family of recently discovered violations of
ETH is Hilbert space fragmentation found in constrained
Hamiltonian systems as well as random unitary circuits,
which is the focus of this work. The term typically refers to
the phenomenon where the system possesses exponentially
many dynamically disconnected subspaces, referred to as
Krylov subspaces. To be more precise, the Hilbert space ‘H
of any isolated quantum system can be generically
described as

K
H= K,

a=1

Ko =span {U'lwa)}, (1)

where U’ is the unitary governing the time evolution (i.e.,
e ! for systems with Hamiltonian H), span,{U’|y,)}
denotes the subspace spanned by time evolution of the state
lwq), and K is the number of Krylov subspaces of the
system. While the decomposition of Eq. (1) is trivial if
lw,)’s are eigenstates of U, typical examples of Hilbert
space fragmentation focus on cases where |y,)’s are
“simple” states (e.g., product states). The existence of
dynamically disconnected subspaces is also not surprising
in the presence of symmetries, and |y,)’s in Eq. (1) differ
by some symmetry quantum numbers that are preserved
under time evolution. However, Hilbert space fragmenta-
tion differs from regular symmetries in two important ways.
First, in the case of conventional symmetries, the number of
Krylov subspaces K either stays constant or grows poly-
nomially with increasing system size, whereas it grows
exponentially in fragmented systems; e.g., K ~ exp(cL) for
one-dimensional systems with L sites. Second, the Krylov
subspaces in fragmentation systems C, do not seem to be
distinguished by quantum numbers corresponding to any
obvious local symmetries of the Hamiltonian H. The
phenomenon of Hilbert space fragmentation is explicitly
pointed out in the context of dipole-moment-conserving
models [26-28], although similar phenomena are known or
implicitly assumed in earlier literature [29-37]. The Krylov
subspaces {/C,} can have any dimension, ranging from
one-dimensional “frozen” product states [27,28], where all
terms of the Hamiltonian act trivially, to ones with
exponentially large dimension that can be studied in terms
of a restricted effective Hamiltonian [38,39].

From the perspective of the full Hilbert space H (within a
quantum number sector of a “conventional” symmetry),
fragmented systems always violate ETH, with nonthermal
eigenstates constituting either zero or nonzero measure of
all eigenstates, referred to as violations of strong or weak
(and, hence, also strong) ETH, respectively [27]. Referring
to the dimension of the largest Krylov subspace as D, :=
max,{dim(KC,)} and the Hilbert space dimension as
D :=dim(H), Ref. [27] further classifies fragmented sys-
tems into two classes: strongly fragmented and weakly
fragmented, where D,,,,/D — 0 and D,,,,/D — 1, respec-
tively, in the thermodynamic limit. Weakly fragmented
systems have a dominant Krylov subspace in the thermo-
dynamic limit, and, hence, while they violate strong ETH
due to the small Krylov subspaces, they satisfy weak ETH.
These systems share a lot of phenomenology with quantum
many-body scars. Strongly fragmented systems, on the
other hand, do not have a dominant Krylov subspace and,
hence, violate weak ETH as well. Nevertheless, signatures
of ETH within sufficiently large Krylov subspaces K,
(referred to as Krylov-restricted thermalization [11,38]) are
found in models exhibiting both strong and weak Hilbert
space fragmentation [38,40,41], provided the Hamiltonian
restricted to the studied Krylov subspace is nonintegrable
and not many-body localized [42,43]. Several examples of
Hilbert space fragmentation that do not involve dipole-
conserving models are found in Refs. [40,41,44-50].

In spite of several examples of Hilbert space fragmen-
tation, many aspects about fragmentation remain vague or
unanswered. Since the existence of Krylov subspaces of
the form of Eq. (1) by definition implies that the
Hamiltonian is block diagonal in a certain basis, an
obvious question that arises is whether the system has
nonobvious nonlocal conserved quantities. While the
existence and construction of such nonobvious conserved
quantities are well known in the study of quantum
integrable systems, Hilbert space fragmentation differs
from quantum integrability, since it is completely deter-
mined by the local terms of the Hamiltonian and does not
require additional symmetries such as translation invari-
ance that are key to integrability. That is, in all examples
that define the fragmentation concept, if a Hamiltonian of
the form H =}, h ; shows Hilbert space fragmentation,
where h ; denotes a local few-site term, so does the entire
family of Hamiltonians H =} J sz j» where J;’s are
arbitrary coefficients. An important step toward under-
standing the nature of conserved quantities in fragmented
systems is made in Ref. [44]. It turns out that highly
nonlocal conserved operators, called “statistically local-
ized integrals of motion” (SLIOMs) uniquely label all the
different Krylov subspaces in certain fragmented systems.
However, the construction of SLIOMs there does not
directly extend to all systems exhibiting fragmentation,
and it is natural to wonder if SLIOMs are generic to
systems exhibiting fragmentation. Furthermore, in all
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systems exhibiting fragmentation of the form of Eq. (1),
the projectors onto the Krylov subspaces {/C,} are
conserved quantities, which are conserved by definition,
and it is not clear if and how they are related to SLIOMs.
In this work, we resolve these questions by studying
fragmentation in the language of so-called commutant
algebras, which is the algebra of conserved quantities
[also known as integrals of motion (IOMs)] for an entire
family of Hamiltonians. For the family H =}, ijzj
discussed above, the commutant algebra is the algebra
of all operators that commute with all 1A1j’s. This formalism
allows us to compare and contrast fragmentation versus
conventional symmetries and also makes clear the relation
between SLIOMs and the Krylov subspace projectors,
both of which are conserved quantities and, hence, just
different “vectors” in a uniquely defined commutant
algebra associated with local terms in the Hamiltonian.

Another important aspect that is seldom discussed is the
basis in which fragmentation occurs. Most examples of
Hilbert space fragmentation are in the product state basis,
i.e., where |y,)’s in Eq. (1) are product states. This means
that the phenomenon is essentially classical in nature and
also exists in classical Markov processes with the same set
of allowed local transitions, which is, in fact, discussed in
previous works [29,51]. This leads us to wonder if a truly
quantum version of fragmentation can exist, which would
be the case if fragmentation happens in a nonobvious
entangled basis such that some of the |y,)’s in Eq. (1)
necessarily need to have entanglement. Naively allowing
for nonproduct state basis without a more precise definition
of fragmentation is not helpful, since for any finite-size
system the eigenstates are themselves one-dimensional
dynamically disconnected Krylov subspaces, which leads
to the meaningless conclusion that all finite-size systems
are fragmented. Similar confusions also exist for the
definition of quantum integrability in finite-size systems,
as discussed in Refs. [52,53]. Hence, we first need a precise
rigorous definition of fragmentation, which we provide in
this work using the language of commutant algebras. This
also allows us to distinguish between classical fragmenta-
tion in the product state basis and quantum fragmentation in
entangled bases, and we find models that exist in the
literature that are examples of the latter.

The rest of this paper is organized as follows. In Sec. II,
we introduce the concept of commutant algebras, which is
central to our discussion of Hilbert space fragmentation,
and we discuss examples of conventional symmetries in
this language. In Sec. III, we work out the Hilbert space
fragmentation of the f—J, model in the language of
commutant algebras and also illustrate the connections
between the commutant algebras and previously con-
structed SLIOMs in the 1D ¢—J, model with open
boundary conditions. In Sec. IV, we similarly demonstrate
the fragmentation in yet another model, which we refer to
as the pair-flip (PF) model, where the definition of SLIOMs

is not a priori clear. While these models are examples of
“classical fragmentation” in the product state basis, in
Sec. V, we study the Temperley-Lieb (TL) spin chains,
which we show are examples of models exhibiting quantum
fragmentation in an entangled basis; a distinguishing
feature of the TL family is that its commutant algebra is
non-Abelian, while classical fragmentation examples have
Abelian commutant algebras. In Sec. VI, we discuss the
well-known strongly fragmented spin-1 dipole-conserving
model [27,44] in the commutant algebra language, and we
analytically construct and count the full commutant.
Finally, in Sec. VII, we study the effect of the full
commutant algebra on the Mazur bounds for autocorrela-
tion functions of local operators, and we illustrate standard
results for conventional symmetries. Furthermore, as a
result of our analytical understanding of the full commu-
tant, we are able to analytically compute the Mazur bounds
in detail in many of the fragmented models. In the # — J,
model with open and periodic boundary conditions, we
show that the commutant provides improved bounds that
are not fully captured by SLIOMs, and we also analytically
recover many of the numerical results of Ref. [44]. In the
spin-1 dipole-conserving model, we are able to analytically
compute a large part of the full Mazur bound, which
rigorously proves the localization of the on-site spin
operator. We also present numerical and analytical results
of enhanced Mazur bounds corresponding to certain local
operators in the PF and TL models. We conclude with open
questions in Sec. VIIIL.

II. COMMUTANT ALGEBRAS

A. Definition and properties

As discussed in the previous section, Hilbert space
fragmentation depends only on the local terms of the
Hamiltonian, and the Hilbert space decomposition of
Eq. (1) is the same for a family of Hamiltonians H:

J

where h ;is astrictly local (generically multisite) operator in
the vicinity of site j such that fz,» and h ; for i # j need not
commute and J; are arbitrary coefficients. Since we are
interested in the block-diagonal structure of the family of
Hamiltonians in Eq. (2) that does not depend on local
couplings (similar in this aspect to conventional on-site
symmetries), we are interested in operators O that commute
with each term, i.e.,

[h;,0]=0 V¥ j. (3)

We refer to such operators O either as conserved quantities
or IOMs associated with the family of Hamiltonians of

Eq. (2). Denoting the set of operators O that satisfy Eq. (3)
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as C, we note that operators in C form a closed associative
algebra, i.e.,

0, eC, 0,¢ecC

= { O?OAI —|—Aa2A02 ¢ for any o, € C, (4)

0,0,,0,0, €C

and, hence, we refer to C as the commutant algebra. If the
family of systems contains several types of terms, e.g.,
Hamiltonians H =), J i+ ;K;g; with arbitrary
coefficients J j and K j» we define the commutant as the
algebra of operators O that individually commute with all
types of local terms, i.e., [h;, 0] = [§;, O] =0 for all j.
This definition also implies that operators in the commutant
commute with unitary circuits U built by local gates using
the same terms {/;} such as

U:H@m@m@y (5)

where the ordering of terms in the product in U does not
matter for the commutant considerations (but, of course,
matters for specific model instances). Hence, while we
explicitly describe only Hamiltonian systems in this work,
all of our results also hold for unitary circuits of the form
of Eq. (9).

An alternate equivalent definition of C involves the
algebra A generated by arbitrary linear combinations of
arbitrary products of the terms of the Hamiltonian {/ ;1> and
we refer to this as “bond algebra” [54-56], since the
Hamiltonian terms are typically associated with bonds on
the lattice, although we sometimes include single- or
multisite Hamiltonian terms. While the identity operator
T is not necessarily generated by these terms, we can
always add it to the definition of A, since adding a constant
to the family of Hamiltonians does not affect their sym-
metries. Denoting the algebra of all linear operators on the
(finite-dimensional) Hilbert space H as £(H), both A and
C are subalgebras of £(H). As a consequence of Eq. (3),
the commutant algebra C is the centralizer of the algebra A
in L(H). [57] Note that A and C are both associative
algebras that contain the 1 operator. Furthermore, A is
generated starting from Hermitian fzj’s, and A and C are
also closed under Hermitian conjugation (i.e., 0" € A/C if
O € A/C). Because of these properties, A and C are
examples of von Neumann algebras [58,59]. von
Neumann algebras are subject to the double-commutant
theorem [58,59], which states that A and C are centralizers
of each other in £(’H). Hence, the centers of the algebras A
and C coincide, given by Z:=.AnNC. [60] All these
algebras are depicted in Fig. 1.

Note that, throughout this work, we reserve the use of
“commutant” to denote C and use “centralizer” to denote

LK)

FIG. 1. Depiction of the algebras studied in this work. £(H)
is the algebra of all linear operators on a finite-dimensional
Hilbert space H. The left solid circle is the “bond algebra” A, the
algebra generated by the local terms {fz]} of the family of
Hamiltonians H =}, J jfz ;- The right solid circle is the “com-
mutant algebra” C, the algebra of all elements that commute with
every element of A. A and C are centralizers of each other in
L('H) as a consequence of the double-commutant theorem [58].
Z = AnC is the center of both algebras. The dotted circle is a
maximal Abelian subalgebra M of C, which might not be unique.
Hilbert space fragmentation corresponds to the case when the
dimension of C grows exponentially with system size. When C
is Abelian (e.g., for classical fragmentation), by definition it is
equal to its center and maximal Abelian subalgebra; hence,

C=M=Z2ZcCcA

the algebra that commutes with the given algebra.
Furthermore, we always restrict ourselves to systems with
tensor product Hilbert spaces with total dimension D.
Hence, we do not attempt to distinguish between the
algebra and its D-dimensional representation, and we
always mean the latter when we say the former. The
operators in the commutant C then have a naturally defined
Hilbert-Schmidt inner product, and we can construct an
orthonormal basis of C. The number of such basis elements
1s referred to as the dimension of the commutant, denoted
by dim(C). In general, this is distinct from the number of
generators of the algebra, which we denote by gen(C),
which is the minimal number of operators required to
generate the entire algebra by means of arbitrary sums and
products.

These algebras that are centralizers of each other can be
used to construct a virtual bipartition [61-63] of the Hilbert
space; i.e., the full Hilbert space H can be decomposed into
representations of A x C as follows [64,65]:

H:@WW®H9L (6)

where HEA) and H;Q denote D; and d,; dimensional
irreducible representations of the algebras A and C,
respectively. In Eq. (6), 4 is a label that distinguishes
different parts of the Hilbert space on which operators in A
and C act irreducibly [66]; specific examples are discussed
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in Sec. I B. Specifically, for each 4, the HﬁA) ® HEP
represents a subspace of dimension D,d, that can be
formally tensored such that operators of the bond algebra
A act only on the “degrees of freedom” in the first
factor while operators in the commutant algebra C
act only in the second factor. That is, for each A, there
exists a tensored basis {|u;,) ® |v,4)}, a=1,....D,,
p=1,...,d;, in which operators IA1A e A and ﬁc eC
act as hgluge) ® |v2p) = D0 Ml (ha)|tze) ® |v25)
and heluyq) ®|v24) ="y Njy 5 (he)|tyo) ® |v,), Where
M*(h,) and N*(h;) are some D, x D, and d,xd,
matrices, respectively. Operators /14 and /i, thus, have
the matrix representations

ha= @M (ha) ®1,),

=@l1p, ® NX( (he))-
p p

(7)

Moreover, for each A, A and C act in HEA) and ’Hﬁc) as the
full matrix algebras of D; x D, and d; x d; complex
matrices, respectively. As a consequence, the dimensions
of A and C are simply the dimensions of the subspaces of

matrices of the form of Eq. (7), and we obtain

= Zdz, dim(H) = ZDsz-
3 7
(8)

Note that the representations in Eq. (7) also imply that any

operator h z in the center Z of these algebras has the matrix
representation

= E}IB[C/l(ilz)(“DX ® 14)],

dim(A)=> D3, dim(C)
A

c;(hz) € C. (9)

The decomposition in Eq. (6) also characterizes the
Krylov subspaces, i.e., subspaces invariant under time
evolution, of the Hamiltonian H in Eq. (2). Since the
time-evolution unitary exp(—iH¢) is an element of the bond
algebra A, for each 4 in Eq. (6), it acts only on the basis

elements of the first factor Hﬁm while leaving the basis

elements of the second factor Hgo invariant. Hence, for
each 1, we obtain d; number of D;-dimensional subspaces
that are invariant under time evolution, which are precisely
the Krylov subspaces of Eq. (1). Note that in the above
discussion we are free to perform any change of bases in

HEA) and Hﬁc), and for d; > 1 (which corresponds to non-
Abelian commutants and implies d;-fold degeneracies in
the Hamiltonian spectrum—see below) we can have differ-
ent choices of degenerate Krylov subspaces.

The number of Krylov subspaces K can be expressed
only in terms of the dimensions of the irreducible repre-
sentations of C:

K=Y d,=dim(M). (10)

As we indicate in Eq. (10), the number of Krylov subspaces
is simply the dimension of the maximal Abelian subalgebra
of C, which we denote by M (there could be multiple
choices for M). This is evident in the matrix representation
of Eq. (7) in the basis of Eq. (6). Since M is the maximal
subspace of operators that are part of C and that commute
among themselves, using the fact that the maximal Abelian
subalgebra of the full matrix algebra is, up to a fixed basis
choice, its diagonal subalgebra (i.e., the algebra of all
diagonal matrices), we deduce that any operator 1 € M
has the matrix representation

~

hy = @[HD/l@Ndlag( M) (11)

where N%,.(hy) is a d; x d; diagonal matrix (and we
implicitly make an appropriate fixed basis choice that
depends on the M used). The dimension of the subspace
of matrices of the form of Eq. (11) is directly given by
Eq. (10). Using the tensored basis of {|u; ,) ® |v;4)} given
by Eq. (6), the Krylov subspaces are uniquely labeled by
the states {[v, 4) }, which are simply the eigenvectors of the
matrices in Eq. (11). Hence, the Krylov subspaces can be
uniquely labeled by eigenvalues of a minimal set of
generators of M, which further justifies Eq. (10).

Finally, as evident in Eq. (7), the existence of these
invariant subspaces also implies that elements of the bond
algebra A, and, hence, all Hamiltonians, have a block-
diagonal structure in the tensored basis determined by
Eq. (6). Particularly, for each 4 in Eq. (6), we obtain d,
identical blocks of dimension D;. This leads to degener-
acies in the full spectrum when the commutant C is non-
Abelian, since it then admits irreducible representations
with dimensions d; > 1.

B. Conventional examples

A wide spectrum of models usually studied in quantum
many-body physics, including those with symmetries, can
be described in terms of bond and commutant algebras. As
we discuss in this section, these range from nonintegrable
ones without any symmetry to completely solvable ones,
with symmetric ones lying between these two extremes.

1. No symmetries

We first consider Hamiltonians with no symmetries. In
this case, the only operator in the commutant C is the
identity operator 1, and, hence, dim(C) = gen(C) = 1.
Since the bond algebra A is the centralizer of C,
A= L(H), the algebra of all operators on the Hilbert
space. Because of Eq. (8), this implies that 4 in Eq. (6)
takes a single value with d; =1, D, = dim(H), and
dim(A) = [dim(H)]?. As a consequence of Eq. (10), we
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obtain K = 1, which implies that the system has a single
dynamically disconnected Krylov subspace (i.e., the full
Hilbert space), as expected for systems without any
symmetry.

2. Abelian symmetries

We then consider a family of systems with an Abelian
symmetry, for example, one-dimensional spin-1/2XXZ
models with on-site magnetic fields, given by the family
of Hamiltonians

L L

Hyxz =Y [JH(SIS% +S)8T.) + JiS585,, ]+ > hySs,
j=1 j=1

(12)

where le’s, Jj’s, and h;’s are arbitrary coefficients and we
use periodic boundary conditions (L 4+ 1 = 1). The XXZ
model is U(l) symmetric, and the associated conserved
quantity is the total spin S%, = ZJL.:] S5 Sioq is part of the
commutant algebra C corresponding to the bond algebra A
generated by the terms {(S}S%,, + 5757, ,)} and {S5} of
the XXZ Hamiltonian of Eq. (12), since it commutes with
each of them, i.e.,

[S}(Sjﬁ-l + S§S§+1’ St =0,

[53,85] =0, 1<j<L.

(13)

The commutant algebra C is precisely the algebra spanned by
all powers of the operator Sf,; along with the identity operator
1. Using the fact that (Sj)2 = 1/4, it is easy to see that

(S%,)E*! can be expressed in terms of lower powers of S5,
which shows that C is spanned by {1,S%,, (55,2, ...,
(S%)F}, and, hence, dim(C) = L + 1. Furthermore, since
this is an example of an Abelian commutant (C = Z), the
irreducible representations of C are one dimensional; i.e.,
d;, = 1 for all Ain Eq. (6). As a consequence of Eq. (8), this
means that A runs over (L + 1) values, which is consistent
with the fact that the total spin for a spin-1/2 system with L
spins can take only (L + 1) values (between —L /2 and L/2).
The bond algebra A admits irreducible representations of
dimensions D, = (ﬁ) (which is simply the number of
product states with S5, = L/2 — 1) such that ZLO D,d, =
2L = dim(H). Using Eq. (8), we can also obtain the

dimension of the bond algebra to be dim(A) = (3F).

3. Non-Abelian symmetries

We now illustrate the commutant algebra in a family of
systems with a non-Abelian symmetry, for example, the
one-dimensional spin-1/2 Heisenberg model, given by

Hyeis = ijgj'gjﬂ- (14)
J

The Heisenberg Hamiltonian is known to be SU(2) sym-
metric, and the three generators of SU(2) group
{Siot Stots Sior} (Where S, += ZJL':l S§ for a e {x, 3.2}
are all part of the commutant algebra C. That is, they satisfy

L
55 Y8t =0 1<ist aetxra 09

i=1

The full commutant algebra C is the associative algebra
consisting of all products and their linear combinations
of S%., Si and S%,, which is known as the universal
enveloping algebra of the Lie algebra 81(2), denoted by
U[8u(2)]. Since we know that the dimensions of the
irreducible representations of SU(2) (and, hence, U[31(2)])
are given by d; =21+ 1 (corresponding to the spin-A
representation) for 0 < A < L /2, using Eq. (8) we can show
that dim(C) = (“1%). The center Z, which consists of the
operators that commute with all operators in C, is exhausted
by the quadratic and higher-order Casimir operators such as
S2oi= (5502 + (S0)% + (S5,)% On the other hand, the
maximal Abelian subalgebra M that uniquely labels all
the different sectors is not unique and is generated by §[20t and
one of the S, for a € {x,y,z}.

The corresponding bond algebra A can also be under-
stood as follows. Up to addition of constants, the
Heisenberg Hamiltonian of Eq. (14) can be written as
> (Jj/2)P; 1, where P; ;. :=2S;-S;,;+1/2 is the
permutation operator that permutes the spins of j and
j+ 1, and, hence, the bond algebra A in this case has a
simple form—it is the group algebra of the symmetric
group S; of L elements with complex coefficients, typi-
cally denoted by CIS;]. The dimensions of the irreducible
representations of S; allowed in the spin-1/2 Hilbert space
‘H are well known [62,64,65] and are given by D; =

(1/5:2) = (1)254:,) for even L. Consequently, dim(A) =

[1/(L+ 1)), and 3775 Dyd; = 21 = dim(H).

Note that, in a tensor product Hilbert space H, the
decomposition of Eq. (6) can also be directly understood as
a consequence of the fusion rules for SU(2), which leads to
the same expressions for {D,} and {d,}. The non-Abelian
commutant here results in degeneracies in the spectrum of
the Hamiltonians H, since d; > 1 results in multiple
identical blocks in the Hamiltonian, as discussed in
Sec. ITA. In particular, there are d; = (24 + 1) identical
blocks (i.e., Krylov subspaces) of dimension D;, which
corresponds to the degeneracies of the sectors with quan-
tum numbers spin projection S5y = —4,—A+ 1,...,A— 1,4
and a total spin 4 [i.e., with S, = A(A+1)].

4. Solvable models
We now turn to completely solvable models with
Hamiltonians consisting of commuting terms [i.e.,

(B, h ;] = 0in Eq. (2)]. By construction, the bond algebra
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corresponding to a family of these models is Abelian
(A = 2), and its only irreducible representations are one
dimensional; i.e., D; = 1 for all .. As a consequence of
Egs. (8) and (10), the number of Krylov subspaces
K = dim(H), which means that all eigenstates are one-
dimensional Krylov subspaces, and, hence, the model is
solvable. Classic examples of systems that fall into this
category are stabilizer code models such as the toric code
[67,68] or certain fracton models [69,70]. In these cases,
both the bond and commutant algebras are group algebras
of certain subgroups of the Pauli group (i.e., the group of all
Pauli strings under multiplication). Hence, it is typically
sufficient to study the group structure of the Pauli strings
that span these algebras. For example, the bond algebra A
in stabilizer codes by construction is the group algebra of
an Abelian stabilizer group S, a subgroup of the Pauli
group. The commutant algebra C is the group algebra of
the group centralizer of the stabilizer group within the
Pauli group, typically denoted by C(S), and it is a non-
Abelian group that consists of all logical operators in
the system, including the trivial ones that are part of the
stabilizer group S. Nontrivial logical operators that are not
part of the stabilizer group, e.g., Wilson loops, are part of
the quotient group C(S)/S. The (topological) degeneracies
in the ground state (and excited states) of stabilizer codes
can then be understood either in terms of nontrivial logical
operators or directly as a consequence of the non-Abelian
commutant algebra C.

C. Hilbert space fragmentation

We now describe Hilbert space fragmentation in the
language of bond and commutant algebras. As discussed in
Sec. II A, the dynamically disconnected Krylov subspaces
of a family of systems can be understood in terms of
Eq. (6). We note that the definitions of Egs. (8) and (10),
along with the fact that d; > 1 for all 4, impose bounds on
the number of Krylov subspaces K in terms of dim(C) and
vice versa:

dim(C) < K < dim(C), K <dim(C) < K%.  (16)
These bounds allow us to broadly classify one-dimensional
systems into three categories based on the scaling of
log[dim(C)] [and, hence, dim(C)] with system size L: first,
systems where log[dim(C)| is independent of L, which
occurs in systems with discrete symmetry such as Z, and,
second, systems with log[dim(C)] that scales as logL,
which typically occurs in systems with continuous sym-
metries such as U(1) or SU(2), discussed in Sec. II B. These
cases are well known and are typically considered examples
of conventional symmetries. A third possibility is that
log[dim(C)] scales linearly with L. As a consequence of
Eq. (16), this is a necessary and sufficient condition for the
number of Krylov subspaces K to scale exponentially with
L and can be taken to be a definition of Hilbert space

TABLE I. Classification of systems based on scaling of the
dimension of the commutant algebra dim(C) with system size for
one-dimensional systems of size L (top) and two-dimensional
systems of size L x L (bottom).

log[dim(C)] Example

~O(1) Discrete global symmetry
~log L Continuous global symmetry
~L Fragmentation

log[dim(C)] Example

~0O(1) Discrete global symmetry
~logL Continuous global symmetry

~L Discrete subsystem symmetry
~LlogL Continuous subsystem symmetry
~L? Fragmentation

fragmentation. However, interesting examples of fragmen-
tation are only the systems where dim(C) scales exponen-
tially with system size while the bond algebra A is non-
Abelian. As discussed in Sec. II B 4, if the bond algebra A
is Abelian, K [and, hence, dim(C)] always scales exponen-
tially with system size and the system is completely
solvable (and, hence, fragmented in a trivial sense).

In higher-dimensional systems, we can similarly define
fragmentation as the case when log[dim(C)] scales as a
volume law, i.e., linearly in volume of the system. The
various scalings of dim(C) in one and two dimensions are
summarized in Table I, and we mostly focus on fragmented
systems in the rest of this work. Note that higher-dimen-
sional systems offer more possibilities for the scaling of
dim(C) due to the possibility of subsystem symmetries, but
a detailed discussion of all cases is beyond the scope of
this work.

Several features of fragmentation can also be defined in
the language of commutant algebra. For example, the
distinction between strong and weak fragmentation then
depends on the dimension of the largest Krylov subspace,
which in terms of the decomposition of Eq. (6) reads
D« = max; D,. Since strong and weak fragmentation in
the literature [27,51] is defined within conventional sym-
metry sectors, in Eq. (6) one needs to consider the Hilbert
space H truncated to states within a particular symmetry
sector. [71] However, throughout this work, we focus on
the full Hilbert space without resolving any conventional
symmetries separately. Furthermore, frozen eigenstates in
fragmented systems are just the one-dimensional represen-
tations (singlets) of the algebra .4, and their number is
given by >, d;ép, ;.

In addition, a further distinction can be made between
fragmentation in the product state basis and fragmentation
in an entangled basis, depending on whether the
Hamiltonian of Eq. (2) is block diagonal in the product
state basis or in an entangled basis. We refer to the former
as “classical fragmentation,” since the same fragmented
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structure is possible in classical Markov circuits that
implement the same transitions as the terms of the bond
algebra {/ ;}. and to the latter as “quantum fragmentation.”
Classical fragmentation occurs when all the operators in the
commutant C are diagonal in the product state basis (e.g.,
St discussed in Sec. 11 B). Hence, C is Abelian and admits
only one-dimensional irreducible representations (i.e., d; =
1 for all ). The decomposition of Eq. (6) is then the same
as the Krylov subspace decomposition of Eq. (1), and
K = dim(C). While the classical and quantum distinction
can also be made for conventional symmetries, we empha-
size this for Hilbert space fragmentation, since most
examples in the literature involve only classical fragmen-
tation. In the following sections, we provide various
examples of systems with fragmentation, out of which
the ¢ — J, model (Sec. III), pair-flip model (Sec. IV), and
spin-1 dipole-conserving models (Sec. VI) are examples of
classical fragmentation, whereas the Temperley-Lieb mod-
els (Sec. V) show quantum fragmentation.

III. t-J, MODEL

A. Definition and symmetries

We illustrate the usefulness of the commutant algebra by
explicit construction of conserved quantities for the  — J,
model [73,74]. We consider a general version of the model
defined on an arbitrary lattice or graph, given by the family
of Hamiltonians

Ti; Vi
A ~ =
He_j =Y {_tu D (810, +He) + J5 8585
(i.j) oe{t.l}
+ > (1S5 + g:(85)?), (17)
where (i, j) denotes nearest neighbors, ¢ ;, J5 ;, h;, and g;
are arbitrary constants, and we define
7z . =t = A
S; = Eialin =€ Ch
Z'j,a = Cj,a(l - cj'.—(icj,—a)’ (18)

where —o denotes the opposite spin of ¢ and c;ﬁ and ¢;,
are fermionic creation and annihilation operators, respec-
tively. The model is effectively working in the Hilbert space
with no double occupancy at any site and with all fermion
moves required to satisfy these constraints and also exactly
maps onto a spin-1 hard core bosonic model via a
generalized Jordan-Wigner transformation [75]. Note that
we add the last two terms in Eq. (17) in order to break any
discrete symmetries of the ¢ — J, Hamiltonian that we are
not interested in. As we show in the Appendix A, this also
ensures that all the operators in the commutant are diagonal
in the product state basis. This r — J, model as defined in

Eq. (17) has two obvious U(1) symmetries, which are
the separate particle number conservation of 1 spins and |,
spins:

Nt =Y "NI
J

where we define number operators N7

NV =Y N (19)

¢ . =T =~
NF:=¢;,Cjs,

ce{t.l}. (20)

Equation (19) directly follows from the following commu-
tation relation of the local terms in Eq. (17):

A

[N¢ + N$.T:,] =0,
[N? +N%. V] =0,
(N7, 8] = [N7. (S7)%] =0,

force{1,]}. (21)

B. Fragmentation in one dimension

As discussed in Ref. [44], the f—J, Hamiltonian
exhibits Hilbert space fragmentation in one dimension,
with both open boundary conditions (OBCs) and periodic
boundary conditions (PBCs). The transitions implemented
by the term T,-.J- can be depicted as

[10) < [01),

where the two sites are i and j and 1, |, and 0 denote the
two spins of the fermions and an empty site, respectively.
Each Krylov subspace is, hence, characterized by a pattern
of spins 1 and |, say, from left to right with OBCs and
anticlockwise along the chain with PBCs, which is clearly
preserved under the action of the Hamiltonian H,_; of
Eq. (17). For example, in a system with five sites and open
or periodic boundary conditions, the states |1 0] 1) and
[} 1 10 1) are dynamically disconnected from one another
even though these have the same quantum number under
the two U(1) symmetries of the model given in Eq. (19).
For OBCs, the conservation of the pattern of spins results in
the formation of exponentially many disconnected sub-
spaces labeled by all possible patterns of 1 and | spins, a
total of > k_ 2V =2Lt1 — 1 subspaces for a system of
size L. For PBCs, it is easy to see that all states with at least
one empty site that consist of the same pattern of spins that
are equivalent up to a translation along the chain belong to
the same Krylov subspace. Hence, the Krylov subspaces in
the PBC t — J, model are labeled by the distinct pattern of
spins anticlockwise along the chain that cannot be mapped
onto each other by translation. In addition, both the OBC
and PBC ¢ —J, models have exponentially many one-
dimensional Krylov subspaces, i.e., frozen product states,
given by configurations with particles on all sites on which
T i vanishes, and are also eigenstates of all the S;’s (these

40) < |04), (22)
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states are already included in the above OBC Krylov
subspace count as N = L). However, the full set of these
frozen states can be completely understood via the U(1)
symmetries, since they exhaust the Hilbert space of the
quantum number sectors with NT + NV =

Of course, the number of Krylov subspaces within a
given sector of fixed N and NV is lesser but nevertheless
grows exponentially with L for sectors where NT/L and
NV/L are kept finite. Furthermore, as discussed in
Ref. [44], the fragmentation in the OBC ¢ —J, model
within, e.g., the symmetry sector with N' = N¥ = L/4
(assuming L a multiple of 4 for simplicity) is strong; all
Krylov subspaces in this sector have a dimension of

Doy = ( LL/2)’ whereas the full Hilbert space for this
symmetry sector has dimension D = (LL/z)(fﬁ) and,

hence, D,.x/D — 0 as L — .

C. Commutant algebra

The full pattern of the spins is not detected by any local
operator, and this shows that there are conserved quantities
of H,_;_other than the charges of the U(1) symmetries N 1
and N¥. We can directly understand the extra conserved
quantities by observing that

/\

[INONT. T, ;] =0
[N¢NZ. V] =0

foro,7€ {1, ]} (23)

For OBCs, using Egs. (21) and (23), we can construct a
“quadratic” IOM:

0102 = O..l {72
N Z NJI NJz ’

J1<J2

where 37, _; (+) is shorthand for % _, >7% .\ (). In
Eq. (24), N°° for o € {1, | } can be expressed in terms of
the usual conserved quantities N° of Eq. (19) as N°° =
[(N°)? — N°]/2 and is not a functionally independent [OM.
However, it is easy to see that N°'°2 for 6 # 0, cannot be
expressed in terms of products and powers of the local
conserved quantities N T and N' and, hence, are function-

ally independent IOMs. Similarly, we can construct fam-
ilies of IOMs for the H,_; for OBCs as follows:

oo €{M 1}, (24)

NO102---0k —

ST ONINZLNE o e{t )} (25)

J1<j2<-<ji

where we use a shorthand notation for the sum, similar to
Eq. (24), and 0 < k < L. For k = 0, the IOM is defined
to be a T operator, the k = 1 case refers to the usual
symmetries of Eq. (19), and k = 2 reduces to the operator
of Eq. (24). For k = L, note that the IOM N°'--°L is simply
the projector onto a frozen eigenstate with spins on all sites,
|6y ...61). Several of the IOMs in Eq. (25) with two or more

indices are functionally independent from the conserved
quantities N7 and NV, i.e., cannot be expressed as poly-
nomial functions of Ny and N |. Furthermore, as we show
in Appendix B, the IOMs in Eq. (25) are all linearly
(although not functionally) independent, and they form a
complete basis (although not orthonormal) for the commu-
tant algebra C, for the family of # — J, models of Eq. (17)
with OBCs. Since these IOMs are all diagonal in the
product state basis, the t —J, model is an example of
classical fragmentation discussed in Sec. IIC, and the
commutant C,. is Abelian. Furthermore, the dimension of
Cope 1s the number of linearly independent operators in
Eq. (25), which is dim(Cype) = D F_, 28 = 2L+ — 1. This
is precisely the number of Krylov subspaces in the  — J,
models, as discussed in the previous subsection and in
agreement with the general discussion of Abelian commu-
tants in Sec. 11 B 2.

The commutant algebra C,. for the PBC ¢ —J, model
can be constructed similarly. For example, the generaliza-
tion of the IOM of Eq. (24) for PBCs reads

2
SY Nz e

m=1ji<ja

N["lﬁz] =

where we define o¢,,,, =0, for 1 <m <2, we use the
same shorthand notation for the sum as Eq. (24), and we
use brackets in the indices to distinguish from the OBC
IOMs in Eq. (24). Similarly, the IOMs in Eq. (25) can be
generalized to PBC as follows:

Nlovod .= Z Z NG’”N m+l“' ;n+l\ = {T’\L}’

m=1j;<-<ji

(27)

where ] <k <L -1,wedefines,, , =o0,forl <m<k,
and we use shorthand notation similar to Eq. (25). Similar
to the OBC case, we can define the k = 0 case in Eq. (27) to
be the 1 operator, and the k = 1 case corresponds to the
usual symmetries in Eq. (19). As a consequence of the sum
over m in Eq. (27), cyclic permutations of the indices
denote the same IOMs, i.e., Nlo-od = Nlo2cowa] — .. =
N[5k01~~-0k—1]'

For k = L, additional independent IOMs can be written
down, which read

L
Nlev-al = TTN7. (28)
j=1

Note that, unlike their kK < L — 1 counterparts defined in
Eq. (27), we choose the IOMs Nlei--ad for k = L to not be
invariant under cyclic permutations of their indices.
Hence, the dimension of Cy is lesser than that of Cy,. by
a factor that is polynomial in L, but nevertheless it is clear
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that it grows exponentially with system size L and still
constitutes an example of Hilbert space fragmentation.

D. Connections to SLIOMs

Reference [44] introduces a set of L conserved quantities
for the one-dimensional ¢ — J, model with OBCs, dubbed
as SLIOMs, which are shown to uniquely label all the
Krylov subspaces of the t — J, model. In this section, we
discuss their connection with the IOMs constructed in

Sec. I C. The (left) SLIOM 4\ for the OBC  — J, model

is simply the spin operator of the /th particle (1 or |) from
the left of the chain, and its expression reads

L
NtZ 14
a” = " PNl =N, (29)

i=1

where P%) is the projector onto configurations where the
[th particle from the left is on site i. Although not explicitly
discussed in Ref. [44], it is straightforward to show that the
SLIOMs {4} all commute with each term of H,_, of
Eq. (17), i.e.,

() A N4
9" 7,,] =0, 3,”. Vi1 =0, (30)

and, hence, they are all part of the commutant algebra C,
spanned by the IOMs in Eq. (25). This also means that the
algebra generated by linear combinations and products of
the L SLIOMs is completely within C,., and, as we show
explicitly in Appendix B 2, this algebra is precisely Cy,. if
the identity operator 1 is added to the set of generators.
Hence, the L SLIOMs along with 1 are the generators of
Cope» and this suggests that gen(Cyy,.) < L + 1. Note that
the left SLIOMs in Eq. (29) are not the unique set of
generators of C,.. As we show in Appendix B 2, a simple
different choice that generates the algebra Cy, are the “right

SLIOMs” {c}gr)}, which are the spin operators of the I/th

particle from the right end of the chain, along with 1. Their
operator expression is given by

L
4" =3 PN - N, (31)

where 735’? is the projector onto the /th particle (1 or |)
from the right being on site i.

We note that the left and right SLIOMs {(}Ef)} and {c}gr)}
are defined only for the OBC ¢ — J, model [44]. For the
PBC t — J, model, it is not clear if there is a smaller set of
operators that generate the full commutant Cp,, and we do
not know how to compute gen(C,,.). However, as we
discuss in Sec. VII, for the practical purposes of computing
Mazur bounds, in both OBC and PBC, it is convenient to
use the expressions for the full commutant Cy,. and Cy,,

respectively, which circumvents the need to determine a
smaller set of generators for the commutants.

E. Higher dimensions

Finally, we briefly discuss the nature of fragmentation in
t — J, models in higher dimensions. The local commutation
relations in Eqs. (21) and (23) hold in any number of
dimensions, and the model possesses the two U(1) sym-
metries N and NV in Eq. (19). For simplicity, we restrict
our discussion to L x L square lattices with OBCs on both
sides, although most of the discussion holds more gen-
erally. The only IOMs that we can construct in that case
have the form

NC1---Ok 1= Z N° qu, 1<k< LZ’ (32)

JutT Tk
J1#E2FEk
where the subscripts run over all the sites in the lattice.
However, since there is no restriction in the sum in Eq. (32),
all of the N°° for k <L?> can be expressed as a
polynomial of N and N*.
Functionally independent IOMs can appear when k =
L? and Eq. (32) is replaced by a single product (i.e., no
sum) over all sites as

L
N =TIN?. et (33)
j=1

where {c;} denotes a configuration of L? spins on the
lattice and the product runs over all sites of the lattice.
These IOMs are simply the projectors onto “frozen”
eigenstates {|{c;})}, where {c;} is a spin pattern on the
lattice such that N' + NV = L?. This absence of other
independent IOMs is related to the fact that all the
“patterns” of spins on a square lattice with the same
number of N and N such that NT + NV < L? can be
connected to one another by hoppings allowed by H,_; .
Hence, all the Krylov subspaces other than those deter-
mined by the two U(l)’s with NT + NV < L? are one
dimensional, and the dimension of the commutant C,, for
the square lattice #—J, model is then simply lower
bounded by the number of frozen spin configurations,
ie., dim(Cyp) > 2.

However, we should remark that, unlike the # — J, model
in one dimension, the higher-dimensional 7 —J, model
does not exhibit Hilbert space fragmentation within most of
the U(1) quantum number sectors defined by the N' and
NY. Similar to the frozen states in the 1D ¢ — J, model, the
frozen states here exhaust the Hilbert spaces of the U(1)
quantum number sectors that satisfy N* 4+ Nt = L2, These
form a minority of the U(1) quantum number sectors, and
there are no quantum number sectors where generic
“thermal” eigenstates coexist with the frozen eigenstates.

011050-10



HILBERT SPACE FRAGMENTATION AND COMMUTANT ...

PHYS. REV. X 12, 011050 (2022)

Note that such examples where entire quantum number
sectors (of conventional symmetries) are solvable exist in
the literature [76] and are typically not considered to
constitute violations of ergodicity. Nevertheless, from the
point of view of the full Hilbert space, since the dimension
of the commutant algebra grows exponentially with vol-
ume, the 2D 7 — J, model formally constitutes an example
of fragmentation which is morally no different from many
other examples of fragmentation with exponentially many
frozen product states.

IV. PAIR-FLIP MODEL

A. Definition and symmetries

We now study a less obvious example of classical
fragmentation, using a model we call the pair-flip (PF)
model. This is given by the family of Hamiltonians defined
on a spin-(m — 1)/2 (i.e., m-level) system as follows:

2
Fij

97 (Jaa) (Bp]); ; + Hec]

(i.j) a.p=1

+> > A (a){al); (34)

i a=l Na
1

where (i, j) denotes nearest-neighboring sites and g,ajﬂ and
A% are arbitrary constants. Note that we add the term on the
second line to break any discrete symmetries of the model
that we are not interested in. As we show in Appendix A, it
also ensures that all the operators in the commutant are
diagonal in the product state basis. A particular model
within the family of Hamiltonians of Eq. (34) is studied
in detail in Ref. [77]. For simplicity, we focus on only
bipartite lattices in the following. For example, for OBCs in
one dimension, we have a natural bipartition into even and
odd sublattices. Similar to the ¢ — J, model of Sec. III, the
PF model on any bipartite lattice possesses U(1) conserved
quantities given by

1 <a<m, (35)

N =Y (=1)/NY,

J

where the number operator NY is defined in Eq. (34) and the
“even” and “odd” sites are on different sublattices. These
follow directly from the local commutation relations

[IN¢ = N9 P71 =0, [N&,N/]=0, 1<a.fy<m. (36)
Note that not all the conserved quantities in Eq. (35) are

independent, since Z;”:l Nj’ = 1; hence, the PF model has
a U(1)""! conventional symmetry.

B. Fragmentation in one dimension

To show that the PF model of Eq. (34) in one dimension
exhibits Hilbert space fragmentation, we introduce a
convenient notation for representing states in the Hilbert
space. For simplicity, we restrict to OBCs in the following.
We represent the m degrees of freedom per site as m colors;
e.g., when m =3, we assign |[+) = |e), |0) = |o), and
|—) = |o). We then use the following procedure to pair
the sites using “dimers.” First, we start from the left of the
chain and pair any nearest-neighboring sites that have the
same color using a dimer of that color. For example, if
m = 3, we allow three colors of dimers:

[++) =lo—e),  [00) = [o—s) ,

[==) = o—e) .

(37)

Second, we repeat the procedure by focusing only on the
remaining unpaired sites; i.e., we ignore all the paired sites
and connect any neighboring unpaired sites of the same
color with a dimer of that color. Finally, we continue this
procedure until there are no unpaired sites with neighboring
unpaired sites of the same color. We refer to these
remaining unpaired sites as “dots.” This procedure, hence,
maps a product state to a state composed of noncrossing
dimer configurations along with some unpaired sites. Any
product state in the Hilbert space is, thus, composed of dots
(denoted by °) and regions of noncrossing dimers (denoted
by mmm) such that the colors on any adjacent dots
(excluding dimer regions) are not the same. For example,
in the following configuration,

o o [N e OO e o) (38)

the third dot from the left has a color different from the
second and fourth dots. Since the dimer regions denoted by
[ always cover an even number of consecutive sites, a
system of size L even (respectively, odd) has Krylov
subspaces with j dots, 0 < j < L, and j even (respectively,
odd).

Note that distinct configurations of dots and noncrossing
dimers do not necessarily represent distinct product states,
as evident in the following example:

N R L Bt
(39)

where black denotes any particular color. Here, we take a
more general perspective (convenient below) that for a
given product state we can consider any configuration of
dots and dimers satisfying the above properties that
correctly represents the state, while the procedure described
earlier sweeping from left to right provides one instance of
such a pairing configuration. However, as we now discuss,
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the Krylov subspaces are uniquely labeled by the pattern of
colors of the dots, which can be inferred from any of the
pairings.

As evident from Eq. (34), the terms F° f'jﬂ in Hg;) allow
for transitions between nearest-neighbor dimers of the
same color and annihilate any configuration of different

colors on nearest neighbors. For example, when m = 3, we
af

ij as

can depict the nonvanishing actions of the terms F
follows:

|o—e) = |o—s) = [o—s) , (40)

where the two sites represent i and j. Using Egs. (40) and
(39), we note two important properties of transitions that
help us label the Krylov subspaces of Hé’?:
(1) A dot of any color can “hop” over a dimer of any
other color via intermediate configurations. For
example,

o) Jo—s o).

(41)

o o) le oe)=fo—s

(2) Starting from a configuration with n dimers beside
each other, all configurations with n noncrossing
dimers of any color can be generated. For example
with n = 2, we obtain

‘./._.\.>H’./.‘_.\.>
—fo—e ea) o fo—s o—a) s fo—s o)

:'./.:.\.>H‘./.:.\.>
(42)

Using Egs. (40)—(42), it is easy to see that the pattern of
colors of the dots from the left to the right of the chain is
unchanged by the action of the Hamiltonian Hl()';) ; hence,
these label the different Krylov subspaces. The m(m —
1)E=1 product states that map onto configurations with L
dots (hence, no dimers) are one-dimensional Krylov sub-
spaces; i.e., they are frozen product states, since the action
of all the terms {F f’]ﬁ} vanishes on such states. However,
unlike the  — J, model, the frozen states here are scattered
across various quantum number sectors of the U(1)
symmetries, and they do not exhaust the Hilbert space
of most of the quantum number sectors they belong to. The
pattern of colors for the PF model is, hence, the analog of
the pattern of spins for the #—J, model discussed in
Sec. III, although the color of the dots in the PF model
cannot be deduced by a local operator, unlike the spins in
the t—J, models. The counting of the number and

dimensions of the Krylov subspaces in the PF model for
OBCs is fairly complicated and can be extracted from
Ref. [77], and we discuss the results in Appendix C.

Finally, we note that the procedure for mapping product
states to a pattern of dots and noncrossing dimers also
works for PBCs, where we can start the pairing procedure
from any site and go around the system until there are no
neighboring dots of the same color. This reveals the
fragmentation of the PBC PF model, and the Krylov
subspaces are then labeled by the full pattern of dots
anticlockwise along the chain, similar to the pattern of spins
in the PBC r—J, model. In the Krylov subspaces with
L — 1 dots or lesser, all patterns of dots that map onto each
other under translation are equivalent, since they can be
connected using the rules of Eq. (41) and (42). However,
this is not the case for the completely frozen states; i.e., any
state with L dots such that neighboring dots do not have the
same color still form exponentially many distinct one-
dimensional Krylov subspaces.

C. Commutant algebra

The fact that the pattern of dots is conserved under H §,’;>

in one dimension indicates the presence of additional
conserved quantities of H]%) functionally independent of
the U(1) conserved quantities {N*} in Eq. (35). In the
following, we restrict our discussion to OBCs for simplic-
ity. Indeed, similar to Eq. (23) in the r—J,, we can
construct additional conserved quantities by observing that

IN¢N?, FEP] =0,

Py for ¢ # 7,

1 <a,p,o,t<m. (43)

Using Egs. (35) and (43), we can construct quadratic [OMs
for OBCs similar to Eq. (24):

s S PN,

J1<j2

aFay, 1<y, a,<m,

(44)

where we use a shorthand notation for the sum.
Furthermore, similar to Eq. (25), we can construct families
of IOMs of the form
ko a a
Newom N ()2 INTNSLN,(45)

J1<j2<-<ji

where 0 < k < L and the constraint @; # @; is a conse-
quence of Eq. (43). For k = 0, this IOM is defined to be
the 1 operator, and the k =1 case refers to the U(1)
conserved quantities in Eq. (35). However, not all of the
IOMs in Eq. (45) are linearly independent. As we show in
Appendix D, for even (respectively, odd) system size L, the
IOMs in Eq. (45) with k odd (respectively, even) can
be expressed as a linear combination of the ones with
k even (respectively, odd). The total number of linearly

011050-12



HILBERT SPACE FRAGMENTATION AND COMMUTANT ...

PHYS. REV. X 12, 011050 (2022)

independent conserved quantities [i.e., the dimension of the
commutant algebra dim(Cpg)] is then given by

. 1+ Zf/j m(m—1)?P=1 if L even,
dlm(CPF) = { (L-1)/2 ) )
dopeo | m(m—1)% if L odd,

it m>3,

46
if m = 2. (46)

(m—1)L+1-1
— m=2
{ L+1

This counting is also consistent with the fact that a system
with even (respectively, odd) size L can have only j even
(respectively, odd) number of dots and that Krylov sub-
spaces are uniquely determined by the pattern of dots. [78]
As evident from Eq. (46), dim(Cpg) grows exponentially
with L for m > 3. Hence, the PF model exhibits Hilbert
space fragmentation for m > 3, according to the definition
proposed in Sec. II C. Note that such conserved quantities
can also be constructed for PBCs, and their construction is
very similar to the ones for the PBC ¢ — J, model discussed

in Sec. III C; hence, we do not illustrate them here.
Finally, we note that analogs of the SLIOMs for the
t — J, model can also be defined for the PF model. The L
left (respectively, right) SLIOMs ¢, in this case are simply
the operators that measure the color of the /th dot from the
left (respectively, right) side of the chain. We expect that
these operators along with the identity operator 1 generate
the full commutant algebra of the PF model and possibly
form the minimal set of generators of the commutant
algebra. However, as we show in Sec. VII, the full
commutant algebra is required to accurately capture aspects
of the dynamics of the system (particularly, the Mazur
bounds of autocorrelation functions); hence, we believe
that explicit expressions for the SLIOMs are unnecessary.
Although the fragmentation in the PF model closely
resembles that in the 7 —J, model with “dots” playing
the role of the “spins,” there are some differences in the
dynamics of the spins and dots. At the crudest level, the
basic dynamics in the PF model is “annihilation” of a pair
of same-color “particles” (states) on nearest-neighbor sites
and creation of a new pair of same-color particles, while
“dots” are unpairable objects and can “move” only when
right pairs form nearby; the space between dots is “alive”
with pair flips. On the other hand, in the  — J, model, the
spins move by themselves to nearby empty sites, and the
space between spins is “dead.” On a more quantitative
level, in both these models, given a sector with a fixed
number of spins or dots, we can study the distribution of the
positions of the dots. The spins in the # —J, model are
typically distributed randomly in the bulk of the chain as
can be explicitly shown [44]. In the PF model, since the
number of dimer configurations in the region between two
dots depends on the distance between the dots, we expect a
different distribution for the position of the dots. This
difference between dots and spins is also apparent in the
nature of the Mazur bounds for the autocorrelation function

of the on-site spin operator in the bulk of the system
discussed in Sec. VII, which are qualitatively different for
the r—J, and PF model. Hence, we also expect the
SLIOMs of the ¢t —J, and PF models to differ in their
localization properties [44].

D. Higher dimensions

We now briefly discuss fragmentation in the PF model
on higher-dimensional lattices, e.g., the square lattice in
two dimensions. In higher dimensions, product states can
be mapped onto configurations of dots and dimers follow-
ing a procedure similar to the one described in Sec. IV B.
One-dimensional Krylov subspaces (i.e., frozen product
eigenstates) can then be directly constructed by having
configurations of all dots such that colors of the dots on any
two neighboring sites are different, and, if such a configu-
ration exists, conserved quantities associated with them are
given by

NE =T[N7. (47)

jeG

where G denotes the lattice (or, more generally, a graph)
and a; denotes the color of the dot on site j of the lattice.
The number of such frozen states for the m-state PF model
is the number of m colorings of G, which is given by the so-
called chromatic polynomial of G, p(G,m). For m = 2, it
is clear that the number of colorings of any graph G is
always 2 if G is bipartite and 0 if not. If m >3 and G is a
grid graph (i.e., a square lattice with open boundary
conditions), p(G, m) is known to grow exponentially with
the number of vertices in m [79,80]. For example, if m = 3,
the number of such colorings of the square lattice is equal
to the partition function of square ice [81-83], and the
number of frozen configurations on an L x L lattice
asymptotically grows as W', where W = (1)3/2 ~1.54.
These frozen states are one-dimensional Krylov subspaces,
and their exponential growth with system size already
shows that the PF model on a square lattice shows Hilbert
space fragmentation. We do not find any Krylov subspaces
of larger dimensions; it is likely that all configurations with
at least one dimer can be connected using the rules of
Eq. (40). We numerically verify this for small system sizes
on a square lattice.

As discussed in Sec. IIIE, in the higher-dimensional
t — J, model, the frozen states exhaust the Hilbert space of
particular conventional quantum number sectors of the
U(1) symmetries. However, the scenario in the higher-
dimensional PF model is different. Indeed, the frozen
states in the PF model typically do not exhaust the
Hilbert space of any of the quantum number sectors of
the conventional symmetries, and they coexist with other
generic eigenstates belonging to conventional quantum
number sectors of the U(1) symmetries. Hence, these
frozen product states are anomalous low-entanglement

011050-13



SANJAY MOUDGALYA and OLEXEI I. MOTRUNICH

PHYS. REV. X 12, 011050 (2022)

eigenstates within generically thermalizing quantum num-
ber sectors and should be considered as examples of
quantum many-body scars.

V. TEMPERLEY-LIEB MODELS

A. Definition and symmetries

We now study an example of a system exhibiting
quantum fragmentation, i.e., fragmentation not in the pro-
duct state basis. We refer to these systems as Temperley-
Lieb (TL) models, given by the family of Hamiltonians
defined on a spin-(m —1)/2 (i.e., m-level) chain with
OBCs as follows:

L-1 L—1 m
B =S =S, [Z (laa) <ﬁﬁ|),~,,~+1] . (48)

j=1 j=1 a,f=1

where J;’s are arbitrary constants. Note that, defining
(unnormalized) “singlets” between sites j and k as

m

|Wsing>j,k = Z |aa>j,k7 (49)

a=1
the terms &, ;,; of the Hamiltonian H are simply the
projectors onto the singlet state between sites j and j + 1;
i€, 841 = (|Wsing) (Wsing) j+1- Hamiltonians in the fam-
ily of TL models of Eq. (48) have been previously studied
in detail in the literature in various contexts [65,84—86].

While models similar to H (T’,'i) can also be defined for PBCs
and higher dimensions, we restrict ourselves to only the
well-studied one-dimensional case with OBCs.

Note that the family of TL models of Eq. (48) is a part of

the family of PF models of Eq. (34). Hence, H(T"Z) possesses

all of the conserved quantities of Hffg), which include the
U(1) conserved quantities of Eq. (35), which, in one

dimension read

Ne:=> "(=1)N%, 1<a<m. N%:=(la)a]);. (50)
J

More generally, additional conserved quantities of H (T"ﬁ) can

be written as [65]

Mo = (M),

J

(B)al); it J odd,
N = J
(M) {<|a><ﬂ|>,,-

if j even,
(51)

where 1 <a,f <m and (M;)% = (—1)/N¢. This directly

[04
follows from the local commutation relations

3

(M) + (M )20 =0, 1<j<L—1. (52)

Furthermore, note that there are m?> — 1 independent M{},’s
[since Y-, (M;)% = (—1)/1], and it can also be verified that

the {Mg} are the generators of an SU(m) group [65].

Hence, the TL models of H(Trf) are SU(m) symmetric.

Finally, note that, when m = 3, the TL models H(T? can

be unitarily transformed into the family of SU(3)-symmet-
ric spin-1 biquadratic models [84,87-89], given by

L—-1
3) g7t E : . q || inS%
Hblq:UH”([‘IzU}: Jj[(Sij_;'_l)z_H, U: e Sf,
j=1 jodd

(53)

where S; denotes the usual vector of spin-1 operators.

Similarly, when m = 2, the TL. models H(TzL) can be unitarily
transformed into the family of SU(2)-symmetric spin-1/2
Heisenberg models discussed in Sec. II B 3.

B. Fragmentation in one dimension

The dynamically disconnected Krylov subspaces and the
fragmentation in the TL models can be understood using
a basis of dots and dimers [65,86], which we describe
below. A “dimer” between sites j and k is defined to be a
singlet configuration [y, ); defined in Eq. (49) and is
denoted by a line joining the two sites. Since the singlet is a
maximally entangled state between two spins, no two
dimers can end at the same site as a consequence of the
monogamy of entanglement. We construct basis states
using a configuration of dimers on the chain and other
unpaired sites in the system (i.e., ones that do not have a
dimer ending on them), which we refer to as “dots.” In
particular, any basis state |y) with N dimers factorizes as
|l//> = |l//dimer> ® |l//d0ts>’ where |l//dimer> = H;\lzl |Wsing>j217l,j2p
where {j,;_; } and { j,;} represent the site indices of the left
and right ends of the dimers, respectively, such that a dimer
connects sites j,;_; and j,;. We also restrict [y gimer) to have
only patterns of noncrossing dimers, since it can be shown
that any other pattern of dimers can be expressed as a linear
combination of configurations of noncrossing dimers [90].
For the same reason, it is sufficient to restrict to configu-
rations |w) where no dimers go over any dots. For a given
dimer pattern, we choose an orthogonal basis for the states
on the dots |y 4y) such that they are annihilated by the
singlet projector on any adjacent dots (excluding dimer
regions). For example, we could choose a state on n dots
to be a product state |wgy) = |@ja;...q,) such that
@; # a;y, but there are also nonproduct |y gys)’s.

Any state in this basis is, hence, composed of dots
(denoted by °) and regions of dimers (denoted by M),
pictorially similar to the basis we used in the PF model in
Sec. IV B [e.g., see Eq. (38)]. Such configurations of dots
and noncrossing dimers are known to form a complete basis
for the full Hilbert space, a fact that is also used in different
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contexts [91,92]. Note that configurations that have the
same state |wqos) on the dots but differ in the pattern of
dimers need not be orthogonal to each other, since it is
possible that (W gimer)Whimer 7 0 for distinct dimer patterns.
Nevertheless, by construction, configurations with a differ-
ent number of dimers as well as ones with different states
on the dots are orthogonal to each other, while all specified
configurations are linearly independent. Since the dimer
regions denoted by [ always cover even number of
consecutive sites, a system of size L even (respectively,
odd) has Krylov subspaces with j dots, 0 < j < L, and j
even (respectively, odd). In the following, we show that the
Krylov subspaces in the TL models are labeled by the state
[Waois) ON the dots.

To study the Krylov subspaces, we first examine the
action of the terms {2; ;. } of the Hamiltonian on the basis
of dimers and dots discussed in the previous paragraph. By
definition, on configurations of a dimer or dots on sites j
and j + 1, we obtain

€jjrile e =0. (54)

€jjt1|e—e) = m|e—e),

Nonvanishing actions allowed by the terms ¢; ;,; can be
depicted as follows:

/e\j)j_;,_l‘o—o o—o> = u/o—o\->,

3 i J+1 k
? J J (55)
Cjjrile e—e) =lo—e o),
i o+l K

where the subscripts label the sites. Note that the sites i and
k need not be the neighbors of the sites j or j + 1. Note also
that in the last equation, the original state at site j—which
can be any state—is moved to site k. It is easy to see that, as
a consequence of Egs. (54) and (55), any configuration of
dots and noncrossing dimers maps onto another such
configuration with the same number of noncrossing dimers
while retaining the state on the dots. Hence, all the basis
states with the same state |wy.s) on the dots can be
connected to each other, and such |wy,) states label the
Krylov subspaces. Furthermore, all the states with L dots
are all frozen eigenstates (i.e., one-dimensional Krylov
subspaces) of the TL Hamiltonians, since all the terms of
the Hamiltonian act trivially on such states as a conse-
quence of Eq. (54).

Note that if the state on the dots |y, ) i @ product state,
the Krylov subspaces in the TL models are similar sub-
spaces to those in the PF model (a black dimer here is an
equal amplitude superposition of all colored dimers in the
PF model). Indeed, since the family of TL models in
Eq. (48) is a part of the family of PF models in Eq. (34), the
TL models are at least as fragmented as the PF models.
However, in addition, the fragmentation in the TL models
also contains cases where |y y) is not a product state; for

example, it could consist of a “triplet” configuration on two
sites like |aa);, —[Bf);, with a # . Hence, unlike the
previous examples, the full fragmentation in the TL models
is not evident in the product state basis, and we refer to this
type of fragmentation as “quantum fragmentation.”

C. Bond and commutant algebras

We now study the fragmentation in the TL models in the
language of bond and commutant algebras. The bond
algebra Aqpp in this case is the algebra generated by the
terms {&; .} in Eq. (48). For OBCs, this algebra is the
Temperley-Lieb algebra with L — 1 generators [usually
denoted by TL; (¢)], defined by the relations

(e’ =(q+q e,  ejejrie;=e,
ejep = ee;, lj— k| > 2. (56)

With some straightforward algebra, it can be verified that
Eq. (56) is satisfied by using ¢; := ¢; ;. in Eq. (48), where
q is given by

1 m+vVm? -4

q+q  =m=q= 3 (57)

The commutant of the Temperley-Lieb algebra TL; (¢) is
studied in detail by Read and Saleur in Ref. [65]. A large
class of operators in the commutant can be obtained by
observing the following commutation relation [65] (assum-
ing j and k belong to different sublattices):

(M2 (M), 2 =0 if ey #f, and ) # a.
(58)

Similar to the IOMs in Eqgs. (24) and (44) for the t — J, and
PF models, Eq. (58) can be used to construct quadratic
IOMs:

B1.p
Mats = 3 (M) (M0,

J1<j2

ay # B P #F . (59)

Note that, unlike the conserved quantities of the  — J, and
PF models discussed in Secs. III C and IV C, the IOMs in
Eq. (59) are not diagonal in the product state basis when
p1 #a; or f #a,. When ff; =a; for 1 <1<2, using
Eq. (51), it is easy to see that these reduce to the diagonal
IOMs in Eq. (44) in the PF model. Furthermore, more
nonlocal IOMs can be constructed as

k
Moy = Z H(sz)gﬁ, O # P, PrFag, (60)
J1<<ji I=1

which are defined to equal the identity operator 1 when
k=0 and are the SU(m) generators of Eq. (51) when
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k = 1. Again, these are not diagonal unless f; = «a; for all
1 <1 < k, in which case they reduce to the IOMs of the PF
model in Eq. (45). This is a consequence of the fact that the
TL models are at least as fragmented as the PF models.
Furthermore, the IOMs in Eq. (60) do not all commute with
each other; hence, the commutant Cr; is non-Abelian.
Moreover, these IOMs of Eq. (60) still do not exhaust the
commutant Ctp . As we discuss in Appendix E, additional
conserved quantities can be constructed in the cases when
P = or ap = By in Eq. (60). Finally, we note that
although we know the commutant algebra explicitly, unlike
the r —J, and PF models, we do not know of a way to
determine a minimal set of generators analogous to the
SLIOMs.

The TL models are some of the few models where the
structure of the bond algebra and its representations have
been studied extensively. Given the structure of the bond
algebra A1 = TL; (¢) and its commutant Cyy , the Hilbert
space can be decomposed into representations of Ap X
Crr, according to Eq. (6). The Krylov subspaces of the TL
models are simply the irreducible representations of
TL;(gq), and the dimensions {D;} and {d,} of the
irreducible representations of the bond and commutant
algebras for even L are given by [65]

L L
b= <L/2+/1)_<L/2+/1+1)’ di=PR2+1l,

(61)
where 4 is an integer 0 <A<L/2 and [], denote
g-deformed integers, defined as [n], = (¢" —q™")/
(¢ —q7"). In the description of the Krylov subspaces in
terms of dimers and dots, for even L in Eq. (61), 24 gives
the number of dots and d, gives the corresponding number
of distinct |yyq). The degeneracy among the correspond-
ing distinct Krylov subspaces is manifest, since the
described action of the TL generators is identical in terms
of dimers for any |y4y). Using Egs. (8) and (61), the
dimension of the commutant C1;, can be shown to scale

as [65]
2L
(1-¢2)(1 =g

which clearly grows exponentially with L for ¢ > 1. This
indicates the presence of Hilbert space fragmentation in the
TL models for m > 3, including in the spin-1 biquad-
ratic model.

dim(Cqy) ~ for large L,  (62)

D. Dynamics within Krylov subspaces

Hilbert space fragmentation in the TL models leads to
several special novel features in the spectrum that are
absent in models with classical fragmentation, parti-
cularly due to the presence of a non-Abelian commutant.
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FIG. 2. Energy spectrum of the spin-1 biquadratic model of
Eq. (53) with OBCs and system size L = 10 for a single disorder
realization with the J;’s chosen from a uniform distribution in
[0.6, 1.4]. The horizontal axis shows the energy of the levels, and
the vertical axis shows the degeneracy of a particular energy level.
All the levels at a fixed degeneracy are part of the same Krylov
subspace. The number of levels at a fixed degeneracy is D, (the
size of the Krylov subspace), and the corresponding degeneracy
is d; (the number of Krylov subspaces of that size).

As discussed in Sec. II A, the dimensions {d;} of the
irreducible representations of the commutant correspond
to the degeneracies among the Krylov subspaces with
dimension {D,}. In all the cases with classical fragmenta-
tion, d, = 1 since the commutant is Abelian. However,
according to Eq. (8), we know that d; > 1 for 4 # 0, and
this leads to large degeneracies in the spectra of the TL
models. For example, the ground state degeneracy in the
OBC ferromagnetic spin-1 biquadratic model [i.e., with
J; > 0in Eq. (53)] is known to grow as Fy; ,,, the (2L + 2)
th Fibonacci number, which is simply equal to d;_; ), the
degeneracy among the Krylov subspaces with 1= L/2
[65]. In Fig. 2, we plot the energy spectrum and the
degeneracies of the energy levels in the spin-1 biquad-
ratic model with disorder. As evident there, large degen-
eracies also extend to typical excited states in the middle
of the spectrum, which is a direct consequence of the
fragmentation with a non-Abelian commutant. Hence, we
expect the TL models to exhibit highly nongeneric
dynamics for arbitrary values of {J;} in spite of being
nonintegrable.

However, as we now discuss, the dynamics within
Krylov subspaces is expected to be thermal. The TL
Hamiltonian H(T'ﬁ) in Eq. (48), when restricted to a
particular Krylov subspace, is known to map onto a
particular quantum number sector of the spin-1/2¢-
deformed XXZ (XXZ-g) model with quantum group
symmetry SU(2),, where g is given by Eq. (57). The
dynamics within Krylov subspaces of the TL Hamiltonian
can, thus, be described by the Hamiltonian [65,86]
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L—
Hyxzq = Z (G555 453870

q+q“ N g—q' .
" (S§S§+1 )+ (85— S540) |-

2 4 4 J

(63)
where §7, Sf , and S5 denote the usual spin-1/2 operators on
site j. It can be dlrectly verified that the bond algebra
generated by the terms of the Hamiltonian Hyyz , is the
Temperley-Lieb algebra TL; (¢); i.e., if the term acting on
sites j and j + 1 in Eq. (63) is referred to as e}, they satisfy
the conditions of Eq. (56). Moreover, the picture of dots
and dimers discussed in Sec. V B continues to hold, along
with the relations of Egs. (54) and (55), where the dimers
are g-deformed singlets defined as

=g 21 Wik— q'?l} Niko (64)

instead of the singlets |yy,) of Eq. (49). In the XXZ-q
model, it is easy to see that for 24 dots there are precisely
24 + 1 distinct |wqqs), Which gives the number of degen-
erate Krylov subspaces in this case, but these are now
understood as corresponding to spin-4 multiplets of the
SU(2), symmetry. The dynamics within Krylov subspaces
of the TL models is, hence, equivalent to the XXZ-g models
in corresponding symmetry sectors, with ¢ given by
Eq. (57). Note that, for ¢ =1, the XXZ-g model of
Eq. (63) reduces to the Heisenberg model of Eq. (14)
(up to overall constants).

The XXZ-g models of Eq. (63) are expected to be
nonintegrable for generic values of J;. Reference [93]
probes the energy level statistics for the disordered
Heisenberg model (i.e., the ¢ = 1 case of XXZ-q) and
finds that it exhibits Wigner-Dyson statistics within quan-
tum number sectors of the SU(2) symmetry that correspond
to finite energy density, although it is apparent only at very
large system sizes. This suggests that the disordered
Heisenberg model thermalizes at large enough system
sizes even though it might not appear so for small system
sizes. We numerically observe the same qualitative behav-
ior in the level statistics of the XXZ-g models for g > 1 for
small system sizes we are able to probe; hence, we expect
that they too thermalize at large enough system sizes. This
suggests that the TL models also thermalize within expo-
nentially large Krylov subspaces, providing further support
for the validity of Krylov-restricted thermalization [38], the
property that sufficiently large nonintegrable Krylov sub-
spaces in fragmented models thermalize [40,41,49].

VI. DIPOLE-CONSERVING MODELS

A. Definition and symmetries

We now turn to models that conserve the dipole moment
or center of mass, which are studied in the context of

quantum dynamics in Refs. [26-28,38,39,44,94]. In par-
ticular, we focus on the one-dimensional spin-1 dipole-
moment-conserving models introduced in Ref. [27] and,
hence, study the family of Hamiltonians

li=Lj+1]

P
Hdip = ZJJ[S]_—I ) ]+1 + HC]

ZhSz—l-gj (592, (65)

where we add the last two terms to remove any discrete
symmetries and to ensure for simplicity that all the
operators in the commutant are diagonal in the product
state basis (see Appendix A). The transitions implemented
by the terms {PU—I, j+1]} can be denoted as

0+ =) < [+ -0),
0+0) < |+ —+),

0-+) < [-+0),
0-0) < [=+-),  (66)

where +, 0, and —, respectively, denote the spin-1 states
with §¢ = 41,0, -1 and |-) represents the spin configura-
tion on three consecutive sites j— 1, j, and j+ 1. For
simplicity, we restrict ourselves to OBCs throughout this
section. The family of models in Eq. (65) has two obvious
conserved quantities: the charge Q and the dipole moment
D, given by the operators

0= 8. D=>js (67)
J J

B. Fragmentation and commutant algebra

The Hilbert space fragmentation for the family of models
in Eq. (65) is pointed out in Refs. [27,28], where they note
the existence of exponentially many Krylov subspaces and
systematically construct and count the frozen product
eigenstates (i.e., one-dimensional Krylov subspaces). In
addition to frozen eigenstates and Krylov subspaces similar
to the other examples we study, the dipole-conserving
models also possess Krylov subspaces with frozen regions
in the chain or “blockades,” which dynamically disconnect
parts of the system. For example, all the states in such
Krylov subspaces factorize as |y) = |L)) ® [B?)) ®
IR, where |B(")) is the frozen region spanning b sites
that dynamically disconnects the sites to its left and right
(this is the same for all the states within the Krylov
subspace) and |L(“)) and |R(")) are the wave functions
on the £ and r sites to the left and right of the blockade,
respectively. There are no analogs of these blockades in the
t—J,, PF, or the TL models. A simple example of a
blockaded Krylov subspace in H;, contains states of the
form|---+0...0 0---0+---), where it is easy to see
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that the boxed blockade configuration (|B%)) = | + +))
can never be changed under the transitions of Eq. (66).

The bond algebra Ag, corresponding to the family of
Hamiltonians in Eq. (65) is the algebra generated by the
operators {P[;_; ;1 } and {53, (8%)*}. The inclusion of the
latter set of terms ensures that the corresponding commutant
algebra Cg;, consists only of operators diagonal in the product
state basis (see Appendix A), and this model exhibits
classical fragmentation. However, unlike the # — J, and PF
models, we are not able to find simple expressions for a basis
of Cgip in terms of simple operators such as Sj. Nevertheless,
since Cy;p is Abelian, the projectors onto the Krylov sub-
spaces form an orthogonal basis of the commutant algebra.
For example, for any Krylov subspace K, spanned by an
orthogonal set of states {|y,s)}, consider the projector
i, = 4 [Wap) (Wapl Since Ty is diagonal in the product
state basis, it commutes with all other diagonal operator in
that basis; hence, [T , S5] = [T, (55)*] = 0 for all j and
a. Furthermore, for any [y ,5) € K, IAJU_IJHHI//W) €Ky
hence, it is easy to see that [T, Pjj_; ;)] = O for all j.
Since we know that all the operators in the commutant are
diagonal, the Krylov subspace projectors Il form an
orthogonal basis for the commutant Cy;,.

The operators in the commutant can then be directly
understood from the structure of the states in the Krylov
subspaces. The structure of the Krylov subspaces is worked
out in Ref. [44], which constructs SLIOMs for the dipole-
conserving models H g, in Eq. (65) that uniquely label the
Krylov subspaces. They first identify that patterns of
“domain walls,” systematically determined for any product
state, are conserved under the actions of Eq. (66). In
addition to the pattern of domain walls, the dipole moments
between the domain walls are also independently con-
served. However, this dipole moment conservation makes it
hard to associate Krylov subspaces to invariant “patterns,”
similar to the pattern of spins in the ¢t —J, model, the
pattern of dots in the PF model, or the state on the dots in
the TL model, and one might wonder if such a pattern
exists. Nevertheless, in Appendix F, we show that such
patterns indeed exist, when the model is described in a
language of appropriately defined “dots” and “links.” This
makes the Krylov subspaces much more apparent and
allows us to use the transitions of Eq. (66) in the language
of dots and links [see Eq. (F2)] to bring all the states in a
Krylov subspace to a unique canonical form that character-
izes the Krylov subspace. We further show that each
canonical configuration can be uniquely mapped onto a
tiling pattern of a chain of length L using three objects ¢, o,
and e—e [see Eq. (F5)], which enables us to compute the
exact number of Krylov subspaces as a function of the
system size (i.e., the number of canonical configurations).
In particular, for OBCs on a system size L, we find that [see
Eq. (Fo)]

dim(Cgp) = 2P, — 1~ (V2+ 1)L for large L,  (68)

where P; |, is the (L 4 1)th Pell number. The exponential
growth of the dimension signifies the presence of Hilbert
space fragmentation.

Although the explicit expressions for the operators in the
commutant are rather obscure, with the above picture in
hand, in Sec. VIIC2, we are able to calculate the
contribution from a large class of such projectors to a
Mazur bound for spin autocorrelations, showing analyti-
cally that blockades lead to effective spin localization even
at infinite temperature. Although we do not show this
explicitly, it is likely that the SLIOMs constructed in
Ref. [44] along with the T operator form a set of generators
for the full commutant algebra, similar to the SLIOMs in
the t — J, model discussed in Sec. III D. Indeed, if each
Krylov subspace is described by a distinct set of eigen-
values of SLIOMs, we can use the SLIOMs to construct a
product of projectors onto a space with the appropriate
eigenvalue for each SLIOM, which is related to the
projector onto that Krylov subspace.

On a different note, we also believe that the commutant
Cgip can be straightforwardly generalized to the family of
spin-1/2  dipole-conserving  “pair-hopping  models”
[38,39], since, as shown in Ref. [38], the Krylov subspaces
there closely resemble the ones in the spin-1 model
of Eq. (65).

VII. MAZUR BOUNDS
A. Definition

The effect of conserved quantities on the dynamics of
isolated quantum systems can be quantified using Mazur
bounds [95,96] on the long-time average of dynamical
autocorrelation functions under time evolution. Given a
system with Hamiltonian H and conserved quantities {7, },
the autocorrelation function of an observable A can be
bounded as

Coo=lim 2 [ drA(1)A®0)

=00 T 0

>3 (AL (K)o (IglA) =My (69)
ap

where we define

) . 1
A() = eMiae=itt, (A|B) = (A'B) = S Tr(A"B),

Ka/i = (Ia|]/3)’ (70)

where D is the Hilbert space dimension, (¢) denotes the
infinite-temperature expectation value, and K~! is the
inverse of the correlation matrix K. We also introduce a
bra-ket notation in operator space—i.e., |A) denotes an
operator A and (A|B) denotes the overlap between two
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operators A and B as defined in Eq. (70)—and we use these

two notations interchangeably throughout this section.

Note that the correlation matrix can be diagonalized by

working with an orthogonal basis of conserved quantities,

i.e., appropriate linear combinations of {/,}, which we

refer to as {Q,}, that satisfy (Q,|Qy) ~ 8,4 The Mazur

bound of Eq. (69) can then be expressed in terms of {Q,}
as follows:

(A1) (Q4lA)

> ——" = M.
= Z (o) ™ 7

Denoting eigenstates of H with energies {E,} as {|e,)}, a
trivial example of the Mazur bound can be obtained directly
by choosing {Q,} in the rhs in Eq. (71) to be the set of
eigenstate projectors {|e,)(e,|}:

= 53 ledAlen) (72)

Meanwhile, the lhs in Eq. (71) can be expressed as an
expectation value in the diagonal ensemble:

1
Cp = lim—/ dreEED (e, |Ales)

T—00 T 0
1
=—Z| dAleaP +5 D [ledAley) 2 My
a#[iEa:E/l

(73)

However, if the spectrum of the Hamiltonian {E,} is
nondegenerate, the inequality saturates, and this is known
as the Suzuki equality [96,97]. Note that Eq. (71) can also
be extended to finite-temperature autocorrelation functions,
but in this work we focus on only the infinite-temper-
ature case.

In typical applications of the Mazur bound, for example,
in the study of integrable systems, the only conserved
quantities that are considered in Eq. (71) are local or
quasilocal conserved quantities [98—102]. However, when
considering the dynamics of some Hamiltonian in the
family in Eq. (2), given that the commutant algebra con-
tains many different linearly independent conserved quan-
tities, as well as exponentially many of them in fragmented
systems, it is not a priori clear which of these contribute the
most to the Mazur bound. Hence, we study the Mazur
bound by considering the full commutant algebra in
Eq. (71); this also helps quantify the relative importance
of the various conserved quantities in the commutant via
their contribution to the bounds for observables of interest.
In the following, we focus on autocorrelation functions of
local (on-site or nearest-neighboring terms) observables A.
Without loss of generality, we choose observables to be
traceless [(A) = 0 = Tr(A)], although it is sometimes more
convenient to subtract out the contribution of the traceful

part ((A)?) later, which is equivalent to studying the Mazur
bound for the “connected” autocorrelation function.
Furthermore, we choose {I,} to be any linear basis for
the commutant algebra C and {Q,} to be an orthogonal
basis for C.

B. Conventional symmetries

We start with the Mazur bound in the case of conven-
tional symmetries discussed in Sec. Il B. The answer is
straightforward for systems without any symmetry, the only
conserved quantity in the commutant is 1, and the bound of
Eq. (71) reduces to M, = [Tr(A)/D]* = 0. Hence, the
autocorrelation function in such systems at late times
typically decays to zero.

We then consider systems with U(1) symmetry, such as
the spin-1/2XXZ model in Eq. (12), and focus on the
Mazur bound for the autocorrelation function of the
operator S, the spin operator on site j. As discussed in
Sec. IIB 2, the commutant algebra C is spanned by the
operators {1,S%,, ..., (S)f}. This is not an orthogonal
basis for C, since ((S5,)™[(S5)™) = Tr((S5,)™ ™) # 0 for
all m and n. Using the expression S&,; = 14:1 S%, an
orthogonal basis {Qj, ..., Q7 } for C reads

L

o= >

J1#Fh#F e Fi=1

§5 8585

J17)" OSI’ISL, (74)

where Q5 = 1 and Q7 = S¢,.. Applying the Mazur bound
of Eq. (71) for the observable A = S%, we obtain

= (S5105)° (S5l
=—, 75
5= 2 ooy ey a7
where we use (S%/05) = 6,,/4 and (Qi[Q7) = L/4. As

evident from Eq. (75), the only conserved quantity in the
commutant that contributes is QF = Sf,; hence, it is
sufficient to use only the local conserved quantity for
the Mazur bound. However, this is not sufficient for
multisite observables such as A =SS, for which the

j+1
Mazur bound of Eq. (71) reads
Mgg — zL: (SiS5105° _ (SiSil03? 1
S385 n=0 (0:]07) (05]03) SL(L—1)"
(76)

where we use (S855%,,|07) =6,,/8 and (Q3|Q5) =
L(L —1)/8. Generically, all operators in the commutant
need to be considered in order to obtain a tight Mazur
bound, although local operators can be sufficient for certain
observables of interest.

A similar analysis can be extended to the SU(2)-
symmetric systems discussed in Sec. II B 3 such as the
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spin-1/2 Heisenberg model in Eq. (14). Following the
discussion there, it is clear that an (overcomplete) orthogo-
nal basis for the commutant is constructed from operators
that have the form

L

ap...o, oy a,
n - E Sjl "'S/n’

J1#Fj=1

0<n<L, a€{x,yz},

(77)

where distinct basis elements are characterized by the
number of x’s, y’s, and z’s among a,’s. To obtain tight
Mazur bounds for observables S} and $}S7. ,, it is sufficient
to identify the operators in the commutant that have
nonvanishing overlaps with them, and the basis of
Eq. (77) makes it clear that the only such operators are
05 = S, and Q5 in Eq. (74), respectively. This leads to the
same Mazur bounds as the U(1) case in Egs. (75) and (76).
The larger commutant in the SU(2) case implies that similar
bounds also hold for arbitrary spin components S7 (hence,
arbitrary on-site traceless observables) and arbitrary prod-

ucts S;?S/,i, including with different spin components. For

example, using the operators Q;’ﬁ with a # f in Eq. (77),
we obtain Mg,y = 1/[16L(L —1)] if a # .
Tk

Note that these Mazur bounds are valid as bounds valid
for arbitrary XXZ and Heisenberg models of Eqgs. (12) and
(14), respectively. The translation-invariant XXZ and
Heisenberg models are integrable and consist of additional
quasilocal conserved quantities [98,99] not part of the
commutant algebra, resulting in larger Mazur bounds.

C. Fragmented systems

We now discuss various aspects of Mazur bounds in
systems exhibiting Hilbert space fragmentation.

1. t—-]J, model

We first illustrate the Mazur bound for the one-dimen-
sional t — J, model discussed in Sec. III. Only considering
the U(1) conserved quantity Z,, == N' — N, where N'
and N are defined in Eq. (19), the Mazur bound for the on-

site spin operator defined as Z; := NJT - Nj. reads

Z|Zw)* 2
M;j_(l)] :=( j| tot) - = (78)
’ (ZoilZit) 3L
where we use (Z;|Z,,) = 2/3 and (Z,|Zox) = 2L/3.
For Mazur bounds of products of spin operators such
as Z;Zj,,, the contribution of Z. vanishes, since

J

(Z,Z;11|Z) = 0. However, the rest of the U(1) commu-

tant (i.e., the algebra generated by operators N' and N*V)
has a nonvanishing contribution to the Mazur bound, which
can be computed by working with a partial set of orthogo-
nal conserved quantities

L

Z ._
0% = Z Z,Z,,..2;
J1#j2FF =1

0<n<L, (79)

where QF = 1 and Q% = Z,;. The Mazur bound for the
operator Z;Z; then reads

v _ (ZiZial05)? 8 1 (80)
2T (0310F) oL —1) " 17
where we use (Z;Z;,1|05)=8/9 and (Q%|0%) =
8L(L—1)/9.

Reference [44] numerically observes that Eq. (78) is not
a tight bound for the late-time spin autocorrelation function
in the OBC ¢ — J, model, which is attributed to the presence
of additional nonlocal conserved quantities, particularly L

(left) SLIOMs {c}gf)}. They further numerically study the
Mazur bounds after including the SLIOM contribution and
show that it leads to a tighter bound closer to the true
behavior of the spin autocorrelation function. However, as
discussed in Sec. III D, the SLIOMs are not the only
conserved quantities of the # — J, model, and there could be
additional contributions to the Mazur bounds from other
operators such as products of SLIOMs, more generally
from all operators in the commutant C,.. Indeed, as we
discuss in the following, the left or right SLIOMs by
themselves do not provide tight Mazur bounds for all of the
spin operators Z;, and we obtain a better bound by
considering the full commutant algebra C,..

The Mazur bound of Eq. (69) using the full commutant
Cope can be computed by choosing {/,} to be the non-
orthogonal TIOMs {N?%} [Eq. (25)] or {Nlo-d}
[Eq. (27)] for OBCs or PBCs, respectively. However, it
is convenient to work in terms of orthogonal IOMs {Q,}
for the r — J, model studied in Appendix B [see Eqgs. (B3)
and (B10) for OBCs and PBCs, respectively] and use the

Mazur bound of Eq. (71). Hence, we explore the different

contributions to the Mazur bound M<Zi), M(Z’) and M(ZObC),

. .
] ]

defined, respectively, as

L A(0)\2 L A(r)\2
@) Z(Zjlql ) e Z(Zj|ql )
MZ- = —_—, MZ- = - N

T =@ ) = NCEre

2+]_l 2
e
Mg)_bc) = ( ./|Qu) ’ (81)

! a=1 (Qa'Qa)

which are the Mazur bounds for the autocorrelation
functions of local spin operators {Z;} obtained by con-

sidering the left SLIOMs {4”}, the right SLIOMs {4},
and the full commutant C,., respectively.

Exact expressions for the bounds M(Z'”’;) and M(Zr/_) can be
obtained by working in an orthogonal basis for the
commutant algebra discussed in Appendix G 1, and they

read [see Eq. (G2)]
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L NG ) 1(j— 1
(%) <Z q 1 2/( 11
Mz, :Z BING 22 Z J
' l=1<Q§)51§) IEE=0Y at
Thed
) <Zjé§’)>2 @)
MZj = Z A (1) A (1) = MZL—/+1’ (82)
=1 <q1 q >

Note that the bound M(Zi) corresponding to the left SLIOMs
is precisely equal to the bound derived in Eq. (8) in
Ref. [44]. As pointed out there, the expression for the

bound M (lf) corresponding to the autocorrelation function
of the edge spin operator Z; simplifies:

n 1 2 4
=5 = , 83
3 CSL 3 9(1-31) (83)

which shows that the autocorrelation function for the edge
spin equilibrates to a constant value. However, while we
physically expect true Mazur bounds to be invariant under a

reflection of the chain (j <> L — j 4 1), neither of M(Zi) or
M(er) are, which suggests that these are not tight Mazur
bounds. [103] In Fig. 3, we plot the Mazur bounds M(Zi) and

M<er) as a function of j for a fixed system size L. It clearly

shows that the bounds obtained using the left and right
SLIOMs are different although they are conserved quan-

tities for the same family of models.

(obc)

We then compute the Mazur bound M Z, using all the

conserved quantities in the full commutant algebra C.. As
shown in Appendix G2, the exact expression reads [see
Eq. (G4)]

obc j-1 L— ]2a+ﬂ+1(1 1)2( ])2

() (4

S

=0 =0

This bound has several advantages compared to the bounds
M<Zi> and M(er) obtained using only the SLIOMs. First, the
expression is invariant under a reflection of the chain (i.e.,
(obc)
M 2
Second, the expression also allows for a saddle point

approximation for large L in the bulk of the chain, and
(obc

= M(LOb; ".1) consistent with physical expectations.

the continuum approximation of M, ' reads

1 2 1

M©®)(x) ==, | ————~— for large L, 85
) =3\ aia(i =)~y Tor laree (85)
where x := j/L and 0 < x < 1. Equation (85) proves the
numerical observations in Ref. [44] that the spin autocor-
relation functions decay as 1/ V/L in the bulk of the chain.
In Fig. 3, we plot the three Mazur bounds of Eq. (81) as a

0.50F7

0.20f

N 0.10F

0.05f

0.02}
0 50 100 150 200
J
FIG. 3. Mazur bounds for the autocorrelation function of the

spin operator Z; in the one-dimensional 7 — J, model with OBCs
of system size L = 200. The bounds, defined in Eq. (81), are

obtained by considering the left SLIOMs (M(Zf), red), right
SLIOMs (MZ), blue), or the full commutant algebra C,,.
(MZObC) black) as the only conserved quantities. The bounds

M(Zf; and M<Zj> agree with the bound M Zof *) close to the left and
right edges of the chain, respectively, but deviate everywhere else.

function of j. As evident there, the left and right SLIOMs
accurately capture the Mazur bound only close to the left
and right edges of the chain, respectively, whereas using the
full commutant yields a better bound everywhere else in
the chain.

The Mazur bound for the spin operators Z; computed
using the full commutant C,. of the OBC ¢ — J, model can
be generalized to the PBC ¢ — J, model with the commutant
Cobe- As shown in Appendix G 3, an exact expression for
the corresponding Mazur bound reads [see Eq. (G10)]

S ()

where {Q,} is an orthogonal basis for the commutant Cyy.
Unlike the OBC case, the knowledge of the commutant
algebra in the PBC does not drastically enhance the Mazur

bound M [ZLj“)] of Eq. (78), since the second term in Eq. (86)

decays exponentially with system size. However, consid-
ering the Mazur bound for the operator Z;Z;;, we find a
different scenario. In Appendix G 3, we compute the Mazur

bound M(Zl;bzcjil for this operator using the full commutant
algebra Cy,., and we obtain [see Eq. (G12)]

o) __ 8 4 oy L
R S TR VRS L

Hence, M(ZI;bZCLI is clearly larger than M Qj <le)+]] in Eq. (80), the
bound obtained by considering only the part of the

011050-21



SANJAY MOUDGALYA and OLEXEI I. MOTRUNICH

PHYS. REV. X 12, 011050 (2022)

commutant generated by the U(1) conserved quantities.
Hence, fragmentation in the PBC ¢ — J, model leads to a
larger saturation of the autocorrelation of appropriate
operators, in spite of the absence of SLIOMs [44].

2. Spin-1 dipole-conserving model

We now apply Mazur bounds to the autocorrelation
function of the on-site spin operator (which we denote here
by Z;) in the spin-1 dipole-conserving model of Eq. (65).
As discussed in Sec. VIB, since the dipole-conserving
model exhibits classical fragmentation, an orthogonal
basis for the commutant algebra Cy;;, is simply the pro-
Jectors onto Krylov subspaces Il . We can express

K, = 2_plWap) Wapl, Where [yr,5)’s are the product states
that span KC,. The detailed structure of states in the Krylov
subspaces is discussed in Appendix F. Using Eq. (71), the
Mazur bound for the autocorrelation function of Z; using
the conserved quantities {ITx, } reads

[Tr(Z;11 (Z7)?
dlp /C _ J
My =5 Z Tr H2 za: 3Dy,
Dy,
Kﬂ
p=1
where Z( «) is the sum of the spin value on site j in all the

product states in the Krylov subspace /C,,.

As discussed in Sec. VI B, models conserving the dipole
moment have certain special subspaces that contain “block-
ades” that dynamically disconnect different parts of the
system. The contribution of a large class of such blockaded
subspaces to the Mazur bound of the local spin operator Z;
can be exactly evaluated, as we discuss below. This also
reveals their crucial role in “localization” of the local Z;
operator (i.e., the saturation of the autocorrelation functlon
to a finite value) numerically observed in Refs. [26-28] and
analytically argued for in Ref. [44]. Restricting ourselves to
the Krylov subspaces {K; ,} where site j is part of a frozen
region and the nonfluctuating spin Z; = &1 (since the
contribution of such subspaces with Z; = 0 vanishes), we

obtain Z;’Cj"’) =xDg, hence, the full Mazur bound of

Eq. (88) can be lower bounded by the blockaded subspace
contribution as

(K/ a) 2
M(d'lp (Z

5 (block) Z 3LT 3L Z K.

Hence, it is sufficient to simply compute the total dimen-
sion of such blockaded Krylov subspaces. We also note that
the rhs in Eq. (89) is simply the probability that the site j is
frozen.

Equipped with the detailed understanding of the Krylov
subspaces in Hgj,, we are able to compute the total
dimension of such subspaces in Appendix H. To do so,
we exploit the decoupling of all the states in the blockaded
Krylov subspaces into |y) = |LY)) ® |B®) ® |R™");
hence, we are able to easily count the dimension of all
subspaces with a given blockade configuration |B<b)>. We
then sum over contributions from inequivalent choices of
the blockade configurations that avoid overcounting, and in
the thermodynamic limit we obtain [see Eq. (H15)]

M(block)

Z;

2
= = ~0.1333. 90

We also verify that this is precisely the probability that the
site j is frozen in the thermodynamic limit, which can also
be computed using a slightly different approach.

While this partial bound is consistent with results
presented in Ref. [27], it does not fully capture the
Mazur bound numerically computed there, which is
approximately 0.24. We believe this is due to significant
contributions from the subspaces where j is a part of a small
“active region” sandwiched between two blockades, and
such Krylov subspaces are not included in Eq. (90). In
particular, we have in mind subspaces that comprise of
states such as

J
‘ T >

(O1)

J
‘ (4]0 +0[++] >

where the configurations within the boxes are blockades
(ensured by additional requirements on the states marked
with dots; see the discussion in Sec. VI). The quantity
z\ka) # 0 within such subspaces (e.g., ZE-’C‘” = Dy, /2 in
the above specific example), and there are exponentially
many such subspaces (with the combined dimension being
a finite fraction of the total Hilbert space dimension), which
can lead to a large contribution according to Eq. (88).
Although we do not attempt it here, the contributions from
those subspaces can, in principle, be computed using
techniques similar to those used in Appendix H.

3. PF models

Note that we are able to only analytically compute the
Mazur bounds in the # — J, model and the spin-1 dipole-
conserving model, since we were able to explicitly con-
struct a manageable orthogonal basis (a subset in the latter
case) for the operators in the commutant algebra. In the PF
and TL models, although we have explicit expressions for
all the operators in the commutant, they are not orthogonal
to each other, nor are we able to analytically compute their
correlation matrix in Eq. (70).

In the PF model, the projectors onto the Krylov sub-
spaces would be a choice of an orthogonal basis of the

011050-22



HILBERT SPACE FRAGMENTATION AND COMMUTANT ...

PHYS. REV. X 12, 011050 (2022)

commutant, but we are not able to use them to obtain
analytical results for the Mazur bounds. Nevertheless, these
projectors are rather simple to construct numerically in the
PF model, where the fragmentation happens in the product
state basis. We can then use these projectors to numerically

(PF)

compute the exact Mazur bound M z, for the on-site spin

operator Z; using an expression similar to Eq. (88). Note
that this is equivalent to computing the Mazur bounds of
Eq. (69) using the IOMs of Eq. (45), although constructing
and inverting the correlation matrix is computationally
more expensive.

In Fig. 4, we plot this bound M (leF) in the OBC PF model
with m = 3 as a function of j for various system sizes L,
where we can view this as a spin-1 system with standard
definition Z; = |4) (4| — |—)(—|. Similar to the bound in
the t—J, model shown in Fig. 3, we find that the
fragmentatlon in the PF model leads to a spatial depend-
ence of the bound M(Zj ), with higher bounds closer to the
edges of the chain. As shown in the inset in Fig. 4, the
Mazur bound for the edge spin at large system sizes

appears to approach a nonzero value of approximately 0.2,
suggesting localization at the edges similar to the  — J,

0.30

(PF)
J

N

M

0050 — L=14
— L =12 — L =15

0.00 T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

ik

FIG. 4. Mazur bounds M, P for the on-site spin operator Z; in
the OBC PF model of Eq. (34) for m = 3. Fragmentation leads to
a nonuniform profile of the Mazur bound across the chain and
apparent localization close to the edges of the chain. Inset: log-
log plot of the scaling of M(ZI:F) on the edge (j = 1) and in the bulk
(j = L/2) as a function of system size L, along with lines that
depict ~1/+v/L and ~1/L scalings. While the boundary appears to
saturate to approximately 0.2, the bulk decays as ~1/L, sug-
gesting a qualitatively different behavior than the OBC ¢ —J,
model. These results are also valid lower bounds for the Mazur
bound in the OBC TL models of Eq. (48), which are at least as
fragmented as the PF model; see Sec. VII C 4 for a discussion.

model, although to a smaller numerical value. The Mazur
bound in the bulk of the chain appears to be rather
accurately ~1/L at large system sizes, somewhat larger
than the total contribution of the two U(1) symmetries of
the m = 3 PF model, which can be shown to be 2/(3L)
[similar to Eq. (78)]. This is qualitatively different
from the bulk Mazur bounds in the OBC ¢ —J, model,
where the nature of the scaling with system size is
enhanced to ~1/ VL; see Eq. (85). These results are
consistent with the expectation that the dynamics of dots
in the PF model is significantly different from the spins in
the # — J, model, as discussed in Sec. IV C; however, we
do not have a good physical understanding of the observed
qualitative behavior and leave this as an open question.
(The difference in the dynamics is likely less important for
the edge spin operator, since in the PF model inside a
Krylov subspace only the very first dot—whose state does
not vary—can “visit” the edge site j = 1, just like only the
very first spin can visit the edge site in the  — J, model,
which appears to be sufficient to develop nonzero
autocorrelation.)

4. TL models
The Mazur bound of M(Z[:_F> is also a lower bound for the

Mazur bound M(ZT/_L) of the on-site spin operator in the TL

models of Eq. (48), since all the IOMs of the PF model are
also IOMs of the TL models, as discussed in Sec. V C.
Hence, we expect edge localization of the spin operator in
the TL models as well. However, a more precise calculation
or numerics is more challenging, since the Krylov sub-
spaces are specified in terms of a nonorthogonal dimer
basis, and computing projectors onto the Krylov subspaces
involves an explicit computation of overlap matrix between
the dimer basis states and its inverse. Furthermore, since the
commutant Cyp, is non-Abelian, the projectors onto the
Krylov subspaces do not span the full commutant; rather,
they span only its maximal Abelian subalgebra. That is,
given two degenerate Krylov subspaces K, and Ky (here
labeled by different wave functions on the dots), we can
choose orthogonal bases {|w,s)} and {|w,p)} for them
such that the operators {; ;. } have identical matrix forms
in these bases. Hence, operators such as Il i, :=
> s [wap) (Wap| for degenerate Krylov subspaces K, and
K, are also part of the commutant, in addition to pro-
jectors onto the Krylov subspaces, which read Il :=
> s [Wap) (Wapl- This suggests that the expression for the
Mazur bound for operators such as Z; also involves
computing matrix elements such as (y,4|Z;|y ) between
basis states of different Krylov subspaces, which further
complicates the computation. We are, hence, not able to
perform analytical Mazur bound calculations for spin
operators in the TL model, and this leaves open the
question of whether the bounds shown in Fig. 4 are further
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enhanced in the TL models that lead to qualitatively
different behavior, and we defer this study for future work.

Nevertheless, we are able to analytically obtain such an
exact Mazur bound for the autocorrelation function of the
edge energy operator &, ,. We achieve this by utilizing the
fact that the energy terms act within Krylov subspaces and
have simple expressions in the dots and dimers represen-
tation; cf. Egs. (54) and (55). Specifically, we focus on local
energy operators &; ;. and note that it is sufficient to
consider the projectors {II } in the computation of the
Mazur bound, since Tr(&; Il k,) = 0 for two degen-
erate Krylov subspaces K, and Ky, where [Ty and ITyc i ,
are defined in the previous paragraph. Hence, we arrive at
an analog of Eq. (88):

Tr(IT}. )

ejj+1 = L Z
dlmer@(j j+1)]

LZ : (92)

TI‘ j/+1HIC ]

where a runs over distinct Krylov subspaces labeled by
the number of dots and distinct [ygq)’s (cf. Sec. V B), Dy,
is the dimension of the Krylov subspace /C,, and
Nimer@ (.j+1)

a

is the number of configurations in /C, where

the sites j and j + 1 are connected by a dimer. In Eq. (92),
we have in mind a Krylov subspace K, that is spanned by a
number of distinct pictures of dots and dimers, and we can
associate a basis vector with each such picture. While this
basis is not orthogonal, we can still use it to evaluate the
trace, which simplifies here, since €; ;. acting on any such
picture produces a single other such picture, according to
Egs. (54) and (55). However, the output and input pictures
coincide only if the sites j, j + 1 are connected by a dimer,
and the amplitude is m in each such case; cf. Eq. (54). Each
such case gives a nonzero diagonal matrix element that

enters Tr(é; ;.1Ix ), which can then be evaluated to m

dimer@ (j,j+1)

times N , the number of pictures where the sites

J.j+1 form a dimer. [104] Furthermore, since ¢; ;. is not
traceless, i.e., has nonzero expectation value at infinite
temperature, we are interested only in its connected
autocorrelation function, and the corresponding ‘“‘con-
nected” Mazur bound is given by

conn ,__ (TL) P 2 __ (TL) 1
M =M, L~ ((8)j+1)7=00) = M; - (93)

While we do not know how to count N%mer@(/ S

Eq. (92) for general j, as we show in Appendix I, the
counting simplifies at the edge for j = 1. This allows us to
obtain the exact result for the connected Mazur bound at the
edge as [see Eq. (I5)]

in

1 4 6
mem — (-2 0 ) 4
€12 L_l( m2+m2L> (9)

For m > 2, the Mazur bound MZ"" decays as ~1 /L, a

slower decay than ~1/L? expected from the global SU(m)
symmetry [this follows from arguments similar to two-site
operators in the case of SU(2) discussed in Sec. VII B, since
the bond energy is a two-site operator]. Hence, the
autocorrelation function of the edge energy operator
provides a clear dynamical signature of the Hilbert space
fragmentation in the TL models.

Note that, for m =2, Eq. (94) simplifies to
3/[2L(L — 1)] ~ L2, since the m = 2 TL chain has only
a global SU(2) symmetry and does not exhibit fragmenta-
tion [this formula agrees with the result for M sust for the
SU(2)-symmetric spin-1/2 case discussed in Sec. VIl B—
see Eq. (75)—since U2, ;, U’ = 1/2-25;-5,,,, where
U is a sublattice rotation similar to Eq. (53)].

Finally, we note that, despite the enhancement of the
Mazur bound for the edge energy operator in the TL
(m > 2) models, it does not exhibit “localization,” in
contrast to the edge spin operator. On the other hand, in
the t — J, model, we expect the edge energy operators to be
also “localized”; while we do not show this explicitly in
Sec. VII C 1, this can be checked for various Hamiltonian
terms in Eq. (17) taken near the edge. We think that the
physics of this difference between the TL and 7 — J, model
is that there is a symmetry distinction between local energy
and local spin operators in the former, while there is no
such distinction in the latter; e.g., the local field term in the
t — J, Hamiltonian in Eq. (17) is proportional to the spin
operator Z;. While the symmetry distinction in the TL
model is clear already from the SU(m) symmetry, it would
be interesting to better understand the interplay with the
fragmentation phenomenon and if there may be other more
subtle distinctions among various observables.

5. Contribution of frozen eigenstates

Note that, in all of the Mazur bounds discussed in
fragmented systems, the contribution of the frozen eigen-
states is exponentially small in the system size, and this can
be shown on general grounds. Indeed, denoting the
normalized frozen states by {|y,)}, the projectors onto
them {|y/)(y |} are mutually orthogonal elements of the

commutant algebra. For any Hermitian operator O, their
Mazur bound contribution is given by

112
(frozen) 1 2 2 NfHOH
M, —Bzf:<l//f|0|l//f> <=5 (95)

where N is the number of frozen states,
operator norm of O, and D is the Hilbert space dimension.
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Restricting to fragmented systems and strictly local oper-
ators, we have D ~d*, N; ~¢" with some ¢ < d, and

O] ~ O(1); hence, Mgrozen) ~ (¢p/d)*, which is exponen-
tially small. This argument holds irrespective of spatial
dimension or the particular system; hence, we do not expect
frozen eigenstates to play any significant role in the

enhancement of the Mazur bounds.

VIII. SUMMARY AND OUTLOOK

In this work, we studied dynamical properties of families
of Hamiltonians using their commutant algebra, the alge-
bra of all operators (IOMs) that commute with the entire
family of Hamiltonians. Focusing on Hamiltonians of the
form of Eq. (2), the commutant algebra is the centralizer
of the bond algebra generated by the local terms of the
Hamiltonian, i.e., the algebra of operators that commute
with each local term that appears in the Hamiltonian. The
bond and commutant algebra language can be used to
clearly define IOMs of a family of Hamiltonians, since
there is no clear definition of IOMs for a single
Hamiltonian in a finite-dimensional Hilbert space (any
Hamiltonian has exponentially many conserved quantities
—the eigenstate projectors). In Sec. II, we illustrated this
for Hamiltonians with conventional symmetries such as
U(1) or SU(2). Furthermore, we showed that the number of
dynamically disconnected Krylov subspaces of a family of
Hamiltonians scales in the same way with system size as
the dimension of the commutant [i.e., distinguishing
exponential vs polynomial scaling; see precise Eq. (16)],
hence allowing us to naturally classify systems into various
categories based on the character of this scaling. As we
summarize in Table I, this dimension either is constant or
scales polynomially with system size in systems exhibiting
conventional discrete or continuous global symmetries. On
the other hand, in systems exhibiting Hilbert space frag-
mentation, this dimension scales exponentially with system
size, and this provides a precise definition of Hilbert space
fragmentation, something that has been absent in the
literature so far. Hence, systems with Hilbert space frag-
mentation can be thought to lie somewhere between
systems with conventional symmetries and completely
solvable systems. Furthermore, the fragmentation is a
property of the bond algebra, and the same Krylov
subspaces exist for any Hamiltonian or Floquet circuit
built using the operators in this algebra.

We illustrate this definition by constructing the complete
basis for the commutant algebra in several models exhibit-
ing fragmentation—the ¢ — J,, PF, TL, and spin-1 dipole-
conserving models in Secs. III, IV, V, and VI, respectively,
and we show that the dimension of the commutant scales
exponentially with system size. The commutant algebra
formalism also clearly distinguishes between two types of
fragmentation, depending on whether the fragmentation
occurs in the product state basis or in an entangled basis,

which we refer to as “classical” and “quantum” fragmen-
tation, respectively. In the former case, all operators in the
commutant are diagonal in the product state basis, and this
type of fragmentation can also occur in constrained
classical systems with the same set of transition rules
[51], where the phenomenon is an example of “reducibil-
ity” [29]. Three of the examples we discuss exhibit classical
fragmentation—the ¢ — J, PF, and dipole-conserving mod-
els—while the TL models (which includes the well-known
spin-1 biquadratic model) exhibit quantum fragmentation.

Using this language, we also clarify the distinction
between the full commutant and the minimal set of
operators required to uniquely label its Krylov subspaces,
which helps us understand the relation to SLIOMS in
certain fragmented systems [44]. Specifically, the Krylov
subspaces of any system can be uniquely labeled by the
eigenvalues under the minimal set of generators of the
maximal Abelian subalgebra of the commutant. In systems
with conventional symmetries, this minimal set consists of
a few simple conserved quantities [such as S, for the U(1)

symmetry or §t20t and Sf,, for the SU(2) symmetry]; hence,
the language of commutant algebra is not necessary. In
certain systems exhibiting fragmentation, nonlocal oper-
ators referred to as SLIOMs [44] form one such minimal
generating set, although there are multiple such choices of
nonlocal operators. However, in all the models we study,
the full commutant algebra is easier to construct than the
SLIOMs, and the expressions or the existence of the latter is
not evident in many systems, e.g., the PF and TL models.

Finally, in Sec. VII, we studied the contribution of the
full commutant algebra to the Mazur bounds for the
autocorrelation function of local operators, in the case of
both conventional symmetries as well as fragmented
systems. In the case of conventional symmetries, it is
typically sufficient to consider the contribution of the
minimal set of local conserved quantities that generate
the full commutant, although there can be additional
(perhaps subleading) contributions from the nonlocal
operators in the commutant algebra. In all the fragmented
systems we discuss, we found significant enhancement of
the Mazur bounds due to the contribution of the exponen-
tially many operators in the commutant. Focusing on the
Mazur bounds for the on-site spin operator in various
systems, (i) in the # —J, model, we obtain exact results
everywhere in the system, analytically recovering the
numerical results in Ref. [44]; (ii) in the spin-1 dipole-
conserving system with OBCs, we analytically show the
spin localization in the bulk of the system; (iii) in the PF
and TL models, we numerically illustrate the behavior of
the Mazur bound enhancement everywhere in the chain,
finding localization near the edge but qualitatively weaker
enhancement in the bulk compared to the r — J, model (the
TL model results are only lower bounded by the PF ones
and are not definitive for the bulk behavior). In addition, in
the ¢ — J, model with PBCs, we show the enhancement of
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the Mazur bound for two-site operators, going beyond
results in Ref. [44]. Also, in the TL model, we analytically
show the enhancement of the Mazur bound for the edge
energy operator. We believe that our exact results on the
commutant of these systems will also be useful in under-
standing other dynamical phenomena in fragmented
systems, such as the fracton Casimir effect in dipole-
conserving models [105].

The presented Mazur bound calculations also highlight
two aspects of fragmentation. First, we show that the
SLIOMs do not accurately capture the full Mazur bound
in fragmented systems (explicitly demonstrated in the OBC
t — J, model), and our results suggest that their existence is
not necessary for the enhancement of Mazur bounds (e.g.,
in the PBC 7 — J, model). This points to the need of going
beyond constructing the minimal set of generators such as
the SLIOMs in fragmented systems. Second, while the
commutant often contains exponentially many IOMs that
are simply the projectors onto frozen eigenstates that are
product states, their contribution to the Mazur bound is
exponentially small; hence, the frozen eigenstates play a
minimal role in the enhanced Mazur bounds. This shows
that such inert or frozen eigenstates, which are the focus of
a lot of the literature on fragmentation, might not be the
most important aspect of fragmentation. On the other hand,
as shown in the spin-1 dipole-conserving model, blockades
that dynamically disconnect parts of the system are crucial
for operator localization.

Looking forward, it would be interesting to find new
examples of classical and quantum fragmentation that fit
into this language and verify that this formalism applies to
the several other examples of Hilbert space fragmentation
in the literature [40-42,45-50]. An efficient and systematic
procedure of determining the commutant corresponding to
a family of systems, possibly along the lines of existing
works on conserved quantity detection [106—108], would
be useful in looking for fragmentation and might also help
in finding the associated nonobvious IOMs. These exam-
ples can also be used to better understand the finer
classification of dynamical phenomena within each of
the coarse classes defined by the dimension of the com-
mutant in Table I. For example, even within systems with
fragmentation, there could be further distinctions in the
properties of the Krylov subspaces. Some of these proper-
ties such as weak vs strong fragmentation can be under-
stood in terms of the full spectrum of the numbers {D, } and
{d;} in Eq. (6) (as opposed to the dimension of the
commutant which involves only {d;}). On the other hand,
there are properties such as Mazur bound saturation or
operator localization that require a detailed knowledge of
the operators in the commutant. In addition, there are
systems that exhibit similar features as fragmentation but
with polynomially many Krylov subspaces, as shown in a
recent work [50] on the Motzkin spin chain. Although such
systems would not be fragmented in our definition, it is

important to precisely understand how they differ from
systems with conventional continuous global sym-
metries [109].

While we have focused on families of Hamiltonians of
the form of Eq. (2), where the bond algebra is generated
from strictly local terms, a minimal generalization consists
of adding a few operators that are the sums of strictly local
operators (e.g., a uniform magnetic field) to the generators
of the bond algebra. As we will discuss in an upcoming
work [110], studying such generalized algebras yields
insights into many examples of quantum many-body scars.
It would also be interesting to study more general families
of Hamiltonians with additional symmetries (e.g., trans-
lation, lattice symmetries) or symmetries in other types of
systems such as open quantum systems [111-114] or
quantum maps [115-117] and explore whether such sys-
tems can be fruitfully understood in this language of
commutant algebras.

Furthermore, throughout this work, we have restricted
ourselves to finite Hilbert space dimensions, where the
bond and commutant algebras are essentially algebras of
matrices of the form in Eq. (7). It is important to make this
formalism more rigorous in the thermodynamic limit,
where many subtle issues such as the topology of operator
space arise. One way of working with the conserved
quantities directly in the thermodynamic limit might utilize
their simple matrix product operator representations shown
in Appendix J.

Finally, while the commutant algebra language demys-
tifies many aspects of symmetries and fragmentation, it also
warrants a closer examination of a number of fundamental
questions. While the scaling of the dimension of the
commutant with system size in Table I can be defined to
be the distinction between conventional discrete or con-
tinuous global symmetries and fragmentation, one still
needs to verify if all symmetries considered ‘“conventional”
(e.g., Lie group symmetries) obey this property.
Conventional symmetries are typically unitary operators
with an on-site action, which leads to conserved quantities
that are local operators. If this is the case, do all families of
systems with only a finite number of on-site symmetries
have a commutant with dimension that scales polynomially
with system size? Addressing such questions is also
important to provide a precise definition of ergodicity
and its breaking in quantum many-body systems.
Ergodicity in a quantum Hamiltonian is usually tested
by studying the properties of the spectrum within quantum
number sectors after resolving the symmetries of the
system, where typically only the well-known conventional
symmetries are considered [4]. However, the commutant
algebra language treats the conventional conserved quan-
tities and the nonlocal conserved quantities on equal
footing, and it is not a priori clear which symmetries
should be resolved [3,118] before testing for ergodicity. In
spite of the fact that fragmented systems usually have large
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Krylov subspaces that thermalize, they are considered to be
examples of ergodicity breaking due to the many Krylov
subspaces of small dimension that remain after resolving
only the conventional symmetries (and also the very exist-
ence of the Krylov subspaces not labeled by the conventional
symmetries is usually referred to as ETH breaking, e.g.,
being responsible for unconventional thermalization dynam-
ics from simple initial states). On the other hand, conven-
tional symmetries themselves also possess some number of
subspaces of small dimension [e.g., the ferromagnetic
multiplet in SU(2)-symmetric systems], which are not
considered to be ergodicity breaking. This discrepancy in
terminology opens up the question of how to precisely define
ergodicity breaking and whether local on-site conserved
quantities are fundamentally the only ones that need to be
“resolved.” We defer detailed explorations of these funda-
mental questions for future work.
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APPENDIX A: A SUFFICIENT CONDITION FOR
CLASSICAL FRAGMENTATION

In this Appendix, we prove a sufficient condition for
classical fragmentation, i.e., for all the operators in the
commutant algebra to be diagonal in the product state basis.
For a spin system with an m-state local Hilbert space
[i.e., spin-(m — 1)/2], we label the states on site j as {|a);}

5 . nl o wb
P;=N!+ N,

A

I;

(Pr+0p) =1,

—

St 1<i<j<L,

k=i

for 1<a<m, and we define on-site operators
N¢ := (|a){a|);. The sufficient condition is as follows. If
the operators {N¢} for all @ and j are all part of the bond
algebra A, then any operator O that is part of the
corresponding commutant algebra C is diagonal in the
product state basis; i.e., it can be expressed as a polynomial
in terms of the operators {N¢}. To show this, we first

perform a Schmidt decomposition of the operator O about a
bipartition of the full Hilbert space as H = H; ® Hes
where H; and H,. are the Hilbert spaces on site j and the
rest of the system, respectively. The decomposition reads
0= > ﬂﬂOf ® 0L, where {Of} and {0, } are sets of
orthogonal operators that have supports on site j and
the rest of the system, respectively, and 13 > 0 are the
Schmidt values. Since O is a part of the commutant,
we have [O,N?] =0 for all a, j; hence, also
>p i,,»[@f N ® 0., = 0. However, since the operators
{Ofest} are linearly independent (since they are orthogo-
nal), we necessarily have [Of ,N¢] =0 for all a and p,
which is possible only if Of is a polynomial function of NY
(here, simply any diagonal matrix in the employed basis).
Since the argument applies to all sites j, we obtain that O
should be a polynomial function of {N¢} and, hence, is
diagonal in the product state basis. Since the identity
operator 1 is always a part of the bond algebra, for a
spin-1 system to exhibit classical fragmentation, it suffices
if the operators {S} and {(S)*} are part of the bond
algebra.

APPENDIX B: t—J, COMMUTANT ALGEBRA

In this Appendix, we discuss properties of the commu-
tant algebra corresponding to the family of ¢ — J, models
in Eq. (17).

1. Orthogonal basis

We first set up an orthogonal basis for the commutant
algebra C. of the r —J, model discussed in Sec. III. To

begin, we define operators P s Z,-, and O,- on site j and a
string operator § i j between sites i and j as follows:

(B1)

where N]T and N]L- are defined in Eq. (20) and 1 denotes the identity operator. Note that, although 7 i j 1s simply the identity
operator 1 for any i and j, we use it to denote “insertions” of the identity in terms of operators {P ;} and {0 ;1. These

operators satisfy the following properties:
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z2=pP;, P=P. 03=0, PZ,=2,=2,P;, 0;P;=P;0,=0=2;0,=0Z,,
Tr(P;) =2,  Tr(Z;)=0, Tr(0;) =1 (B2)

In order to express the IOMs in Eq. (25) in terms of operators {P s Z,-, 9 i}, we need to introduce additional shorthand

notation. We define “words” of length [ as follows:

Z SlJl—l <HA Sk+1/k+l_1>A( Sl+1L’

Ji1<-<ji

AV e (P, 7}, (B3)

where 0 < [ < L, we use the same shorthand notation for the sum as in Eq. (25), and the only word of length 0 is defined to
be § \..» which we denote by P°. To avoid ambiguities, we hereby denote the usual operator product operation when acting
on the set of words by *. Using the definition of Eq. (B3) and the properties of Eq. (B2), it is easy to verify that the product

of two words is given by

() 4 () k)« BEY if k =
(AW)...AD) « (B B0 = { [(AM 5 BU)...(AW = BO)] if k=1, B4
0 if k#1,
where, as a consequence of Eq. (B2), we define the product for individual “letters” as
P*Z::Z*P::Z’ Z*Z::P’ PxP:=P. (BS)

The set of words of length [ is, hence, closed under
products, and the set of words of length [ is an Abelian
algebra C¥) of dimension dim(C’) = 2/. In what follows,
whenever one sees a sequence of P’s and Z’s without hats
and without any *’s, it denotes a word, i.e., operator of the
form in Eq. (B3). We also frequently write, say, P/ as a
shorthand for a sequence of j letters P (which may be part
of a larger sequence).

Each word is an equal-weight superposition of specific
operator strings where each string has the form [ ] i (P ; or

4 ;jor 0 ;) and the number and pattern of P’s and Z’s—read

from left to right and omitting any intervening O’s—is
fixed by the word. The properties of Eq. (B2) make the
|

N — i(ﬁ(ﬁj + O,-)) % ( ﬁ (P, +

j=itl

i=1 \j=1

on-site operators P s Z s and O i orthogonal in the Hilbert-
Schmidt inner product, so distinct string operators of the
above form are orthogonal, and, hence, distinct words are
orthogonal—this is the reason for working in terms of these
on-site operators. Furthermore, the equal-weight super-
position structure in the definition of the words as well as
specific expressions for P s 4 ;» and 0 ; in terms of NJT, N},
and T allow one to show that each word of length / can be
written as a linear superposition of the IOMs N%, 0 <
k < L defined in Eq. (25).

Similarly, we can also express the operators { N°'--%} in
Eq. (25) in terms of words defined in Eq. (B3). Starting
with k = 1, we obtain

(B6)

A 1 . 01 .
0,)) ==Y PPP+= PiZPk
DRSS

where P/PP* and P/ZP* are words of length j + k + 1, the sums run over all values j, k > 0 and j +k < L — 1, and we
abuse notation and define 6; =1 /| = 41/ — 1. Note that P/ PP* here is simply a word with all j + k + 1 letters being P,

and the first sum can be rewritten in terms of distinct such words, > | jyka PPk =

L aP®, but exhibiting such rewriting is

not necessary for our purposes here and below. Similarly, we can express N°1°2 as

o +012i ) 5 (
Neio2 = lel1—1< l Ii1+1,i2—1

i1 <ip
- ZP/PPkPPl % ZPJPPkZPl
J k.l jikd

Piz + 6221'2) A

fliﬁ»l,L
2 ZP/ZP"PP[ 1 7192\ pizpizp!, (B7)
Jkl jik,d
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where the sums run over all values of j, k, [ such that j, k, [ >0 and j + k+ [ < L — 2. Similarly, we can also express

NOL-0k ag

o e (P +oiZs)
N = Z 1111—1H< Iz,+1.i,+1—1)%1ik+1.b

i) <-<ip

(B8)

which can clearly be expanded in terms of words in Eq. (B3), in particular, the ones that contain at most k Z’s, although we

do not attempt to write down the exact expression.

We thus show that the linear span of the IOMs N« is the same as the linear span of words of length [, 0 </ < L. The
basis of words of length /, 0 </ < L also form an orthogonal basis for the commutant algebra C,., as discussed earlier.
Hence, the full commutant algebra C,. is then simply given by

obc @ C

This is consistent with the fact that there are 25+! —

dim(Cype) = 21 — 1.

(B9)

1 operators N?--%, which is the same as dim(Cyy.).

The words in Eq. (B3) can be generalized to PBCs, where we define PBC words as

(m+k) (m+1) &
[A(1>' Z Z S1]1—1 (HA ]k+1vjk+l_1>Ajl SJ'H'LL’

m=0 j, <--<j

for0 <1< L — 1, and we assume A1) :=

AU e {P, 7}, (B10)

AU) for 1 < j < 1. Similar to the OBC case, the only word of length 0 is S'LL,

which we denote by P° As a consequence of Eq. (B10), all cyclic permutations of the words are identical, i.e.,

[AD . AD] = [A®), ADAD)] =
PBC words of length / < L — 1 is given by

AV AT [30)...50)] = { o (AT B
0

where we again assume A(*/) := AU) for 1 < j <[ For
[ = L, however, we define PBC words as

L
)
A0 AL)] =TT AV,

(B12)

since such products by themselves (i.e., without any sums)
are distinct elements in the commutant algebra C,.. Hence,
by our definition, the cyclic permutations of PBC words of
length L are not identical. These words of length L are
orthogonal to the words of length / < L — 1 in Eq. (B10),
and their products are given by Eq. (B4). These words in
Egs. (B10) and (B12) form a complete basis for the PBC

|

NG 3 5 5
): ZSL]—IZ]I

ilj1.Ls

J1<-<Ji

= §\) =Pz PHZP+ PFIZPY -

. =[ADAM  AU-D] Similar to Eq. (B4), it is easy to verify that the product of two

(A0 5 BN if k= 1,

B11
if k#1, (B

I
commutant algebra Cpbc, and, similar to the OBC case, the
IOMs of Eq. (27) can be expressed as linear combinations of
the PBC words. Similar to Eq. (B9), the commutant C,y,. is a
direct sum of the algebra of words of length /,0 </ < L, and
it is clear that dim(C,y,.) grows exponentially with L.

2. Algebra generated by the SLIOMs
We now construct the algebra generated by the (left)
SLIOMs {4\")} discussed in Sec. IIID. Using the defi-

nition of the SLIOMs 6]55)) in Eq. (29) and the operators
defined in Eq. (B1), we can express them in terms of these
words in Eq. (B3) as follows:

= 81,08 1 2T s

J1<)2

2 : Sljl—l <HP1ASJ/<+111<+1—1> Ji 11+1L’

L-1
+ Pl—IZPL—l — ZPI_IZP{I.
a=0

(B13)
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Using Eq. (B13), we now show that the sums and products of the left SLIOMs along with the 1 operator generate the entire
algebra C,,.. Note that a simple application of Eq. (B4) gives

N3 NG N
@) -@)r=p., 1<i<L-1, (@) =r.

NGITNG NG o om . i

a 1@, - @0, ) =P1zP. 1<I<L-1, 0<m<L-I-1; 4@ =P"'zP". (B14)

Using the properties of Eq. (B14) and the fact that 1 = Y & P!, we obtain that P! and P'ZP™ can be generated from the left
SLIOMs for any [, m. Now, using Eq. (B4), it is straightforward to show that all words of the form of Eq. (B3) can be
generated by products of these words. Hence, the left SLIOMs along with 1 generate the full algebra of words of length /,
0 <[ < L, which is the commutant algebra C.

Similarly, the (right) SLIOMs {Qgr) } defined in Eq. (31) generate the entire commutant algebra C,.. This can be shown in

(r)

a similar way, starting from the expressions of g, ' in terms of words in Eq. (B3):

= > Iz,

J1<-<Ji

§ 1128500 3y = = 112,85 15-1P5 85 0000
J1<j2

<H S1L+1 Jk+l_1P/k+l)Sj/+1~,L

L-I

qur) :ZPI_I+PZP1_1+"'+PL_IZP1_1 :ZP(IZP[_I.

a=0

Equation (B15) shows that these operators are distinct from
the left SLIOMs in Eq. (B13). Nevertheless, we can
similarly show that {515”} along with T generate the algebra
Cope» and, hence, the left and right SLIOMs are different
sets of generators of the same algebra.

APPENDIX C: NUMBER AND DIMENSIONS
OF KRYLOV SUBSPACES IN THE
PAIR-FLIP MODEL

In this Appendix, we review exact results on the counting
of the number and dimensions of Krylov subspaces in the
PF model in Eq. (34), which prove useful in performing
quick analytical calculations and consistency checks in
numerical calculations. We first introduce an alternative
interpretation of the Hilbert space and Krylov subspaces
that enable Ref. [77] to exactly count their number and
dimensions. Any product state in the Hilbert space of the
spin-(m — 1)/2 (i.e., m-level) chain of length L can be
interpreted as a “walk” of length L starting from a fixed
vertex (which we refer to as the origin) on a Bethe lattice of
coordination number 7. We can think of the m edges at any
vertex of the Bethe lattice as labeling m different values of
the local spin such that no two edges that share a common
vertex have the same label. The product state |a;...q;) is
then a walk starting from the origin on the Bethe lattice
where the first step is along the edge labeled by «, the
second step is along the edge labeled by a,, and so on until
the Lth step is along the edge labeled by ;. As a
consequence of the labeling of the Bethe lattice, note that
any walk (product state) with a repetition such as
|- --aa---) indicates that the walk retraces a step back.

In the language of walks, the action of F l“]/j in Eq. (34)

(B15)

|

changes only the retraced edges of the walk (i.e., results in
transitions |aa) <> |#f)) and, hence, does not change the
end point of the walk. Furthermore, since ng";) allows for
transitions between any such retraced edges, it is easy to see

that all walks with the same end point are connected by the

transitions allowed by H'r”. The Krylov subspaces of Hr!
are, thus, uniquely labeled by end points of the walks or,
equivalently, by the unique path on the Bethe lattice from
the origin to the end point without any retracing. We refer to
these shortest paths as “representative walks,” and the spins
along these paths correspond to the dots discussed in
Sec. IV B. The Krylov subspaces with j dots correspond
to walks that end at distance j from the origin for
0 < j < L, which involve (L — j)/2 retracings.

1. Counting dimensions

In the following, we denote the number of Krylov
subspaces with j dots by n; and the dimension of each
such subspace for a system size of L by D, ;. Since all the
Krylov subspaces span the full Hilbert space, we should

have
E l’ljDL’j =m
J

While Eq. (C1) might be reminiscent of Eq. (8), these are
different, and d; = 1 for all 4 in the PF model (i.e., the most
general PF model has no degeneracies among different
Krylov subspaces with the same number of dots).
Following the discussion in Sec. IV B, we directly obtain
the number of distinct Krylov subspaces with j dots with
OBCs by imposing the condition that the colors of adjacent
dots be unequal:

(C1)
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n; =

J

{ 1 if j=0, )

m(m—1)71 if j> 1.

The dimension counting of such subspaces D, ; is not so
straightforward, which involves counting the number of
walks of length L with a fixed end point on a Bethe lattice,
and this is studied in great detail in Ref. [77] using
connections to the counting of colored Dyck paths.
Defining a generating function for the Krylov subspace
dimension with j dots as

G](Z) = ZDf.jZf’ D0.0 = 1, Df,j =0 if _] > l/ﬂ,
=0

where we change the conventions and notations of Ref. [77]
to express the final result in the language used in this work.
The generating function in Eq. (C4) also encodes the
following obvious constraints:

(i) Dy; =0if j > £—i.e., there cannot be more than #
dots in a system of size ¢;

(i) Dy j = 0if j and £ have the opposite parity—i.e., a
system of even (respectively, odd) size cannot have
Krylov subspaces with an odd (respectively, even)
number of dots.

Using Eq. (C2), we can verify that 3 %, G;(z)n; =
(1=mz)™' =32 ;m’z’, which, due to Eq. (C3), is a
verification of Eq. (C1).

(C3) APPENDIX D: INDEPENDENCE OF CONSERVED
QUANTITIES IN THE PAIR-FLIP MODEL

they obtain In this Appendix, we show that not all the operators in
Eq. (45) are linearly independent. As discussed in Sec. IT A,
2(m—-1) the operators {N;"} are not linearly independent from 1, and

Gj(2) = 2 they satisfy S N¢ =1 for all j. A f
m—2+my/1—4(m—1)z ey satisfy » ot | N9 or all j. As a consequence, for
| m j any even system size L, the “one-index” conserved
X ( — V1 —4(m—1)z > ) (C4)  quantities {N* } can be expressed in terms of “two-index”

2(m—1)z conserved quantities {N7172} as follows:
|
L L j1+1 L j1—1
a T —— (_1)]1+ + (_1) (_1>]1 + (_1>
e = 32 g = S [ SR B0
J1= Ji=1
L . L ' m L ' L '
SPIRCICUVED SRCIGEVES DI D SR CIGCAVED SR
Ji<p=1 p<ii=1 p=1 Lj<p=1 p<ir=1
— Z(Nalﬂ — Nfm) = Z(Nm/f — Nbar), (D1)
p p#a
where we use the fact that (—=1)/"! = (=1)/~!, (=1)L = 1, and the identity
- =D+ (=1

S = (D2)

Using the same manipulations, any “odd-index” conserved quantity {N®--%#-1} can be expressed in terms of “even-

index” ones {N"1--72} as follows:

(_1)j1+"'+j2k,1qu Na_Zk—] —
z : J1 7T Jak-1

N* -4 —

S (N

J2k-1

J1<r<Jjok-1 J1<<Jok-1
(_I)L + (_1).i2k—1+1 (_1).72k-1—1 + (_l)jZk-z+l (_l)jZk—z—l + (_l)jzk-3+1 (_1)11—1 + (_1)
« [EES - : 2 ER T R
(D3)
— Z(Na]...az,(,zaz,(,l/)’ _ N“l-“aZk—Z/}aZk—l + N{ll.“/}(lz,(,z(lz;(,l . — N/f(ll.“az,(,] ) (D4)
B

Note that terms of the form N71--72 with any y; = y,, for some 1 </ < 2k — 1 are automatically excluded in the final sum
in Eq. (D3), either due to constraints on the indices in N“'--®#1 on the lhs or due to cancellations in the sum over f.
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Similarly, for an odd system size L, the even-index conserved quantities { N*1---%%} can be expressed in terms of the odd-
index conserved quantities {N71-7+1}. For k = 0, this directly follows, since the “zero-index” conserved quantity 1 is
simply a sum of the “one-index” conserved quantities { N* }. For general k, we obtain
N® - — Z (_1)11+-~-+/2kNj{11 Nk — Z (_1)11+-~-+]2kN?11 N

J2k J2k

J1<<Ja J1<-<Ja
. (_I)L + (_1)j2k+1 N (_1)/2k—1 + (_1)]'21(71‘*'1 _ (_1)]'21(71—1 + (_l)jzk—2+1 P (_1)11—1 +(=1)
2 2 2 2
- Z(_Nal‘..agk_lagkﬁ 4+ N®-@mifay _ Nov-Bageran L. Nﬁal~~a2k), (DS)

B

where again any term N71"72%+ with any y; =y, for some 1 <[ <2k is automatically excluded.

APPENDIX E: COMMUTANTS OF THE TEMPERLEY-LIEB MODELS

In this Appendix, we sketch the structure of additional conserved quantities in the commutant of the TL models, apart
from the ones in Eq. (60), and we refer readers to Ref. [65] for a more detailed analysis. We begin with the commutation
relation

_5€2|(|ﬂ102><’//sing|)j,k + 55]2(|Wsing><alﬂ2\)j,k if j odd and k even,

(E1)
~8 (|e1fa) Waing ) 1 + 822 (Weing) (Brata]) ;4 if j even and k odd,

(1, 00230 = {
which reduces to Eq. (58) when a; # 3, and f; # a,. To construct additional IOMs, we begin by contracting various
indices in Eq. (El) to obtain

& o] { _5£?éj,k + m(|wsing) (@1P2|) ;4 if j odd and k even,
m(la1B2) Wsingl) jx + 5a1 j& if jeven and k odd,

|: = y 1 { (|ﬂla2><l//§mg|)]k + 052 /k if j odd and k even,
Y 55 €k + m(|l//smg><ﬂla2|)/k if J even and k odd,

{zm: (MYUM, ) 2| =0 )

Using Egs. (E1) and (E2), we can construct quadratic IOMs in a “traceless” form [65] as

m

1

61, B\ a €

MG = |00, 0000,z = 3 [0 00 3, 0+ (0, ), O, o) ol S (0,001, (E3)
J1<l2 r=1 ey=l1

When a; # 3, and f; # a,, this reduces to Eq. (59), while when one or both of these inequalities are not satisfied, we

obtain new IOMs that are independent of the ones in Eq. (59) (up to relations such as » 7", My =0, etc.). Similar

new IOMs with a larger number of indices can also be constructed, and, although their derivations are more involved,
they have simple expressions in terms of Jones-Wenzl projectors; see Ref. [65] for details.

APPENDIX F: CANONICAL CONFIGURATIONS IN THE SPIN-1 DIPOLE-CONSERVING MODEL

To understand the canonical configurations that generate the Krylov subspaces in the spin-1 dipole-conserving model of
Eq. (65), we introduce a diagrammatic representation for product states, and the mapping proceeds in two steps. First, we
represent sites using dots—we denote |0) by an unfilled dot |o) and |+) and |—) both by filled dots |). Second, we then
connect any alternating pattern of |+) and |—) by “links,” and we refer to any set of sites connected by links as a “cluster.”
For example, we have the mapping

04+0+-0+0-0-) =

e 0 o 0 o> o o>=|0—0—+0—0+0+>. (Fl)
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Note that the transitions of the dipole Hamiltonian in
Eq. (66) are invariant under a global spin flip
|[+) <> |—). Hence, for any Krylov subspace (except for
the one-dimensional subspace |00...00)), there is always
a conjugate Krylov subspace with the spins flipped. Any
pattern of unfilled dots, filled dots, and links thus
uniquely represents a product state in the Hilbert space
up to an overall spin flip. Although we do not distinguish
between the conjugate subspaces in the diagrammatic
representation, we take this multiplicity into account

while counting the number of Krylov subspaces. We
note that this mapping of configurations to dots and
clusters is related to a mapping to “defects” discussed in
Ref. [44]. In particular, the leftmost dot in a cluster in the
former mapping corresponds to a defect in the lat-
ter [119].

To understand the dynamics of the Hamiltonian H g, in
Eq. (65) in the diagrammatic representation, we note that
the transitions of Eq. (66) allowed by the terms 13[ 1 1]
can be written as

(F2)

where the dotted lines indicate possible links to the left and right of the filled dots. Using Eq. (F2), we observe the following:

(1) Any product state is composed of a number of disconnected clusters, where each cluster is a connected set of (filled)
dots. For example, the state of Eq. (F1) is composed of three clusters of filled dots.

(2) The actions of the terms {13[ -1, j+1]} do not change (i) the number of clusters, (ii) the charge and the closely related
parity of the number of filled dots in any cluster (even-parity clusters have charge zero, while odd-parity clusters have
charge £1), and (iii) the dipole moment of any cluster. Furthermore, the charge of the leftmost filled dot in any
cluster remains unchanged, and so does the rightmost charge.

(3) Using the transitions of Eq. (F2), any cluster can be “reduced” to a cluster that is either a filled dot or a link,
depending on whether the number of filled dots in a cluster is odd or even. For example, we can reduce the middle

cluster in Eq. (F1) as follows:

o o—o—c/g\o><—>

(F3)

The dipole moment of the original cluster completely fixes the location of the final dot for odd parity or the length of the link

for even parity (but not its location).

(4) After the reduction of clusters, a canonical configuration for the state can be obtained by moving any cluster with a
single link adjacent to the cluster on its right (or the right end of the chain) using the transitions of Eq. (F2). It is easy
to see that this is always possible. For example, after the reduction of Eq. (F3), the configuration Eq. (F1) can be

brought to a canonical form as follows:

(F4)

These observations allow us to bring any product state into a canonical configuration that consists of unfilled and filled dots,
as well as clusters with a single link, which we refer to as “dimers.” Furthermore, all the links are located immediately to the
left of a filled dot or the right end of the chain. Each of these canonical configurations generates a different Krylov subspace,
and the number of Krylov subspace is, hence, simply the number of such canonical configurations.

To count the number of canonical configurations, we uniquely map each of them to a tiling pattern of L sites by three
objects: o, ¢, and e—e. We do this by retaining any filled and unfilled dots in the configuration and by “shortening” any
dimer to a nearest-neighboring dimer while keeping its left end fixed. For example, the invariant string of Eq. (F4) maps to a
tiling pattern as follows:

(F5)

ooooooo/oo\oo>:o.oooo
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Note that, with the convention we use that any dimer in the
physical configuration always has either the end of the
chain or a filled dot to its right, the mapping to the tiling
pattern is one to one. The number of canonical configu-
rations is then simply the number of tilings of an L x 1
“grid” with two types of 1 x 1 “squares” (o and ¢) and
one type of 2 x 1 “dominoes” (e—s). This is known to be
the (L + 1)th Pell number P;.; [120], where Py, =0,
P, =1, and easy to understand recursion relation
P; .y =2P; + P;_;. Accounting for the fact that each
configuration has conjugate (except for the one with
unfilled dots on all sites), the number of Krylov subspaces
D; (i.e., the dimension of the commutant algebra) of an
L-site system with OBCs is given by

(1 + VD - (1
V2

1
—1~— (V24 1D for large L. F6
WA : (7o)

_ \/E)LH

Dy =2P, ~1=

-1 Ll At
NONCINSIIVIE I w By IPA 2"
<CII Qm>— l,mX3LZ I'( )_ Lm X
a=0

Note that the mapping to dots, links, and clusters can also
be done for PBCs, although care has to be taken to count
the ones that cannot be connected to each other using the
rules of Eq. (F2).

APPENDIX G: MAZUR BOUNDS
IN THE ¢-J, MODEL

In this Appendix, we compute three Mazur bounds for the
OBC t — J, model, obtalned by considering the left SLIOMs
{q b } right SLIOMs {q b } and the full commutant algebra
Cope- respectively. It is convenient to express the SLIOMs and
operators in Cgy, in terms of words of Eq. (B3) and use the
properties of Egs. (B2) and (B4) to compute norms and
overlaps required for the Mazur bounds.

1. SLIOM Mazur bounds

To begin, we compute the norms and overlaps of the left
and right SLIOMSs with the Z; operators. Using Egs. (B13)
and (B15), with simple combinatorics we obtain

3L (zf()—%XZ (a:l> L xefz.r}

0
L-1 L=l Al+a . . .
’\(f)_l -1 a) 2 -]_1 L_.] _2’ ]_1
<qul >_3_L TI‘(Z]'P ZP )_ 3L (l 1>< _§ I=1)

a=0 a=0
-1

L—
<Z,A(r)> :i
]ql 3L

t"

Tr(Z,P*ZP'-")

N2 =1\ (L= 28 (L—
oy J &3t a 1-1) 3t \1-1)

(G1)

where P/ P=1ZP% and P*ZP'~! denote “words” defined in Eq. (B3). Using these expressions, the corresponding Mazur

bounds Mg) and M(er) defined in Eq. (81) read

J 21}1

—Ef) 32/22

NG —it+1
<qu5 )>2 L—j+

2'(H)?
(L—j+1) Z Z

a= 131“ a_l)

G2
a= 13“( — . 1=1 <@ ( )

2. OBC commutant Mazur bounds
(obc)

We now compute the bound M z, defined in Eq. (81), where {Q, } is any orthogonal basis for the commutant C,.. Here,

we choose {Q,} to be the words defined in Eq. (B3). Since we are interested in obtaining a bound on the autocorrelation
function Z;, the only words that have a nonzero overlap with Z; are the ones with a single Z in the word; we refer to them as

Wep = P*ZP?. Note that the left and right SLIOMs defined in Eqs. (B13) and (B15) are subsets of superpositions of

{W,z} and related by &;f) =>L=L W, |, Using the properties of Egs. (B3)-(B5), we obtain the following relations:

_2a+ﬁ+l ]_1 L—]
-5 (007)

(G3)

1 2a+ﬁ+l L
<W(1,/}Wy. > - 6(1 5/5(5 X 3_Tr(Pa+1+ﬂ) - 511 ]/5/)’5 X—F < )* <Wa./3Zj>

3 \a+p+1

(obc)

The Mazur bound M z, then reads
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o0 _ SRR AZWag) AR 2O G4
T 2 W) () (G4)
a=0 p=0 ap'ap «=0 #=0 atfe1

The expression of Eq. (G4) also allows for an asymptotic scaling analysis of M(Z(;bc). Defining x := j/L, p == a/L, and

q = p/L, for large L, we can write (after tedious simplifications)

x 1—x
Mwm=ﬁ// dpdqC(x, p.q) exp[LF(x. p. q).
0 0

2(p + q)(x = p)2> 4 glog <2(p +q)(1—x— 61)2>

F(x,p.q) ==p10g<

(1-p-aq)p* (1-p-a)q’
m (l_p_q)(l—x)2
+2xlog<(x_p)(1_x)> +10g( ey )
C(’@P, 61) = (x - P)(l —x)(p + q)3/2 (GS)

T (20)2xpg(1 —x—q)(1 - p—q)V/*’

where M(°*°)(x) is the continuum approximation for M(ZO/_bC) for large L and we use Stirling’s approximation to substitute

yL 1 y
<ZL> 5T \/;(_;;exp [vlogy —zlogz— (y—z)log(y —z)] asL — o y 2<y. (G6)

Performing the standard saddle point approximation on the integral in Eq. (G5) in the large L limit, we obtain

M) (x) = 2zC(x, po. qo) 1 2

= exp [LF(x. po. qo)] = = { | —————. G7
JLdetH x, po. a0] PILE(x. po.90)] = 3 ALx(I =) (G7)

where (p,q) = (po,qo) is the saddle point of F(x, p,q), detH(x, p,q) is the determinant of the Hessian matrix of
F(x, p,q), and we use

OF 8F> 2x 2(1—x)
a9 :(0’0):> (pO’QO): <_’ s
<8p dq (P.9)=(Po-q0) 3 3
81 3
detH(x, po, q9) = =) C(x, po.q0) = PP =) F(x, po.q9) = 0. (G8)

Equation (G7) rigorously proves the numerical observations in Ref. [44].

3. PBC commutant Mazur bounds

We now compute the Mazur bound M gbc) defined in Eq. (86), where {Q,} is an orthogonal basis for C,,.. Here, we

choose {Q,} to be the words of Egs. (B10) and (B12). Similar to the OBC case, we focus on only words that have a nonzero
overlap with Z;, which are the ones with a single Z in the word. Because of the different definitions of words of length
I <L -1 and words of length L, words with a single Z can have the form either W, := [P*Z] for 0 <a <L -2 or
Wi o= [P*ZP'=%71] for 0 < @ < L — 1. These words have the following properties:

2a+1 L 2a+1 L—1
<W(1W/}> = 5aﬁ X < >(a + ])7 <ZJW(1> = AL < a ) for O <a, ﬂ < L - 27

3 \a+1 3L
2\L 2\L
(WiaWpp) = 4p X 3) (ZiW1a) = 8jas1 X z) for0<a  fp=<L-1 (G9)

Using Eqgs. (G9) and (86), the PBC Mazur bound reads
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L-2 Z W L— Z w L-2 2a+l (L—IZ) 2\ L 2 1 2\ L
pbc (l Lu a
= - =— 1—=1=) . G10
= Z WeaWea] ~ 2@t 0G0 6) -2+ (-7)@) o

(1:0 =0 a=0

To explore if this is the case with other autocorrelation functions, we consider the Mazur bound for the operator Z;Z ;. ;.
Similar to the previous case, we choose {Q,, } to be the words of Egs. (B10) and (B12) and focus on only words that have a
nonzero overlap with Z,Z;,,, which are the ones with two Z’s in the word. Such words can have the form either W,, :=
[P?Z% for 0 <@ <L —3 or W, , := [P*Z*P*~*2] for 0 < @ < L — 2. These words have the following properties:

(W, Wy) =6 2(l+2< L )( 2) (Z,Z; W) {zgzz(L"z) ozl for0<a,fp<L-3

aWp) = Sap X —1— a+2), Zi W) = or0<a,fp<L-3,

b RV PP AL 4x2  ifa=0

. 2\ L 2\ L

<WL,aWL,ﬂ> = 5a_ﬂ X (§> s <Zij+1WL.a> = O0ja+l X <§) for 0 <a, /j < L—-2. (Gll)

The Mazur bound M%bzc/ll is then given as follows:

e Lz_f <Zj 2 1~ @) Lz: (Z; ZJ-HWLa _ 16 n =3 (L;2)22”+2 N <%>L
L (W, W) e (W Wre)  3EXLL-1) &3 a+2)(L) \3
8 4 2\ L 1 12 1
- - ) Y ) 12
2(L—1) 27L(L-1) (3) < L) +3L><L(L—1) L (G12)

APPENDIX H: MAZUR BOUNDS IN THE SPIN-1 DIPOLE-CONSERVING MODEL

In this Appendix, we compute the contribution of a class of blockaded Krylov subspaces to the Mazur bound of the local

spin operator Z; in the spin-1 dipole-conserving model. As discussed in Sec. VII C 2, the Mazur bound contribution M g""‘*)

of all the subspaces in which site j frozen is given by Eq. (89). Hence, it is sufficient to compute >, Dy, . the total
dimension of the Krylov subspaces K; ,, where site j is frozen and Z; = +1. In the following, we do this by studying the
blockaded subspaces in the dots and links language that is convenient to describe the dynamics in the spin-1 dipole-

conserving model (see Appendix F). Recall that » denotes spins + or —, o denotes spin 0, and links connect adjacent filled
dots if they have opposite Z;’s.

We first note that, in the language of dots and links, we can always represent states in a blockaded Krylov subspace in the
following form:

.\> (H1)

where the boxes denote the configurations on the left region (|L(“))), the blockade (|[B(?))), and the right region (|[R("))) with
lengths #, b, and r = L — ¢ — b, respectively (see Sec. VI B), with more details about these regions given below, and the
dotted lines indicate possible links to the left or right of the filled dots. The form in Eq. (H1) has two main implications.
First, the leftmost two spins of |[B(?)) are always ++ or ——, and the same is true about the rightmost two spins. Second, the
rightmost (respectively, leftmost) nonzero spin (i.e., that are + or —) of |L{)) (respectively, |R("))) is the same as the
leftmost (respectively, rightmost) spin of |B(b )>. Note that it is also possible to have all 0’s in the left and right regions. As a
consequence, there are no links that connect the left or right region to the blockaded region. It is easy to verify that, as long
as the entire middle region is frozen, the rules of Eq. (F2) preserve the form of Eq. (HI).

Given a frozen site j, we can always choose the blockade configuration | B(*)) of the form of Eq. (H1) that includes site j.
Furthermore, without loss of generality, we can require that the only *’s (that are not connected by a link) in the blockade
|B(®)) are on its leftmost and rightmost ends, and we refer to such blockades as “irreducible blockades” |I()). It is easy to
verify that any irreducible blockade configurations should have the following form:

‘I<b>>:. /\ /\. o /\. > (H2)
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where there can be any number of dimers of varying lengths and the only constraint is that they should be “maximally

packed” with no o’s between two dimers. Note that we also include the case with zero dimers; i.e., | ®

*) is an irreducible

blockade. However, given a frozen site j, the choice of the irreducible blockade is not always unique, and it could be a part

of two such irreducible blockades |1(*)) and |1(®

could have a configuration such as

’I(b) U 1<b’>> _

where j is the ¢ in the middle and the blockades to the left
and the right of j (including site j) are |[I(")) and |I(*)),
respectively. As we discuss below, such configurations are
important to correct for the overcounting in our counting
procedure.

The main strategy to compute the total dimension of the
described blockaded Krylov subspaces is as follows. We
first fix |[B®)) in the middle box in Eq. (H1) to be an
irreducible blockade |I”)) containing site j. The total
dimension of all Krylov subspaces with that blockade
configuration reduces to a simple counting of the number of
allowed configurations of the left and right regions that are
compatible with the blockade region [i.e., they have the
form of Eq. (H1)]. The total dimension of all blockaded
Krylov subspaces is then obtained by summing over all
possible irreducible blockade configurations and correcting
for overcounting due to subspaces in which j can be a part
of multiple irreducible blockades.

In the following, we continue to denote the number
of spins in the left, blockade, and right regions of the chain
by ¢, b, and r, respectively, such that £+ b+ r= L.
We label all Krylov subspaces with £ sites in the left region
and blockade configuration |B(?)) by K(B(?), £), where we
have in mind configurations of the form of Eq (HI) (note
that we are using one symbol to denote many subspaces),
and we denote the dimension of all such subspaces

by Dy 4. Using the form of Eq. (HI), this is simply
given by
3 +1
DIC(B(b>.f) =Dy xD,, D, = 5
xe{t, r}, r=L—-¢-b, (H4)

where D, (respectively, D,) is the number of allowed
configurations in the left (respectively, right) regions with
the rightmost (respectively, leftmost) nonzero spin being
the same as the leftmost (respectively, rightmost) of [B(*)).
The expressions for D, and D, in Eq. (H4) can be verified
straightforwardly and are independent of the particular
configuration |B(*)). Furthermore, if ; is deep in the bulk of
the chain, we have l1<<?Z<L (ie., ¢=yL for

)). In such a case, we refer to the full blockade region as |I(*) U

1), which

(H3)

I

0 <y <1, and Dygw
be estimated as follows (measured relative to the total
Hilbert space dimension):

) for a blockade of range b can

1 1 1 o

S_LDK(B(b>_f):3_LDfDL_f_b:4X3L (3f_|_1)<3L ¢ b+1>
1

=3 PO (H5)

where b is the size of the blockade. Note that this
calculation is for fixed (but thermodynamically large) ¢,
which, however, drops out in the thermodynamic limit. The
result depends on only on the size of the assumed blockade
region but is independent of the internal structure of this
region, which, in particular, can be reducible.

Turning to Mazur bound calculations, heuristically, the

Mazur bound M, <b1°Ck) i

in Eq. (89) is expressed as follows:
block
Zj 3L Z Kia = 3L Z Dy

LZD

5Zi

DIV (CONMAL (H6)

In the first sum, { (1), #)} runs over irreducible blocks and
their positions covering j, and ézji ensures that the frozen

site j is either + or — (so that it has a nonvanishing
contribution to the Mazur bound; see the discussion in
Sec. VIIC2). Since we are interested only in the Krylov
subspaces where site j belongs to the blockaded region, we
have j — b < # < j — 1. In the second sum in Eq. (H6), I(?)
and 1) run over irreducible blocks; this term accounts for
blockade configurations of the form of Eq. (H3), which
have been double counted in the first sum. In other words,
the restriction to irreducible blocks in the first sum takes
care of most possibilities of overcounting, and the only
overcounting that appears from naive summation over ¢ is
canceled by the second sum. Before proceeding, we note
that, according to Eq. (HS), the contributions of the various
blockades in Eq. (H6) depend only on the blockade size;
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hence, it is useful to arrange the sums there according to
blockade size, i.e.,

block Z M

DI AN 1)
bb

(b)

where the sum is over blockade sizes, M’ is the first sum
J

in Eq. (H6) with 1 (6)°g restricted to size b, and O(le_’b’) is the

second sum with 7(?)’s and I”')’s restricted to sizes b and
b'. Since their contributions decay exponentially with
blockade size, we expect smaller values of b to dominate
the sums in Eq. (H7).

1

) 2 (22)
My =2 @) =2xX——7,
z x z % 4 x 33

i 4 %32’ i

We start with computing the contribution of two-site
blockades. According to Eq. (H2), the only two-site
irreducible blockade is [I®)) = |+ ). In order for the
site j to be within the blockade subspace and Z; = +, we
have two choices for 7, ie, £=j—2 or £ =j—1.
However, by including the contribution of both these
choices of ¢, we have double counted the contribution
from all the Krylov subspaces with the three-site block-
ade |1® U I1?)) = *) with j on the middle site
(hence, Z = j —2). Using Eqgs. (H7), (H6), and (H5), we
obtain the total contribution due to two-site blockades
to be

(block) |

Z;

5
==M§%-0$”:§Zmamna (H8)

two-site J J

where the overall factor of 2 accounts for the two possibilities ® = 4.

Moving on to three-site blockades,
3 3.b b3
My = 05" = 0

we find that there are no irreducible blockade configurations;
= 0. Next, we consider four-site blockades,

hence,
where the unique irreducible blockade is

|[I®) =]e e—e ). In this case, we have four possible values of # (j—4</<j—1) such that Z; = +1.
However, by including all their contributions, we are double counting the contributions of the following blockades:

‘1(4)UI(4)>=|0 —o o o—o o), ‘1(4)UI(2)>:‘0 —o o o>7 ‘I(Q)UI(4)>:‘. o o—o o>.
J J j

(H9)

J

Accounting for the overcounting and doubling to account for the two possible spin patterns, using Eqs. (H7) and (H5) we

obtain
“4) _ (2.4)
sz =2x m , OZj
block 4 42 24 44
M(Z-f - )|f0ur—§1te = M(Z/) - O(Z/ ) - O(Z/ ) - 0( ) —

Similarly, we can consider irreducible blockades |1(*)) of
the form of Eq. (H2) that span b sites. Simple combinatorics
gives the number of such blockades with n dimers to be

b—n-3 b
= <n<|=|—-1.
Npn < n_1>, O_n_{ﬁ 1. (HI1)

Note that, although the combinatorics is not directly valid for
n = 0orb < 3, wenevertheless find that N, ,, of Eq. (H11) s
the correct number of blockaded configurations even in those
cases. For each blockade with n dimers, there are 21 + 2)
available choices of Z such that Z ; = *. However, similar to
the b = 2 and b = 4 cases, by including all such positions,
we are overcounting the contribution of the (b + b’ — 1)-site
blockade configurations of the form [I(*) U I(")). [The
overcount happens only when using the blockade probability
Eq. (HS) for choices £ where j is one of the end points of an
irreducible blockade of size b, since part of the blockade
satisfaction condition in Eq. (H5) comes from immediately

Z;

42) 1 (44) _ 1
=y %% =g
89
—~0.02 H1
— g 0.02035. (H10)

[

adjacent irreducible blockade configurations of various sizes

b’ sharing site j. There is no overcount when j belongs to one

of the dimers in an irreducible blockade.] Similar to Egs. (H8)
and (H10), we then obtain

15-1 )

2n+2 F, o+ F,
M — o N _ I b3
z, ==X ;; h"(4><3b> 37

1411 4)-1
(b.0) _
OZ/ =2X 4X3b+h’ (Zan><Z%Nb’,n’>
Fp3Fy;
Ty 3pth1e (H12)

where {F,} are the Fibonacci numbers, {F ,(12>} are the
second-order Fibonacci numbers (defined by the recursion

relation Fip) = F;(12—)1 + FELZ_)z + F,_,), and we use the con-

ventions Fy = F(()2) = F(_zl) =0and F_; =1 [121]. In the
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above, we already use L. — oo expressions for the blockade
probabilities in Eq. (HS). Working in the thermodynamic
limit, using Egs. (H7) and (H12), the Mazur bound due to all
the blockaded subspaces is then given by

(2)

(o9 o0
(block) __ Fyls  Fps 3 Fy3Fy 3
CaC S DR

= x3G(2) ()C) |x:1/3 + [)C2 +x3G(x)”x:1/3

3
) [ + x3G(x)]2|x:1/3’ (H13)
where G(x) and G®)(x) are generating functions corre-
sponding to the Fibonacci and second-order Fibonacci
numbers, respectively, which are known to be [122]

G(x) = iann :%,

1—-x—x

— 1 —x)
GO (x) =Y Fxr - =0 H14
(x) 2 sl g (H14)
Substituting Eq. (H14) into Eq. (H13), we obtain
ocC 2
MyH =~ 0.1333, (H15)

APPENDIX I: MAZUR BOUNDS IN THE
TEMPERLEY-LIEB MODEL

In this Appendix, we provide details on the Mazur bound
computation for the edge energy operator &;, in the
Temperley-Lieb models of Eq. (48). We start by simplify-
ing Eq. (92) as

e//+l - LZ

dlmer@(j j+1)]2

m L/2— lemer@(] j+1)]
= Z @
=0
where N %mer@(’ 71 is the number of configurations in K,

with a dimer between sites j and j+ 1 and Dy is the
dimension of the Krylov subspace /C,. Furthermore, we
take L even for concreteness and use results from Eq. (61):
Given 24 dots, there are d; distinct Krylov subspaces, each
of dimension D;, and with the same action of the TL
algebra in terms of the dots and dimers pictures; in
particular, each such Krylov subspace has the same number
of configurations with a dimer between sites j and j + 1,

which we denote by lemer@(’ 7D Note that the sum

terminates at 1 = L/2 — 1, since the 24 dots must be on
the sites other than j, j + 1. Atthe edge, j = 1, Ndlmer@(1 2
is the same as the number of dots and dimers pictures with
21 dots and restricted to the remaining L — 2 sites, which is

given by D, in Eq. (61) with L replaced by L — 2. Marking
the appropriate chain lengths with superscripts on D,, we
have

[D(L_2) 2 L/2—

(TL) _ m o (L -2)
M, =— dy—"——=—7
S = D} m* Zo
(L4 1) = (22+ 1)
12
AL -1y 12)
where in the last equation We factor out one DEL_Q) and use

a simple expression for D / D ) derived from Eq. (61).
This writing enables exact evaluatlon of the Mazur bound
by utilizing the knowledge that

K/2

S d,D = mk, (13)
A=0

the full Hilbert space dimension on K sites [assumed even
for concreteness; see Eqgs. (8) and (61)]. We then compute

K/ 2(2/1 +1)%d ADY(), by taking appropriate derivatives of
Eq (I3) with respect to the formal quantum group param-
eter ¢ that is an argument of d; [see Eq. (61)] and that enters
the right-hand side viam = g + ¢~'; see Eq. (57). It is then
easy to verify that

K/2 ®) q d d
24+ 1)2d,D") = — |g—[mX(qg—q7")]|,
;( )*d;D; 7—q'da dq[ ( )]
m=q+q', d;=[2+1],
=mK[(K+1)? —4K(K — 1)/m?].
(14)

Using Egs. (I12)—(14), we obtain the connected Mazur bound
of Eq. (93) to be

1 4 6
MP™ = —— 1 - — +——|. 15
b2 L—l{ m2+m2L} 15)

APPENDIX J: MATRIX PRODUCT OPERATORS
(MPO) FORMS OF THE COMMUTANT
ALGEBRA BASIS ELEMENTS

In this Appendix, we show that the IOMs in the
commutant algebras in the #—J_, PF, and TL models
(with OBCs) in the main text have simple MPO expres-
sions. Any operator O is said to have an efficient MPO
representation if they can be written as

O= > Ay AR A b (s, ) ({1
{sud{en}

QY

where A can be thought of as y x y matrices with elements
expressed as d x d matrices acting on the physical indices.
y 1is referred to as the bond dimension of the MPO, the
corresponding vector space is the auxiliary space,
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and b!, and b, are y-dimensional boundary vectors of the
MPO in the auxiliary space, which are usually set to b’

Eq. (J1), where A; has bond dimension y = k + 1, and is
given by

(1 0 0)" and b, =(0 0 1)7, respec- 1N 0 0
tively. The MPO expressions for local operators is straight- J
forward to construct; e.g., the U(1) generators N°’s in o
Eq. (19) can be expressed as an MPO with bond dimension 0 1 N J
x =2, where Aj = 0 (J3)
(o V) SN S tE)
P = , ce T, !l Ok
7o\o 1 v
0 0 1

For the OBC ¢ — J, model, the MPO expressions for the
conserved quantities N°'--°¢ in Eq. (25) can be constructed
using systematic methods in the literature; see, e.g.,
Refs. [13,123,124]. We find that N°'--°¢ has the form of
|

The MPO representation in Eq. (J3) also helps to directly
show that N°-% is a conserved quantity of the t —J,
model. This is evident from the two-site MPO, which reads

1 N7 4N,  NINZ, 0 0
0 1 N7 +N%, NPNT,
0
AjAj, = (J4)
I N} 4N NJNG
1 N7 +N%,
0 0 1

In Eq. (J4), each element within A;A;, | commutes with the terms T, j.j+1 and V. Joit of H,_; as a consequence of Egs. (21)
and (23), and, thus, the MPO generated by A; in Eq. (J3) commutes with all the {Tirii} and {V 421} and is guaranteed to
be a global conserved quantity of H,_; .

Similarly, the IOMs N*-% and M{i:jjﬁﬁ of Egs. (45) and (60) in the OBC PF and TL models, respectively, also have
simple MPO representations. The MPO matrices A; in those cases have the same form as Eq. (J3) with the substitutions
N;” - (—l)fN;‘-” and N}” - (M )0!1’ respectively. Moreover, for the TL models, the additional quadratic [OMs Mg‘l ﬁ; in

Eq. (E3) also have simple MPO representations with bond dimension y =3 + m(é/a}; + 5/.55) as follows:

5{:2 1 5/*2 éﬁl 5§| m
Vo —mUN e U W e U0
0 1 0 0 (/)
i
7 i),
= 8 \m
AJ \/IE( ])a, (JS)
(ggl
= ()
0
.
0 0 1
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