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Abstract

Calderbank-Shor-Steane (CSS) codes are a class of quantum error correction codes that
contains the toric code and fracton models. A procedure called foliation defines a cluster
state for a given CSS code. We use the CSS chain complex and its tensor product with
other chain complexes to describe the topological structure in the foliated cluster state,
and argue that it has a symmetry-protected topological order protected by generalized
global symmetries supported on cycles in the foliated CSS chain complex. We demon-
strate the so-called anomaly inflow between CSS codes and corresponding foliated clus-
ter states by explicitly showing the equality of the gauge transformations of the bulk and
boundary partition functions defined as functionals of defect world-volumes. We show
that the bulk and boundary defects are related via measurement of the bulk system. Fur-
ther, we provide a procedure to obtain statistical models associated with general CSS
codes via the foliated cluster state, and derive a generalization of the Kramers-Wannier-
Wegner duality for such statistical models with insertion of twist defects. We also study
the measurement-assisted gauging method with cluster-state entanglers for CSS/fracton
models based on recent proposals in the literature, and demonstrate a non-invertible fu-
sion of duality operators. Using the cluster-state entanglers, we construct the so-called
strange correlator for general CSS/fracton models. Finally, we introduce a new family
of subsystem-symmetric quantum models each of which is self-dual under the general-
ized Kramers-Wannier-Wegner duality transformation, which becomes a non-invertible
symmetry.
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1 Introduction

The gapped phases of quantum matter at zero temperature showcase a variety of exotic proper-
ties at low energy. Topologically ordered states [1], exemplified by the toric code ground state,
possess a non-trivial ground state degeneracy, and their excitations exhibit non-trivial braiding
statistics, which are of practical use for the fault-tolerant quantum computation [2]. Prepara-
tion of topologically ordered states has been thus long sought after. However, their stability
supported by the long-range entanglement is a hurdle that prohibits us from obtaining them
with a finite-depth local unitary circuit, at the same time [3]. This ‘no-go’ was recently resolved
for a large class of topologically ordered states using methods with short-range entanglers as-
sisted by local measurements and adaptive, or feedforwarded correction procedures [4-11].
Remarkably, this measurement-assisted procedure was formulated as a physical incarnation of
the celebrated Kramers-Wannier (KW) duality transformation [ 12-14] — a mathematical map
relating two spin systems, where the global symmetries in the original theory are gauged. In
the case of subsystem global symmetries, gauging them makes the transformation even more
exotic, and the resulting states possess a so-called fracton order [15]. This procedure was also
generalized in [7] to arbitrary Calderbank-Shor-Steane (CSS) codes [16,17]. In constructing
measurement-based KW transformations, the so-called cluster-state entangler has proved to
be useful.

In the context of Measurement-Based Quantum Computation (MBQC) [18-22], one can
implement a CSS code by a procedure called foliation [23], which constructs a cluster state
extended along an extra direction. The 3d Raussendorf-Bravyi-Harrington (RBH) state [24],
which is a 3d cluster state with qubits on a 3d cubic lattice, is a prominent example of the
foliation construction and implements the 2d toric code. The quantum error correction is
performed by single-qubit measurements on the foliated cluster state.

Our aim in this paper is to uncover the physics of a large class of quantum error correcting
codes from the holographic perspective via measurement on a higher-dimensional cluster state.
Our constructions and results apply to arbitrary CSS codes, which encompass many fracton
models and low-density parity check codes [25] that attract significant attention recently. We
study an interplay between the bulk and boundary systems by analyzing their anomalies. We
further exhibit dualities for both quantum models and partition functions that derive from CSS
codes. When the model is self-dual, it exhibits a non-invertible symmetry [26,27], an emerging
concept in condensed matter physics, high energy physics, and quantum information science.
Our results unify a number of prominent models in the literature and will be useful in studying
quantum phases of matter with generalized global symmetries including non-invertible and
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subsystem symmetries. Let us give an overview of our main results below.

First, we reformulate the construction of the foliated cluster state introduced in [23] in
terms of the so-called CSS chain complex (see e.g. Ref. [28]). We show that the tensor product
of chain complexes can be used to obtain a new chain complex describing the foliated cluster
state as well as the one that describes their spacetime lattice. Using it as an efficient tool, we
describe symmetries in the foliated cluster state and show that it has symmetry-protected topo-
logical (SPT) order [29-37] with respect to symmetries extended from those of the boundary
CSS code. When the boundary CSS code is subsystem symmetric, then the bulk symmetry can
be also subsystem symmetric.

We further establish the anomaly inflow mechanism [43] between an arbitray CSS code on
the boundary and the foliated cluster state in the bulk. We write the bulk and the boundary par-
tition functions with insertions of defects, which describe the spacetime motion of excitations,
and show that, upon gauge transformations and when put on a manifold with boundaries, the
bulk partition function produces a phase which is identical to an anomalous phase from the
boundary partition function. We show that an operator configuration introduced to define the
boundary partition function with defects is also produced from measuring the bulk state with
defects. This gives a CSS generalization of the relation between the bulk SPT response and
the boundary BF theory [44,45]. In particular, our discussion covers the fracton models that
have the structure of a CSS code such as the X-cube model and the checkerboard model [15].

Then, we utilize the (foliated) cluster state to construct a variety of statistical models.
Using an appropriate product state |[2(J,K)), we get a relation of the form

Z(J,K) =N x(Q(U,K)lyc), (D

where [v).) is the wave function of the foliated cluster state, Z(J,K) is the resulting partition
function of a statistical model with parameters J and K, and A is a normalization constant.
For instance, setting the 2d quantum plaquette Ising model as the CSS code, the partition
function of the 3d classical anisotropic plaquette Ising model, which is studied in the context
of superconductors [46], is obtained. Studying the interplay between the foliated cluster state
and measurements, we further obtain a generalization of the Kramers-Wannier-Wegner dual-
ity [13] for classical partition functions, where in the precise version, dual partition functions
with defects are summed over, i.e., in the dual theory a symmetry is gauged. This gives a CSS
generalization of such exact dualities mentioned e.g., in [47].

Then, we consider the measurement-assisted implementation of the KW operator following
Refs. [5,7] for general CSS codes. We will demonstrate that the fusion of the duality operators
is non-invertible,

KW' o KW = Z(symmetry generators) , (2)

where KW' is the adjoint of the Kramers-Wannier duality operator KW. This generalizes a
result for the 2d plaquette Ising model provided in [48], where the right hand side becomes the
sum of rigid-line symmetry generators.? Our miscellaneous results along these lines include a
mathematical proof that the protocol presented in [7] can be implemented deterministically
for general CSS codes by explicitly proving that randomness of measurements can be converted
into an operator that is homologically trivial. We also provide an extension of the procedure
to the Chamon model [50], which is a non-CSS code.

ISee e.g. Ref. [38,39] for discussion on lattice models with SPT orders with respect to higher-form global
symmetries and Refs. [40-42] with respect to subsystem global symmetries.

2Such a sum of symmetry generators can be identified with the so-called condensation defect [49], which arises
from gauging the relevant symmetry along a submanifold with non-zero codimension.
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Further, with appropriate product states |w(K)) and |+)", we will obtain relations of the
form

Z(K) =N x {w(K)|KW|+)" , 3)

where Z is a statistical partition function with parameter K and N is a normalization con-
stant. The equation (3) is a generalization of the strange correlator [51,52] in the sense that
KW|+)" is a gapped quantum state described by the CSS code, which includes topologically
ordered or fracton states, and the overlap gives us a classical statistical model.® As examples,
we discuss the 2d classical Ising model, the 2d classical plaquette Ising model, and the 3d
tetrahedral Ising model, whose partition functions we will derive from ground states of the
toric code, the 2d quantum plaquette Ising model, and the checkerboard model, respectively.
The general construction covers a variety of examples including other subsystem symmetric
spin models, which we summarize and review in Table 1 and Appendix A. In the literature,
the strange correlator for a topologically ordered state was constructed with its string-net rep-
resentation [52]. Our result provides an alternative and straightforward route to obtaining a
strange correlator for a broad class of gapped quantum systems represented by CSS codes.

Finally, we apply our results to a family of self-dual models with subsystem symmetries.
The family contains the the plaquette Ising model as an example and some of the models are
new to the best of our knowledge. The Kramers-Wannier duality becomes a non-invertible
symmetry (see e.g. [27,53-57]) at a special coupling constant.

This paper is organized as follows. In Section 2, we review the construction of the foli-
ated cluster state [23] and reformulate it in terms of the CSS complex. We then argue that,
when the CSS code defines a lattice model, the foliated cluster state is in the SPT phase with
respect to the symmetries dictated by the CSS code. We illustrate the symmetries and the ex-
citations of the cluster state with examples that possess subsystem symmetries. In Section 3,
we demonstrate the anomaly inflow mechanism for a general CSS code and its foliated cluster
state. Readers who are interested in dualities may skip this section. Section 4 is devoted to the
study of the interplay between the foliated cluster state and the Kramers-Wannier dualities.
In Section 5, we study some models that are invariant under the Kramers-Wannier duality.
Appendix A studies the Kramers-Wannier duality for the CSS codes that underlie some fracton
models. In Appendix B, we study the measurement-based gauging (Kramers-Wannier duality)
of a non-CSS code, namely, the Chamon model. Appendix C provides evidence that the foliated
cluster state possesses an SPT order using an argument based on gauging. In Appendix D, we
provide a duality between classical statistical models obatined as strange correlators of CSS
code ground states. In Appendix E, we prove the non-degeneracy of the intersection pairing
between homology classes, a fact we used in proving the possibility of a correction procedure
for random measurement outcomes when preparing general CSS codes. Appendix F reviews
the algebraic formalism for translationally invariant lattice models and applies it to study the
Kramers-Wannier duality, the correctability of measurement outcomes, and the ground state
degeneracies for various higher dimensional models that we consider in Section 5.

3The relation (3) is different from the relation (1). For example, with the Kramers-Wannier transformation KW
for the (2+ 1)d quantum plaquette Ising model, the relation (3) gives the 2d classical plaquette Ising model, while
Eq. (1) gives the 3d classical anisotropic plaquette Ising model.
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2 Symmetry protected topological states for CSS codes

2.1 Foliation of CSS codes

To discuss the anomaly inflow and SPT states, we will make use of the foliation construction
of a cluster state for a given CSS code [23].* Here we give a short summary. A stabilizer code
is the subspace stabilized by a set of stabilizer operators, each of which is a product of Pauli
X or Z operators multiplied by a phase. A CSS code by definition has stabilizers consisting
of purely X or purely Z operators. We let Sy = {A,} and Sz = {Bg} be the sets of stabilizer
generators made of X and Z operators and labeled by a and f3, respectively. We label the
physical qubits of the code by i = 1,...,n. For a given CSS code, we define a graph Gy from
the X -stabilizers Sy as follows [23].

* Introduce n + |Sy| vertices, labeled by either i or a.

* Introduce a single edge between vertices i and a if and only if the stabilizer A, contains
X for qubit i so that all the edges in Gy are of this type.

From the Z-stabilizers S, we construct a graph G, in a similar way. We then construct a
bigger graph G. Let j be integers in some range J = {j =0, 1,...,L,, — 1}, which is periodic
(j ~j+L,) or open. The graph G is constructed by the following procedure.

* For each integer j € J, let Gg) be a copy of the graph G;.

* For a half-integer j +1/2, let G)((j T2 pe o copy of the graph Gy.

* Between j and j + 1/2, introduce an edge connecting the qubit i in graph G(Zj) and the

qubit 7 in graph G)((jﬂ/z), foralli=1,...,n.

* Between j—1/2 and j, introduce an edge connecting the qubit i in graph G)((j ~1/2) and
the qubit i in graph Gg) fori=1,...,n.

The foliated cluster state Iwécss)) for a given CSS code is obtained from the graph G as the

simultaneous +1 eigenstate of the stabilizers

Kv =Xv l_[ Zv’ (V € V): (4)

(v,v')eE

where V and E are the sets of vertices and edges in G and the product is over the vertices v’
such that there is an edge (v,v’) connecting v and v’. The state can be also written as®

& =11 cz,.1+)", ©)

(v,v')eE

where CZ , is the controlled-Z gate, CZ; 5 =|0);(0|; ® Iy +[1);(1]; ® Z,. See Figure 2 for an
illustration by a relevant model.

“The possibility to construct SPT states via foliation was mentioned in [58]. See [28] for the construction of an
SPT state in one lower dimension for an arbitrary CSS code.
SIn general, we write |¢)S for the tensor product of copies of state |¢) for qubits labeled by a set S.
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2.2 Chain complex for foliation

We let Ay = {0;}i—1,., be the set of objects o; assigned to the qubits i above. Likewise, we
let Ay ={0q}q=1,. 5, (Az ={0p}p=1,.s,)) be the set of objects assigned to the stabilizers
A, (Bg). In each concrete lattice model we will discuss, the vertices i, a, and  in Gy and G,
will correspond to cells 0;, 0, and 0 in a lattice. There, A (k = q,X, Z) will be the set of
corresponding cells. We write C;. (k = q,X, Z) for the group of chains ¢; with Z, coefficients
— i.e., the formal linear combinations

= Z a(cg; 0)o, (6)

OEA

with a(c,; 0) = {0,1 mod 2}. For any CSS code, one can introduce a CSS chain complex [2,
59,60] (see also [25])

1) 19 19 1)
0—> C; —> Cq—> Cx — 0. (7)

Here 6 (o) is the sum of o;’s such that the vertices 8 and i are connected in Gz, and 6x(0;)
is the sum of o ,’s such that the vertices i and a are connected in Gx. The nilpotency condition
6x 0 67 = 0 is equivalent to the commutativity of the stabilizers. For each lattice model, we
will give explicit expressions for the differentials. The groups Imé, and £ := Ker6x/Im &,
label the stabilizers and the logical operators made of Z, respectively. We can also consider
the dual chain (cochain) complex

* ok * *

0 Cy = Cqe—Cx «—0, €))

where we identify C; = Hom(Cy, Z,) with Cj using the bases A and the intersection pairing.®
The groups Im 6 and £* := Ker 6% /Im 6} label the stabilizers and the logical operators made
of X, respectively.

As a useful notation, for a chain ¢; € Cj, we write

P(cp) = [ | Plo)tes, )

OEA

with P(o) a single-qubit Pauli or Hadamard operator acting on the qubit at ¢ € A;. Then, the
CSS stabilizers can be written as

Aa:X((S;;O'a), Bﬂ:Z(5ZO'/5), (10)

with o, € Ay and oy € A;. The models we will consider are defined either by the Hamilto-
7

nian
HS=— 3" a4,— > By (11)
O,€EAy OpEAZ
or by the Hamiltonian
AS=—-2 > X;— > B, (12)
0;€A, Op€EAZ

Explicitly, we identify c* € Hom(C,,Z,) with ¢ € C; so that c*(¢’) = #(c Nn¢’) for any ¢’ € C,, where
#(cnc)= ZaeAk a(c; o)a(c’; o) is the intersection number (pairing) between ¢ and ¢’. Since c¢*(6¢’) = (6*c)(c’)
by definition, we have #(c N &c’) = #(&*cNc’).

’For example, in Kitaev’s toric code on the square lattice, A, = A, is a set of 2-cells (faces), A, = A, asetof
1-cells (edges), and Ay = A, a set of O-cells (vertices). The differential 6,0, (o, € A,) is the sum of four edges
around a face, and 850, (0 € A,) is the sum of four edges around a vertex.
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with parameter A and the Gauss law constraint A, = 1 for o, € Ay imposed on the physical
states. We ensure the locality of the models by demanding that each model is defined on a
lattice such that its fundamental region contains a finite number of stabilizer generators, each
of which only contains Pauli operators from nearby cells.

To reformulate the foliation procedure, we generalize the sets A, (k = q,X,Z) by intro-
ducing a coordinate w, which is periodic w ~ w + L, if the periodic boundary condition is
imposed. We define A, (k = q,X,Z) as the set equipped with a point {w = j} on the line
parametrized by w:

ac={Jaf, af ={oxw=j}locad, (13)

J

where the range for jis0 < j <L, (0<j<1L,—1) for the open (periodic) boundary
condition. On the other hand, we define Ay, (k = q,X,Z) as the set equipped with an
interval [j,j+1]={j <w<j+1}:

L,—1 ) )
A= ] AV, AD ={ox[j,j+1]loen. (14)
j=0

We define chains ¢ and ¢, (k =q,Z,X) in the same manner as above and define the tensor
product ® as a multi-linear map satisfying 0 ® T = o x 7 for cells o and 7, where x denotes
the direct product of sets. The foliation construction of the graph G can be described with the
following foliated chain complex:

o o o o o
0—Czy —C;0C;,, — C®Cx,, — Cx —0. (15)

The differentials & in the foliated chain complex are defined as follows.®
e Foro;, =0z x[w,w+1]with o, € Az, we define

60‘Z’W:5ZO'Z®[W,W+1]+O‘Z®({W}+{W+1}). (16)

* For 0; =0, x {w} with 0, € A,, we define
00, =00, {w}. a7
* Forogy,, =0, x[w,w+ 1] with oy € A,, we define
an,w:5X0q®[w,w+1]+aq®({w}+{w+ 1}). (18)

* For o4 =0y x {w} with 0, € Ay, we define

q
00,=0x0,®{w}. (19)
e For oy, =0x % [w,w+ 1] with ox € Ay, we define

605, =0x®({wh+{w+1}). (20)

* For oy = 0x x {w} with oy € Ay, we define

BO'XZO. (21)

8Here we omit subscripts from differentials & to simplify notations. We make them distinguishable from the
context.
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The nilpotency of the differentials can be shown by explicit calculations. For example, take
0z €Cz,. Wehaveodo,, = 5ZO'Z®[W,W+1]+O‘Z®({W}+{W+1}). The first term is in Cg
and the second term is in C,. The differential of the first term is then 6,0, ® ({W} +{w+ 1})
(note that we used 6% = 0 to reduce terms), and the differential of the second term is also
6,0,® ({W} +{w+ 1}). Thus 620z, = 0. One can repeat this calculation for every generator
of every chain group to see that & is nilpotent. The complex (15) is the tensor product® of
the CSS complex (7) and the cell complex of a 1-dimensional lattice. We obtain the dual
differential 6* as the dual (i.e., transpose if formulated in terms of matrices) of §.

We identify “vertices” in the graph in the foliation process [23] with elements of A as
follows:

. Gg) consists of vertices assigned to Ay U A,. After the foliation, vertices are placed at
Az UA at the layer w = j.

. G)({J 12 consists of vertices assigned to Ay U A,. After the foliation, vertices are placed

at Ay, U A, with the interval w =[j, j + 1].

Let us write Ag, = Az UA,, and Ag, = A U Ay ,,.'% Qubits in the foliated cluster state are
placed at A, U Ag,. Let us write Cp, = C; @ C,, and C,, = C, ® Cx ,,. Then, the foliated
chain complex can be written as

8 5 5 8 8
0—Cz,,—Cy —Co, —Cx—0, (22)

and its dual chain complex as
&* &* &* &* &*

0e—Cyz, «—Cq, «—Co, < Cx «<—0. (23)

The stabilizers (4) of the foliated cluster state can be written using a notation similar to (9) as

K(o)=X(o)Z(60) (c€Ay), (24)
K(z)=X(7)Z(6*7) (T €Ay,)- (25)
The foliated cluster state |¢écss)) can be written as
W’écss)) = Uz |+) a0 (26)
Uz = ] czeée™. (27)
0€Aq, ’
T€Aq,

The operators X(67) and X(6*c) (v € Ay, 0 € Ax) play the role of parity check operators
in the topological measurement-based quantum computation [23,24,61] based on the foliated
cluster state.

2.3 SPT order of the foliated cluster state

Below, we analyze the foliated cluster state (26) for a general CSS code that defines a quantum
many-body system. The general discussion here will be followed by the analysis of concrete

. 5 5 5 5 5 5 . - .
°Given two complexes ... = C;;; = C; = ... and ... = C/,, = C/ — ... with Z,-coefficients, their tensor

product is the complex defined by (C ® C"); = P, C; ® C,_; with differentials given by c® ¢’ — 5c® ¢’ +c® &'c.
1%Tn the foliation process for a specialized CSS code (generalized toric code) in Ref. [45], A, corresponds to

n-cells and A, to (n— 1)-cells in the d-dimensional hypercube lattice. For the RBH cluster state [24], which is

obtained as the foliation of the toric code, Ag, and A, are respectively the sets of 2- and 1-dimensional cells.
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examples. Since the state is the (unique) eigenstate of K(o) (Vo € AQ1)’ it is also a +1
eigenstate of K(c) :=X(c)Z(6c) (c € Cq ). It follows that

X@WYT) =K (2)pTD) = [ T5), (28)

where z € G, is a cycle (62 = 0) in the foliated chain complex. Similarly,

X(2)PE) =5y, (29)

where z* € Cy, is a dual cycle (62" = 0) in the foliated chain complex. The operators X (z)
and X(2z*) can be seen as the generators of global symmetry transformations.'! The global
symmetry can be a higher-form or subsystem symmetry depending on the CSS code.

2.3.1 Projective representation on the boundary

Let us consider the graph and complexes constructed as in Sections 2.1 and 2.2, with with the
open boundary condition. We entangle general states |¢?) and |¢E+)) defined on qubits in
A((lo) and AflLW) with a cluster state in the bulk:

Ccss
WG @, ) = U (14 )bkl D Doy ) (30)
where O )
[+ pulk 1= [H) 220 8an A (A ATUAT) |¢)bdry1=|¢(0))|¢(LW)> (31)

and U, is the product of CZ gates defined as before. Note that we include A(ZO) and A(ZLW) in
the bulk part.
We are interested in two kinds of bulk operators. The first kind is X(23) with 27 € C,

satisfying 6"z = 0 and 25 = z;(o) ®{w=0}+ zz(LW) ®{w=1L1,}+..., where the ellipses are

supported on A \(A(O)UA(LW)). The second is X (2™ on | (CSS), with 2l € C,,. satisfying
Q3 q q 1 C 1 Q

62 =29 @ {w=0} +z((]LW) ®{w =L, } with z((lo), zéLW) € Cg. The bulk operator X(z}) induces

logical operator X (ZZ) on statesat w =0, L,,:

X (23)Uez (14 buil D Vbary) = UezX (23)Z(8*25) (|14 butk ) bary )
= Ucz (1) buncX WX ()1 ) pary) - (32)

The other bulk operator X (z{el) induces the logical operator Z(z,) on the boundary:

X(Ziel)ucz(l"i')bulk'¢>bdry) = Uch(ziel)ZwZiel)U+>bu1k|¢>bdry)
= Ucz (1) burcZ (D Z (@) bary ) - (33)

See Figure 1 for an illustration. In particular, on each boundary w = 0 or w = L,,, the logical
operators furnish a non-trivial projective representation of (copies of) Z, x Z,, which guaran-
tees the non-trivial degeneracy on the boundary and the existence of edge modes.

This is strong evidence for an SPT order. See [39,62] for a related argument. We note that
the logical operators are all induced by bulk X -operators that commute with each other. This
will be important for anomaly inflow to be discussed in Section 3.

In Appendix C, we provide another argument for an SPT order of the foliated cluster state
by gauging global symmetries.'?

1Taking the toric code as an example of a CSS code, the foliated cluster state is the 3d RBH cluster state, and it
has a pair of 1-form symmetries, see Ref. [39].

12 Another piece of evidence for an SPT order is that the global symmetries act projectively on the tensor network
representation of the cluster state, as explicitly described in the case of Wegner models in [63].
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Ker(55) cycle on Q,

Ker(dy)

Figure 1: The foliated cluster state with edge modes satisfies the relations in (32)
and (33). The logical operator in (32) is supported on z;(o) and zz(L‘”), which are

elements in Ker (67%). On the other hand, the logical operator in (33) is supported on

(Lw)

q "', which are elements in Ker (5 ).

(0)
24 and g

2.3.2 Partition function

A useful quantity that characterizes an SPT order is the partition function that depends on the
background gauge fields coupled to the global symmetries that protect the topological order.
Each background gauge field is Poincaré dual to the world-volume of a defect that generates a
global symmetry. Here we propose a formula for the partition function of the foliated cluster
state on a torus as a functional of the world-volumes of defects.

Symmetry generators X(2z) and X(z*) in (28) and (29) are defects extended purely in
the spatial directions (w ~ w + L,,). We introduce defects whose world-volumes include not
only spatial directions but also the time direction. Consider deforming a purely spatial world-
volume supported on a cycle into an arbitrary shape in spacetime. On the intersection of the
deformed world-volume and a constant time slice, there appears a cycle

2q, € Cq, with 62, =0  or zal € Cq, with 5*251 =0. (34)

Such cycles represent the excitations (violation of stabilizer conditions) created by Z(z2,,) and

zZ (z(’“21 ). The location of a defect can be changed by acting with the X operators supported on
*/

a chain. For example, acting with X (cc*zz) such that 6 *caz =325 — 251 changes the location of

*

Q
X(cy)- Z(zy I ESP) = K(cj )2 (= Y $P) = 2(z5 Yy &), (35)

where we used the equality K (c(*zz) =X (caz)Z (5*%2). The combination of such excitations
and X operators form the world-volume of a defect in spacetime.

The world-volumes of defects can be described succinctly by a chain complex that models
the spacetime. We model the Euclidean time by the circle M, parametrized with T ~ 7 + L.
and consider 0-cells {j} and 1-cells [j, j+1] parametrized by integers j. Let us consider the cell

*/

an excitation from 2 e

to g
1

3
complex Cf) — C(()T), where C'™ is the abelian group generated by i-cells. We then take the

i
tensor product!'® of the complex in (15) and C,(M.). The product complex includes a portion

d=6®id+id®d d'=6®id+id®d
i Cq, ® Co(M,) ® Cq, ® C1(M,) ———— ... (36)

13See footnote 9.

11
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A general cycle z € Kerd' is of the form

Z=ch®{j}+sz®[j,j+1], (37)
J J

where ¢; € Co,» 2j € Cq,, 02; =0, and j € Z. To z, we associate the following operator
insertions and the excitations of states. At time T = j, we insert (act by) the operator X(c;).
During the period [j, j + 1], the system is in a state excited by Z(z;). The condition d'z = 0,
or equivalently

Zj :Zj_1+5(:j, (38)
implies that the excitations are created and destroyed on the boundary é¢; of the chain ¢; on
which X operators are inserted.

Similarly, a general dual cycle z* € Ker d* takes the form
z*=sz®[r,r+1]+Zc;"®{r} (39)
r r

with 2¥ € Cy,, 6%z =0, ¢! € Cy,, and r € Z +1/2."* We associate to z* the insertions of
X(c?) at times T = r and the excitations by Z(z) during the period [r,r + 1].
With such associations, the partition function®®

788 221 =Te[X(ey ) .. X(e)X (] _y)0) - X (e ,)P(20,57, )] (40)
where
P(z0,5" ) = Z(30)Z (5" )l )12 (5% ;)2 (30) (41)

is given in terms of the intersection number #(z N z*) as

ZCSS [Z, Z*] — (_1)#(zﬁz*) . (42)

foliated

To see this, note that the insertion of X(c;) = K(¢;)Z(6¢;) or X(c;) = K(c;)Z(6%c;) picks up
a sign when the position of a K operator coincides with that of an excitation, and changes the
locations of excitations by the Z operators. See [45] for a more explicit computation in the
case of Wegner’s models.

2.4 Foliated cluster states for fracton models

In this subsection, we illustrate the construction of the foliated cluster state using examples
with subsystem symmetries.

2.4.1 (2+ 1)d plaquette Ising model

We begin with the plaquette Ising model in 241 dimensions (2d-qPIM). An advantage of this
model is that the symmetry generators for the foliated cluster state can be visualized by draw-
ing three-dimensional figures. On the other hand, the model is atypical because one of the
differentials, namely 6y, is zero.

The model defined by the Hamiltonian

HZd-qPIM = _Z Zx,ny+1,ny,y+1Zx+1,y+1 = _Z l_[Zv . (43)
Xy f vcf

14We identify [r,r + 1] with {r + 1/2} € C,(M,), and {r} with [r—1/2,r +1/2] € C,(M,).
15The X insertions can be viewed as time evolution operators, and the projections as specifying the initial con-
dition.
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Here v = (x,y) € Z*/(L,Z & L,Z) are the vertices of a 2-dimensional square lattice of
linear sizes L, and L. The model is solvable and has 2"y~ ground states [64]. On each
vertex v, we introduce a qubit. An elementary excitation, where the operators [ [, 72y take
values +1 for all faces f except one, cannot be moved to another location by the action of
Pauli operators without producing extra excitations. On the other hand, a pair of such adjacent
excitations in the x (y)-direction can be moved in the y (x)-direction by the action of a string
of X-operators.

The model can be understood in terms of a stabilizer code whose defining stabilizers are
(up to minus signs) the terms in the Hamiltonians. This stabilizer code is of the CSS type
because each stabilizer consists of entirely Pauli Z operators. We identify Ay = A, Ag = A,
Ay = 0. Here and in what follows, subscripts {x, y,%,w} in A, denote the directions in which
each cell is stretched. When the subscript is 0, then A, denotes the set of vertices. The CSS
chain complex for the 2d-qPIM is

5 15} 5
0_)ny_Z)CO_X)0> (44)

where differentials are defined as follows.

* For a plaquette [x,x + 1] x [y,y +1] € A,,, we set

Xy»

67([x,x +1] x [y, y +1]) = {(x, )} + {(x + L, y)} +{(x, y + 1)}

e+ 1Ly + 1), ()

where the R.H.S. is a formal sum of four vertices.

* For a vertex {(x,y)} € A, we set

6x({(x,y)}) =0. (46)

Then the stabilizer can be written as S; = {Z (6,f )}

from (44), there is no X-type stabilizer: Sy = 0.

Global symmetries of the plaquette Ising model are generated by the operators X(z*)
(z" € Cy with 632" = 0) and the operators Z, ,. Examples of z* € C, with 532" = 0 are
the straight lines in the x- or y-direction, corresponding to the operators

. For this model, as can be inferred
f eAxy

Ly Lx
Wy =] [Xey, W) =] [%.,- 47)
y=1 x=1

The operators obey the anti-commutation relations

Ze yWay (X)) = —Wi)(X)Zy ,,,  Zy Wiy (y) = —W)(¥)Z,. - (48)

The operators W(; 5y and Z, ,, are special cases of logical operators mentioned at the beginning
of Section 2.2.

Following the general formalism we outlined in the previous subsections, we consider cells
Az, = Ay, (cubes), A, = A, (horizontal faces), Ay, = A, (vertical edges), Ay = A,
(vertices), Ay ,, =0, Ax = 0. We make the w direction periodic with w ~ w + L,,. We obtain
the foliated chain complex for the 2d-qPIM:

®C, > Cy—20. (49)

13
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o w=j+1

w=j+1/2

Figure 2: The unit cell of the cubic lattice on which the bulk cluster state for the
(2 + 1)d plaquette Ising model is defined. The horizontal layer for w = j (j € Z)
corresponds to the face stabilizers Ay = Il 7 Zy and contains qubits corresponding
to code qubits (on vertices) and Z-stabilizers (on horizontal faces). The horizontal
layer for w = j + 1/2 contains only qubits corresponding to code qubits (on vertical
edges).

Qubits in the foliated cluster state are placed at Ay, = A,, UA,, and Ag, = A,. We use the

entangler
v= T1 ez =([[lez)«([1T1ez). oo

OEA,UA, ecA, vCe feA, vef
TEA,

to define the cluster state

|w£22d—qPIM)> =Z/{Czl+>AOUAWUAXy . (51)

The stabilizers can be written as
Ky =X(f)Z(6f), K,=X(e)Z(oe), K,=X(v)Z(o6"v). (52)

By construction, the cluster state is the ground state of the Hamiltonian
2d-qPIM
HY M=K — > K, — D K, . (53)
f e v

See Figure 2.
A cycle 2z, that supports excitations is an arbitrary linear combination of vertices. Exam-
ples of dual cycles 251 in (34) that support excitations are

* straight lines in the w-direction formed by faces in the x y-directions,

* straight lines in the x- or y-direction formed by edges in the w-direction, and more
generally,

* curves in an xw- or yw-plane formed by faces in the xy-directions and edges in the
w-direction. This is depicted in Figure 3.

A curve in the third item is of the form

L,~1 L,—1

25, = > 2D w=j}1+ > {(uyx i <Sw<j+1}, (54)
j=0 j=0
with
j—1 L,—1
20 =20+ 55y}, D) 83yl =0, (55)
i=0 i=0

14
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|8 #

Figure 3: An example of excitations in H(zzcl'qPIM described by a dual cycle 251'

Q1 / / / z0, . . .

| | J—

Figure 4: Symmetries in the cluster state H gd"qPIM. (Left) An example of symmetry

generators supported on z, . (Right) An example of symmetry generators supported

*
on ZQ2 .

Y

Similar constructions will be used for many examples below.
A symmetry generator of the foliated cluster state is supported on a cycle 2z, or a dual
cycle z(*zz. Examples of a cycle z,, are

* straight lines in the w-direction formed by vertical edges giving the symmetry generators

L,~1
l_[ X{(x,y)}x[w,w+1] . (56)

w=0

* straight lines in the x- or y-direction formed by faces in the x y-directions giving

L1 L,—1
[ [Xeometyyaro> | [ Xecnistyy i (57)
x=0 y=0

and more generally

* curves in an xw- or yw-plane formed by vertical edges and faces in the x y-directions.

An example of a dual cycle zaz is an xw- or yw-plane formed by vertices, giving

Ly Lw Lx Lw
Xeeyws | 1] Xy (58)
y=1lw=1 x=1w=1

The two types of symmetries are depicted in Figure 4.
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2.4.2 X-cube model

The X-cube model is a quantum spin model on a 3d cubic lattice, which we take to be pe-
riodic in all three directions with periods L,, L,, and L,. We identify A, = A, , (cubes),

Ay = Uk=x,y,z Ay (edges), and Ay = Uk=x,y,z A(Ok) (three copies of vertices labeled by k at
each vertex). The chain complex for the X-cube model is given by

5 5 5 5
0->5Cype—> P G ¢ o, (59)
k=x,y,z k=x,y,z

where differentials are defined as follows.

* For [x,x+1]x[y,y +1] x [z,2 + 1] € A,,, we set

52([x,x+1] x[y,y+1]x [z,z+1])
= > (box+ 10 {(y+s,z+ O+ {x+shx [y, y + 1] x {z+1)
s,t=0,1

+{(x+s,y+t)}x[z,z+1]). (60)

* For [x,x +1]x{(y,2)} € A,, we set

Sx([x,x +11x {(y,2)}) = D G, 3,2 @+ D {x+1L,y,2)}®, (61

k=y,z k=y,z

where {(e,0,)}0) ¢ A(()k). Differentials for cells in A, and A, are defined in similar
manners.

The chain 6;c (c € A,,,) is a sum of twelve edges contained in the cube. The chain dye
(e € Uk:x’y’z A;) is a sum of four vertices at the end of the edge, where the type labeled by

k differs from the direction of the edge. For illustration, take a vertex ng) S Agx). The dual

differential 0% 0'(()’() is the sum over four adjacent edges within the plane perpendicular to the
x direction. Using this set of definitions, stabilizers for the X-cube model can be written as

SZ = {Z(EZC)}ceAXyZ > SX = {X(5;<(V)}veukzx’y,z Ag() ’ (62)

where the first is the set of cube terms, and the second of star terms in the defining Hamiltonian

He=— Y. > X(Ev)— > Z(550). (63)

k=x,y,2 VGAE)k) CEA,y;

See Figure 5 for illustration. Im & dictates the linear mobility of lineons, and Im 67, dictates
the planar mobility of planons (pairs of fractons separated in the x-, y-, or z-direction).
Global symmetries are generated by Z(z) and X (%) (2,2" € D=y, Ci) such that 5xz =0
and 67z* = 0. An example of z is a straight line (without ends) in the k-direction formed by
edges in the k-direction (k = x, y,2), giving a string operator Z(z) as a symmetry generator.
For a line ¢ € C; with two ends, the string operator Z(c) creates excitations at the ends that can
be moved along the line by the application of another string operator; each of such excitations
is known as a lineon, while the pair of lineons separated in the k-direction is mobile along
the plane perpendicular to the k-direction and is known as a planon [65]. An example of z*
is a surface with no corner in the k’k”-directions formed by edges in the k-direction (k, k', k”
distinct), giving a membrane operator X (z*) as a symmetry generator. For a rectangle c* € C;
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§X type-(y)
_ BN $ s
X type-(2)
] 6z Ox
— EESTE— —_ $ $
y type-(z)
_ ‘SX 3

g
type-(y)
Figure 5: The X-cube model.

in the k’k”-directions with four corners, the membrane operator X(c*) creates excitations at
the corners; these excitations are known as fractons [15].

The foliated cluster state is defined on a 4-dimensional hypercubic lattice. For 1-cells in
the w-direction, we consider three copies of A, and denote them by A%‘) with k = x, y,2. We
place one qubit on each ¢ € A,,,, one qubit on e € A, UA  UA,, one qubit on e € Agf)
(k =x,y,2), and one qubiton f € A, UA ,, UA,,,. We write

po=80 U 8w bo=( U adu( U &%)
k=x,y,z k=x,y,z k=x,y,z
as well as
Co,=Crr:® D Cu. Co,=( D c)o( P c¥). (65)
k=x,y,2 k=x,y,2 k=x,y,2

Note that qubits are placed at Ag, U Ag,. Then the relevant chain complex is

0" Coyow—Cers® D w2 ( P c)o( P c®)-> P cP-So.

k:x’y’z k=X,y,Z k=x,yz _X,.y;
:CQl :CQZ

(66)
Differentials are nilpotent by construction. The foliated cluster state I"L,ZJ(CXCM)) is characterized
by the stabilizers

K(o)=X,Z(60) (c€hg),
K(0')=X,Z(60") (0" €Ay,). (67)

An excitation is supported by a cycle zp, € Cp, with 63,, = 0 or a dual cycle z(*21 € Cq,
with 6 *251 = 0. Examples of a cycle z,, are

* astraight line in the w-direction formed by edges in the w-direction and of type x, y, or
2z,

* a straight line in the x-, y-, or z-direction formed by edges in that direction, and more
generally

* a curve on a kw-plane (k = x, y,z) formed by edges in the w-direction (of types k’ and
k') and edges in the k-direction (k, k’, and k" distinct).

Examples of dual cycles zgl are
* a straight line in the w-direction formed by cubes in the x yz-directions,
* astraight line in the x- or y-direction formed by faces in the zw-directions (and similar

straight lines obtained by permuting x, y, and ), and more generally
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Figure 6: An example of symmetry generators in the cluster state Iw(CXCM)) described
by zaz. The three-dimensional picuture obtained by projecting the four-dimensional
structure with respect to the k”-direction is illustrated. The edges in the w-direction
is of type k”.

* acurve on a kw-plane (k = x,y,z) formed by cubes in the x yz-directions and faces in
the k’w-direction (k’ # k).1°

A symmetry generator of the foliated cluster state is supported by a cycle z, € Cq, with
02y, =0 or adual cycle zaz € Cq, with 6 *252 = 0. Examples of a cycle z,, are

* a plane in the kw-directions (k = x, y, z) formed by faces in the kw-directions,

* a plane in the kk’-directions (k # k’) formed by cubes in the x yz-directions, and more
generally

* a straight line in the k-direction (k = x,y,z) times a curve on a k’w-plane (k’ # k)
formed by faces in the kw-directions and cubes in the x yz-directions.!”

Examples of a dual cycle zaz are

* aplane in the k’w-directions formed by edges in the k-direction (k # k'),

e a plane in the kk’-directions formed by of type k” (k,k’,k” distinct) in the w-direction,
and more generally

* a straight line in the k-direction times a curve on a k’w-plane formed by edges in the
k’-direction and edges of type k” (k,k’, k” distinct) in the w-direction. This is illustrated
in Figure 6.

Excitations that can be moved by symmetry generators are created by Z(z) with z € C,
satisfying 6z = 0 and by Z(z") with 2* € Cy, satisfying 62" = 0. An example of z € CIE/X)
with 6z = 0 is a straight line in the w-direction at fixed (x, y,z). An example of 2* € C,,, with
0%2™ = 0 is a straight line in the y-direction at fixed (x,z,w), or in the z-direction at fixed

(x, y,w).

16To visualize this, one can imagine multiplying a segment {j < z < j + 1} to every cell in Figure 3.
7To visualize this for k = z as an example, one can imagine multiplying {0 < z < L,} to every cell in Fig-
ure 4 (Left). The direction k’ would be x in the figure.
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Figure 7: The checkerboard model.

2.4.3 Checkerboard model

We consider a cubic lattice and group the cubes into shaded and unshaded ones as in Figure 7.
The Hilbert space of the checkerboard model is given by qubits placed at vertices of the lattice.

The Hamiltonian is
Hcpm =—Z l_[XV_Zl_[Zw (68)

c vCc c vCc

where the summations are over shaded cubes only. See Figure 7 for illustration.

The checkerboard model also admits a CSS chain complex description. Let us write the
set of vertices as Ay. We double the set of shaded cubes and define AS}),Z’Z and AS}),Z x as
independent cells. We have a chain complex over the cells above:

6z Ox

0—c® 2, CO—>C(S)

) 2 —0. (69)

The differentials are set as follows. For ¢ € AS)),Z 7> 0zc is the sum of 8 vertices at the corners
of c. Forv ={(x,y,2)} € A, 6xV is the sum of 4 shaded cubes adjacent to (x, y, ). Note that
0x 067 =0 (i.e., it is nilpotent). The dual boundary operator &7 is obtained as the transpose
of 6i>

6*

5*
5 ¢y 2 ¢

()
0—C xXyz,Z

xyz,X —0. (70)

The dual boundary operator is also nilpotent, i.e., 67 0 63 = 0.

Global symmetries are generated by Z(z) and X (z*) (z,2" € Cy) such that 65z = 632" = 0.
An example of both z and z* is a straight line in the x-, y-, or z-direction, giving Z(z) and
X (z*) as symmetry generators.'®

Following the general construction, we obtain the foliated chain complex

6 o 6
0— C)(Cs;ZW - C)((S}BZ ®C, — CO ® CJ(cs}}zw C)(cs}?z 0 (71)
=Cq, =Cq,

defined using a 4-dimensional hypercubic lattice. The stabilizers for the cluster state |1/)(CCBM)),

the symmetry generators, and excitations can be described by cycles and dual cycles as in the
previous cases.

An excitation is supported by a cycle z,, € Cq, with 62,, = 0 or a dual cycle zal € Cq,
with 6 *zal = 0. Examples of a cycle 2, are

185ee [65] for the fractons, lineons, and planons created by Z(c) and X (c*) (c,c* € C,) with dyc # 0, d;c* #0.
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* a straight line in the x-, y-, or g-direction formed by vertices,

* astraight line in the w-direction formed by shaded hypercubes, and more generally

* a curve in a xw-, yw-, or zw-plane formed by vertices and shaded hypercubes in the
w-direction.

*

Q
* a straight line in the w-direction formed by shaded cubes in the x yz-directions,

Examples of a dual cycle 2 | are

* astraight line in the x-, y-, or z-direction formed by edges in the w-direction, and more
generally

* acurve in a xw-, yw-, or gw-directions formed by shaded cubes in the xyz-directions
and by edges in the w-direction.

A symmetry generator of the foliated cluster state is supported by a cycle z,, € Cq, with
032, =0 or adual cycle 25 € C,, with 6*z; = 0. Examples of a cycle 2, are
Qq Q, Qo Q, Q

* aplane in the xy-, xz-, or yz-directions formed by shaded cubes in the x yz-directions,

* a plane extended in the xw-, yw-, or zw-directions formed by edges in the w-direction,
and more generally

* a straight line in the k-direction times a curve in the k’w-directions (k’ # k) formed by
shaded cubes in the x yz-directions and by edges in the w-direction.

Examples of a dual cycle 2,

* a plane in the xw-, yw-, or gw-directions formed by vertices,

are
2

* aplane in the xy-, xz-, or yz-directions formed by shaded hypercubes, and more gen-
erally

* a straight line in the k-direction times a curve in the k’w-plane (k’ # k) formed by
vertices and shaded hypercubes.

3 Anomaly inflow for CSS codes

In general, the partition function of a quantum field theory (QFT) with symmetries is a func-
tional of the background gauge fields coupled to the symmetries. The ('t Hooft) anomaly
of a QFT is the non-invariance of the partition function under gauge transformations of the
background fields [66]. The background fields are Poincaré dual to the world-volumes of the
symmetry defects, and their gauge transformation is a local deformation of the world-volumes.
It has been known that the anomalies of the boundary and bulk systems can be described in
terms of symmetry defects. In the case of the Wegner models (more precisely generalizations
of the toric code) the equality of the anomalous gauge transformations, i.e., the anomaly in-
flow, was demonstrated explicitly in [45]. Here we study the anomaly inflow for a general
CSS code.

The basic manifestation of anomaly is the fact that the logical operators obey non-trivial
commutation relations.'® As in Section 2.3.1, we consider the foliated cluster state defined on
0 <w < L,, with boundaries at w = 0 and w = L,,. The operators X(2;) and X (z{el) represent
space-like defects.

“More generally, an anomaly implies that a group acts on the Hilbert space in a projective, rather than genuine,
representation. We emphasize that the anomaly is not a property of the Hamiltonian or the Lagrangian.
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3.1 Descriptions of defects by a chain complex

To describe general defects in a spacetime with boundary, we consider the following set-up.
For the foliated cluster state, with 0 < w < L, qubits are placed at

oq®{j}, oze{j} (72)

forj=0,1,...,L, and
oq®[j,j+1], ox®[j,j+1] (73)
for j=0,1,...,L, —1, with Oq€ Ay, 07 €Ay, and oy € Ay. As in Section 2.3.2, we model

the time by a circle M, and the chain complex C,(M.) and the spacetime by the triple product
of complexes Cpgs ® C,(M,,) ® C,(M,). The product complex includes a portion

d=6®id+id®d d’'=6®id+id®d

where we recall that Cp, = C; ® Co(M,,) ® C,® C;(M,,) and Co, = C;® Cy(M,,) ® Cx ® C1(M,,).
The set-up is almost the same as that of Section 2.3.2, but we propose that the world-volume
of the first type of defect is now given by a relative cycle z, € Cy, ® Co(M;) & Cq, ® C1(M,)
such that
dz=z0{w=0}+z®{w=1L,} (75)
with
2,2 € Cq® Co(M,) ® Cx ® C1(M,) (76)
and (6 ®id+id® 6)z = (6 ®id +id ® )z’ = 0. For the second type of defect, we propose that
its world-volume is given by a chain (dual cycle) z* € C,, ® Co(M;) & Cq, ® C1(M,) such that
d*z* =0
Let us decompose the relative cycle z, into space- and time-like parts:

L.—1 L.—1
z= ), ®{kb+ > 200 @[k k+1]. 77)
k=0 k=0
They must obey
L,—1 L;—1 L,—1
Diocde ik + > 63y ellk+11+ > 200 @ ({k}+{k+1})
k=0 k=0 k=0
(=dz)=z0{w=0}+zZ{w=1L,}. (78)

Writing z = Z ) @ {k} + > 25 &) @ [k, k + 1] with 5Xc(gk) = z)((k) (k D 20 and similarly for
Z/, we get

k k /(k
Bzé)rel_z}(()g’{w 0}+ A )®{W=Lw}> (79)
k k—1 k
zéjrel (QZ reg+50( )+c(k)®{w=0}+cé(k)®{w=LW}. (80)

In particular, {zQ rel|1

{cgk)|0 <k<L,—1},and {cgl(k>|o <k<L,—1}.
Let us also decompose the dual cycle z* into space- and time-like parts:

k < L, — 1} is determined from z© {c((zkl)IO <k<L;,—1},

Qy,rel’ -

L.—1 L.—1
2= > z0ekt+ Y, g P ek k+1]. (81)
k=0 k=0

20{z(k)ll <k < L_—1} is determined from 2 (0) and {cg")IO <k<L.,—1}L
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=1} =1 apply X(cg)Z(c) @ {w=0}). 7=}

g

Figure 8: Evolution of excitations in the foliated cluster state due to insertion of
defects. We take the toric code as an example of CSS codes, so the foliated CSS
chain complex describes the RBH state; the chain Cy,, is the 3-chain, C,, the 2-
chain, C, s the 1-chain, and Cyx the O-chain. (Left column) Initially, we have a set of
©) }) (red curvy lines) and Z (za(lo)) (blue curvy lines),

Q,,re
which terminate on the boundary at z)((o) ® {w =0} and 22(0) ® {w = 0}, respectively.

(Middle column) We can move the excitations by applying operators as instructed in
(84). (Right column) Due to the stabilizers of the RBH model, the new excitations
become supported on deformed cycles.

excitations described by Z(z

They must obey

- L1 L.—1
Z a*za(lk)®{k}+ Z zg(lk)®([k_1, k]+[k, k+1])+ Z 5*c5(2k+1/2)®[k, k+1](= d*z*)=0.
k=0 k=0 =0
(82)
It follows that @ (k+1) ) (k+1/2)
w(k) _ *#(k+1) _ _x(k #(k+1/2
S*ZQI — O’ le — le + 5*CQ2 . (83)

Thus {zg(lk)ll <k < L.} is determined from z*® and {cg(zkﬂ/z)lo <k<L.—1}.

Q
We note that zg)l)rel and 25(20) specify the initial state, which we implement by appropriate

projections. The chains instruct us to

_ X)), 2P e{w=0}),and 2P & {w=1L,}) att=k,
insert 1 d 41/ (84)
X(CQ2 ) att=k+1/2.
See Figure 8 for illustration.
3.2 The bulk partition function in the presence of boundary
Even in the presence of boundaries, we define the bulk partition function as
0 0
Zlfusli[zrela Z*] = Tr[OinsertedP(z((Qz),rel’ Za(l ))] = (Sloinsenedl“:) (85)
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with the time-ordered operator

Ly
k k—
Omserea = | [X(egZ(cP @ w=0)2(cP @ (w=L,DX(cf ), 86)
k=1

where k increases from right to left, the initial state

€) 1= Z(zg) )2 (20 WWE), (87)
and the projection operator
(0) *(0)y _ EVE
P(z,, e 2o, )= E)E]. (88)

We again find that the partition function is given in terms of an intersection number:
Ccss _ #(2aNZ*
Zbulk[zrel, Z*] - (_1) (Zei2") . (89)

This is not gauge invariant due to the presence of boundaries. Under the gauge transformation
of Z.e]

Zyo) > Zye tde+c®{w=0}+'®@{w=1L,} (90)
withc € Cz,,®Co(M,)®Co, ®C1(M,), ¢,c’ € C;®Cy(M,)®C,®C; (M), the partition function

changes as

ZCSS

bulk[zrel’ Z*] — (_1)#((C®{w:0}+c ®{W:LW})OZ*)ZbCuSIi[Zre1’ Z*] ) 91)

On the other hand, under the gauge transformation of z*
z¥ —>z"+d'c* (92)
with ¢* € Cy, ® Co(M,;) ® Cx ® C;(M.), the partition function changes as

Zgai 2, 2] — (1) (CRU=0lOt=bIND 7880 g ), 2], (93)

3.3 \Variations of the boundary partition function

As introduced earlier, we write the w = 0 part of the chaind'z, asz= Y, cflk) ®{k}+>, z)((k)
®[k,k+ 1] with
19) chlk) = z)((k) — z)((k_l) . 94)

Let us write the dual cycleatw=0as z* =, zz(k) ®{k}+>, c:]“(k”/z) ® [k, k + 1] with

5; C;(k—l/Z) — Z;(k) _ z;(k—l) ) (95)
We define the boundary partition function for a CSS code at the spatial boundary w = 0 as
Zfdsr?[z, z¥]:=Tr [Z(chf))X(cé(Lf_l/z)) ... Z(cél))X(cé(l/z))IF’(zgfo), z;(o))] , (96)

where P(z(o),zz(o)) is the projector that specifies the initial configuration of excitations in the

CSS code state at T =0,

1+ (—1)#(%”23(0))2(520/5)
2 B

(0)
i 14 (—1)2Cx 59X (5% 0 ,)
]P)(Z(O) (0)) — l_[ X~ a l_[ (97)

X 2%z 5
O.EAx OpEAy

and the time-ordered operator insertions inside the trace describe the motion of excitations
in spacetime according to the defects. One can regard the chain cék) as the location of string
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operators which move excitations on z)((k) at time interval [k — 1, k] to those on

interval [k, k+1]. Similarly, the chain c;(k_l/ 2) describes the location of string operators which

move excitations on zz(k_l) at time k— 1 to those on z;(k) at time k. When both of the defects

are absent the partition function gives us the ground state degeneracy of the CSS code.

The boundary partition function defined above may pick up a phase when the defects
undergo gauge transformations, which signals the anomaly. The tensor product of chain com-
plexes Ccgs ® C,(M.) includes a portion

(k+1) .
Zy at time

d=6®id+id®J
. T CZ ® CO(MT) &® Cq ® Cl(MT) _ Cq ® CO(MT) 57 CX ® Cl(MT) —_—> ... (98)

Here, 6 is 6, when acting on C; and 6x when acting on C,. We find the following anomaly
in gauge transformations:

CsS

Zbdry

CSS
Zbdry Z,7* ]

CSS * * %
Zbdry[z,z +d cgauge]

CsS
Zbdry zZ,7*]

[Z + dC E) Z*] *
gauge _ (_1)#(cgaugemz*) , (99)

= (—1) " sauge) (100)

where cgyyge € Cz ® Co(M;) ® C ® C1(M;) and ¢, .. € Cq ® Co(M;) & Cx ® C1 (M ). We show
the first equality for cases with cgy,0e = 05 ® {k} and cgyyge = 0 ® [k, k + 1]. The relation
with general ¢g,,g. follows from linearity of the intersection pairing, and the second equality
can be shown analogously. For the first case with the space-like gauge transformation, we get

the following transformation of the partition function:

Tr[... Z(cE DX (02 2P (c:01D) L Py, 25 ) |

z2—Z+dCgauge

————— e[ Z( X (D) Z(5,06)Z(INX (D)L P, 25 ™) . o)

We note that the eigenvalue of Z(6 ;0 ) on the right hand side is determined by whether there

(k) *
is an excitation at og ® {k}, and it is given by (—1)#(@pM%2 ) = (—1)#(¢auee?) | In the second

case with the time-like gauge transformation, we get

_ 0 0
Tr[ ... Z( X (D) 2 (X (c:01D) L P, 25 )]
P g K K K k ©) _+(0)
— *
————— T[22 (0 X (FD) 2 (0 )2 (cINX (D) PR, 2 D) ]
(102)

#(k+1/2)
and the R.H.S. is equal to the original partition function up to the phase (—1)#(@a"¢ e

= (—1)#(%6“86”2*). Thus the anomalous transformations (99) and (100) are shown for the
boundary at w = 0. Similar transformations occur on the other boundary w = L,,. They are
identical to the anomalous variations of the bulk partition function in (91) and (93).

3.4 Relation between the bulk and the boundary systems

We now argue that our definitions of the bulk and the boundary partition functions are natural
by showing that the boundary system is obtained by measuring the bulk in the X-basis.

We defined the bulk partition function (85) in terms of the excited state |£) in (87) and
the time evolution operator O; s.req in (86) for defects. Now, let us consider the states

|\P0)bdry = <+|/|5> ’ |\Ij>bdry = <+|/Oinserted|g> ’ (103)
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where (+| is the product of (+| states on all the qubits of the foliated cluster state (those on
Aqg, UA,,) except at those at 0; ® {w =0} and 0; ® {w = L,,} for 0; € A,. Then

1) bdry = Ow=00wn=1,, %0)bdry (104)

with

Ow=o 1= Z(c{" X (i) z(c{x (), (105)
where we omitted “®@{w = 0}” for simplicity, and with O,,_; similarly defined. The operator
O,,—o is nothing but what appears in the boundary partition function (96). The state |\I/0)bdry

is characterized by the eigenvalue equations [23,24] (we omit the eigenstate ;)4 in the
equations and only indicate the eigenvalues)

(0). .. .
X(6%0,®{w=0})= (—1)‘7‘(%(0 i9a)  similar equations for w=1L,,,

o). (106)
Z(6zo0@{w=0})= (—1)%z 598) | similar equations for w = L,
foro, € Ay, 0g € Ay, and
(0) sl 1 1
X(z; @ {w=0DX (2} @ {w = L, }) = (-1)"Cam a2 02D,
(107)

*(0)
Z(Zq ® {W = 0})Z(Zq ® {W = Lw}) — (_1)#(zQ1 Nz,®[0,L,,])

for z, € Ker oy and z; € Ker 6. The equations (106) imply that the state [¥y)p4yy is in the
subspace specified by the projector (97) and the corresponding projector for w = L,,. On the
other hand, the equations (107) imply that the state [¥;)y,q,y is a generalization of the Bell state
and has long-range entanglement between the two boundaries at w = 0 and w = L,,. Other
states in the subspace specified by the projector can be obtained by applying logical operators
on one boundary. Thus the boundary system is obtained from the bulk by X-measurements
and post-selection (to |+)’). Moreover, (104) implies that the operator insertions in the bulk
reduce to the desired ones on the boundary.

Taking the overlap with (+|" in (103) corresponds to the measurement outcome such that
every single-qubit measurement in the X-basis gives X = +1. Other outcomes also give states
that are characterized by eigenvalue equations and therefore are Bell pairs [24].2!

3.5 BF theory description of an arbitrary CSS code

We defined the partition function of a CSS code as a functional of defects in (96). We can
derive a BF-type classical lattice model, i.e., a classical statistical model whose weight is the
exponential of an action that looks like S ~ f b Ada. For this, we replace the projector in (96)
by the product of L. copies of it, commute each copy to the left through the X and Z insertions,
rewrite each projector as a sum, and insert the completeness relation after each X and Z. We
get

1

CSS *7 — _

Zhan %21 = SX TR
L
O [ (k1) _ (=1 k1)

X Z exp|:mZ(bq 2 '(agk)—agk 1))+bq 0ga, * (108)
k=1

a((]k),bg),a(zr),bg(k)

1 1 _1
+b§(k) . 5Xagk) + b((]k 2) -c((lk) + a((lk) . CZ(HZ) + a(Zk 2) -z;(k) + b)((k) -z}((k))] .

2l1n particular, the measurement-induced entanglement introduced in [67] and studied in [68] is log 2 times the
number of logical qubits.
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Here, we denoted the intersection number simply by a dot, and the summation is over the
chains a((lk), bflr) € Cy, a(Zr) € Cy, and , b)((k) € Cx withk~k+ L., r~r+L_.. Thesummand is
invariant under

k
a® = a®) 1 5,0,
a(Zr) N a(Zr) + a(Zr+l/2) _ a(Zr—l/Z) )
(r)
b((;) N b((;) + 5; NE
bg(k) R bg(k) + ﬂ}((k+1/2) _ }((k—l/z)

(109)

due to (94) and (95), where a(Zk) and ﬁ)(fr) are arbitrary. The “path integral” (108) generalizes
topological lattice gauge theories in [47]. See, also, [69-71]. The gauge variation computed in
Section 3.3 can be rephrased in terms of the classical lattice model if desired. The cycles z and
z* represent gauge-invariant observables, and their correlation functions are given essentially
by linking numbers, as follows from the anomalies in (99) and (100). The overall picture of
anomaly inflow is then quite similar to [44, 72], where the continuum BF-theory description
was used for models with subsystem symmetries.

4 Duality and strange correlators

In this section, we consider Kramers-Wannier dualities constructed with a cluster-state entan-
gler, local measurements, and feedforwarded corrections. Interestingly, we show that the pair
of the Kramers-Wannier duality operator and its reverse (KW' o KW) becomes a sum over
all possible subsystem symmetry generators, i.e., a projector onto the subsystem symmetric
Hilbert space, exhibiting non-invertibility. Our calculation is a generalization of the result by
Cao et al. [48] for 2d plaquette Ising model with subsystem symmetries, giving operational
interpretations and extending to general CSS codes.

Then we consider for general CSS codes a generalized notion of strange correlators. We
show that an overlap between a product state with a CSS code state (such as the toric code or
the fractonic state) which is written using the aforementioned KW operator gives the classical
partition function.

Further, we generalize the Kramers-Wannier-Wegner duality between classical partition
functions using the foliated cluster state for general CSS codes. This gives a natural general-
ization of Wegner’s duality and the self duality of the 3d anisotropic plaquette Ising model [46].

4.1 Kramers-Wannier duality

Let us consider the CSS complex (7). To discuss the Kramers-Wannier transformation, let us
introduce new qubits on og € A;. We define the entangler

a(6,04;0;)
Uy = ]_[ CZgy " (110)
0;€A,
UﬁEAZ
and define the Kramers-Wannier transformation

KW = (+|2al,|+)27 . (111)

We also define
KW' = (+]22U, |+) 2. (112)
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Then, we find the following relations:

KW -X(07) = Z(8507) - KW, (113)

Namely, the Kramers-Wannier transformation operator converts between two quantum mod-
els:

Hess=— Y. X(0)—2 Y, Z(6,04) with symmetry X(z}) (532} = 0)

€A, OgE€EAy
KW~ . )
— Hessam=— Y, Z(650)—A >, X(0op) with symmetry X(z) (5,27 = 0).
KW/ €A, OpEAy

(115)

The former Hamiltonian Hcgg is symmetric under the transformation generated by X (z*) with
5}23 = 0, and the latter is symmetric under the transformation generated by X(z;) with

5,2, = 0. The adjoint operator KW' simply implements the reverse of the above transfor-
mations.
Furthermore, we find the following relations:

KW -X(zz) =KW for 5}23 =0, (116)
X(Zz)'Kw=KW fOI‘ 5ZZZ=O. (117)

As is well known in the literature (see for example [5]), Kramers-Wannier transformations can
be seen as gauging global symmetries. In our case, the symmetry X (zz) in the CSS code model
can be seen as being gauged in the transformation by the operator KW. On the other hand,
the symmetry X(z,) is emergent after the duality transformation, as indicated in (117).

Composition of the two duality operators exhibits a non-invertible fusion rule. Let us
consider a product state in the Z basis, |uz) = Q) pen; la(uz;0p)) e , Withuz a chain generated
by A;. We define |v;) in the same manner. According to the definition of the controlled-Z
gate and regarding the qubits on A, as the controlling qubits, we find

(1 |[KW o KWT|v,) = L<+|Aq l—[ Zg-§5zo'/5;O'i)(a(uz§0'[3‘)+a(\/z§0'[j))|+>Aq

2141 oien,
— 1 mod 2
= o] [T 8502, 00 (118)
Oi€A
which implies
" 1
F—
KW o KW' = > X(z). (119)
522220

The right hand side is a sum of all possible symmetry generators. Similarly, we find

. 1
1 _ *
KW' oKW = 5; :OX(zq). (120)
7%4=

The two relations above hold for a general CSS code, and they are the main results in this
subsection. In Section 5.1.1, we discuss examples. We provide a discussion of the Kramers-
Wannier transformation and the fusion rules for the Chamon model, a non-CSS code, in Ap-
pendix B. As can be seen from (116) and (120), KW annihilates an eigenstate of X (z;) with
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eigenvalue —1 for some zz, and acts as an isomorphism between the symmetric subspaces (the
space of states stabilized by X (z(’]") for all z; or by X(z,) for all ).

Finally, following the idea of Ref. [5, 73], we give a physically feasible procedure of im-
plementing the gauging operation. The same argument below works for KW' as well. Given
a state in a CSS code, which is (demanded to be) symmetric X (zé)l\ll) = |¥), we consider
performing the following procedure.

* Introduce ancilla qubits |+)2.

* Apply the entangler U/, in (110).

* Measure qubits on A, in the X basis.

* Counter the randomness of the measurement.

Let us explain the last step of the procedure above. The state we get after applying the entan-
gler Ue is

[Wpre) = Uz [T) |+)7 (121)
and it is also symmetric:

X(Z;) Nlpre) = |‘ijre) : (122)

The measurement outcome can be expressed as (+|Aq Z(cq) with some chain ¢q € Cy. Note the
following relation:

(H1%0 Z(cq) ¥pre) = (H12 Ze )X (25)* [Wpre) = (1) E"D (1120 Z(cg) ) - (123)

The first equality follows from the fact that X (zz)2 = 1 and the second equality follows
by moving one of the X (z;) to the right and the other one to the left. This implies that
#(z; N¢q) = 0 mod 2 for any cycle 67 (’; = 0. Hence in particular #(5ycx Ncy) =0 mod 2 for
any cy. Therefore by Poincare duality #(cx N6xcq) = 0 mod 2, which implies 6xc, = 0 mod 2,
i.e., cq is a cycle. By the non-degeneracy of the intersection pairing of homologies (see Ap-
pendix E for a proof) the homology class of c, is trivial, [c,] = 0. Therefore, ¢, = 6¢; for
some chain c; € C,. Using the map KW = (+|% 1 ,|+)?2, the Pauli operator Z(cq=06zcz)
representing the general measurement outcome is transformed as KWZ(6¢;) = X(c,)KW,
and the operator X(c,) can be canceled after the measurement.

4.2 Strange correlator and dualities

Using KW in (112), we provide a generalization of so-called strange correlators to general
CSS codes. The state KW'|+)27 is a ground state of a Hamiltonian whose terms are given by
the stabilizers of the CSS code. Passing X operators through CZ operators and evaluating a
wave function overlap gives us the following formula:

Z;(K) =N x (w(K)KW'|+)%7, (124)
where
Z,(K)= Z exp[K Z 5(5203)], (125)
{s(aﬂ):il}o’ﬁeAZ 0i€A,
()| = ) (0, (126)
0i€Ag
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and N is a normalization constant independent of the parameter K. Here, we defined s(c;)
= l_[oke Ay s(0 )49 for a chain ¢, generated by A.. The exponent in the partition function
is (proportional to) a classical Hamiltonian,

—BH=K > s(5500), (127)

0;€A,

where f3 is the inverse temperature. The Hamiltonian is symmetric under a transformation
that flips spins on cycles z, € C, such that § ,z, = 0. The general result above can be applied
to CSS codes that describe topological orders [45, 63, 74], fracton models, etc. See Table 1
for a summary of examples. To the best of our knowledge, this is the first construction of a
strange correlator for fracton models.

Now, we claim a duality between two partition functions that arise from the strange corre-
lator we just described. We write the the space of logical operators as L* = Ker 6% /Im 0%, and
we denote the homology class represented by e as [e¢] . We define K* = —% logtanhK. Then,
we claim the following duality of partition functions:

21221 (sinh 2K )144l/2
21K [ £#]

Z,(K) = D ZEEedKe, ), (128)

[ex]ecx

where we introduced the twisted partition function given by

Z;{Wisted(K*’E*) — Z exp (K* Z (—1)#(%”(*)3(5)(0})) . (129)

{Saa:il}aaeAx GieAq

See Appendix D for a proof.

4.2.1 Example: 2d classical Ising model from the 2d toric code

An illuminating example is the case with the chain complex C, 2z, C; 2, Cy defined on the
two-dimensional periodic square lattice. Here C; denotes the group of i-chains. The partition
function Z,(K) is then the classical 2d Ising model with spins introduced at every plaquette,
where interactions take place over every edge with the coupling constant K. The twisted
partition function Z;WiSted(K*,E*) is a classical 2d Ising model with spins introduced at every
vertex, where interactions take place over every edge with the coupling constant K*. The
twists — i.e., the flip of the sign in terms in the classical Hamiltonian — in the latter partition
function are introduced along logical operators of the underlying 2d toric code; x-directional
edges along a non-contractible loop in the y-direction, or vice versa.

This construction generalizes to Wegner’s models, and we provided a similar derivation of
the dualities in our previous paper [45].

4.2.2 Example: 2d classical plaquette Ising model from 2d quantum plaquette Ising
model

Another illuminating example of the strange correlator (124) is a mapping from the ground
state of (2+1)d plaquette Ising model defined by the complex (44) to the 2d classical plaquette
Ising model. We take an overlap between the ground state of the 2d qPIM [¥yppy) := KW |+)22
on plaquettes (which is characterized by the stabilizer condition [ [, £ 2y [Wepim) = |Wqprm) and

subsystem symmetries) and a product state (w(K)| := @,ea, (0]eXX. We obtain

Zyg.cou(K) = N x ((K)[¥gprm) » (130)
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| Ay Aq Ay z; 27 statistical model |
2d quantum .
plaquette o o 2d clas'51ca1
Ising model plaquette A, | vertex Ag [ rigid line rigid line plaquette Ising model
(2d-qPIM) (2d-cPIM)
X-cube model three cqpies “subsystem 3d classical
(XCM) cube Az edge A, of vertices 1_f0};m,, rigid plane plaquette Ising model
Uy AF (3d-cPIM)
Checkerboard | - 1qed cube shaded cube . o 3d Class.ical
model A® vertex Ay AL line rigid plane | tetrahedral Ising model
(CBM) 3,2 3.X (3d-cTIM)
Haah’s code two copies 3d clasical
(HC) cube A ; of vertices cube Az x fractal fractal fractal Ising model
Afunb (3d-cFIM)

Table 1: Summary of setups in Kramers-Wannier transformation for fracton models
seen as a CSS code. Here, A is the set of k-cells, and additional labels are used
to distinguish between different cells. We provide the definitions of CSS chain com-
plexes for the above models in Appendix A.

where Z,4_.prv 1S the 2d classical plaquette Ising model,

Zyg.cpm(K) = Z K Zveag Loy

{Sf::tl}

(131)

The exponent is a classical 2d Hamiltonian which consists of the product of spins at the four
corners of a dual plaquette v ~ f* in the dual lattice. The mapping is a relation between a
fractonic ground state (although it is an unstable fracton in this specific case) with a classical
model by taking an overlap with a product state, and can be viewed as a generalization of the
so-called strange correlator [51,52]. The classical Hamiltonian is symmetric under a flip of
spins on a rigid line in x or y directions, each of which is an example of z;,.

The duality of the equation (128) implies the relation

Z exp (K* Z(_l)#(aoﬂf*))

[Lx]eLx 9o

2122l (sinh 2K)l20l/2

Z;(K)= £

(132)

with | £*] = 2Lx+Ly~1 [t states that the 2d classical plaquette Ising model is dual to the classical
statistical model defined by the sum in the equation. We note that £* is generated by horizontal
and vertical straight lines with one relation, namely the sum of all such lines being zero.

4.2.3 Example: 3d classical tetrahedral Ising model from the checkerboard model

Another example of the strange correlator (124) is a mapping from the ground state of (3+1)d
checkerboard model to the 3d classical tetrahedral Ising model. The CSS chain complex for
the checkerboard model was given in (69) and illustrated in Figure 7. We write the lattice
linear sizes as L,, Ly, and Ly, each of which is even.

The partition function Z,(K) in (125), which is obtained as the strange correlator from a
checkerboard ground state is the 3d classical tetrahedral Ising model (3d-cTIM). In the classical
Hamiltonian of 3d-cTIM, spins live on the shaded cubes, and the interaction is defined as the
product of four spins adjacent to every vertex. The duality (128) tells us that the partition
function Z,(K) is proportional to the sum of the dual twisted partition functions Z}t}"’iStEd(K L)
in (129). Interestingly, the geometric structure of the Hamiltonian terms is the exactly the same
in both sides of the duality, as 6xv and 63 v for v € Ay = A4 look identical.
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On the right hand side of (128), the twists are inserted along non-trivial logical operators
in the checkerboard model: rigid lines in x, y, or z directions. We have 2L, + 2L, + 2L, —6
independent straight lines as logical operators [75].%2

4.3 Strange correlator for foliated cluster states and dualities

We further introduce another type of strange correlators, now derived from foliated cluster
states, and present dualities between them. We focus on general construction in this subsec-
tion, and we give a concrete example in Section 5.2.1.

We begin by reminding readers that, given a CSS code, we have a set of foliated cells, a

5 5 5 5 5
foliated chain complex 0 — Cz,, — Cq, — Cq, —> Cx — 0 with C,, = C; ® C,, and
Cq, = Cq @ Cyx s and the foliated cluster state |1,ZJ(CSS))

C . It is straightforward calculation to
show the following relation:

QLK) T5) = 2718ezlpT18arl/2  2(CS9)( k) (133)
where Z(©59 is a partition function

O K= > exp(d Y. s(8o)+K Y. s(80”)), (134)

{s(a)::l:l}aeAQ2 og'eAy, o"€Ay,,

and (Q(J,K)| is a product state

QU= @ (+o Q) (Olge™ e X) (0lgneke . (135)
0€Aq, og'eAy 0"EA
We claim that, with J* = —% logtanhJ, K* = —% logtanh K and up to contributions from non-

trivial cycles discussed below, we have

ZC9)(J,K) ~ N x (sinhJ)A2/2(sinh K)Aanl/2 209 (7% %), (136)
where N is a normalization constant independent of (J, K) and ZSESIS )(J ,K) is a dual statistical
partition function given by

ZC(IE;S)(J,K) = Z exp (J Z s(6*c’)+K Z s(6*a” ) (137)
{s(a)::l:l}aeAZ,W ag'eAy 0"EA,,
Below, we derive a refined version of this duality.
We decompose the product state as
(QU, K = (+HA2 (W, K, (oK) = (X)(0le™ (K)(0le . (138)
AZ Aq,w
We note the state given by

[8C59) = (+22 [y ) (139)

is stabilized by {2(6*0)}0€AQ2 and {X(60)}gen,, as well as the logical operator X (2, ) with
62Q1 =0. ,

22As four parallel straight lines are related by a product of local X stabilizers, there are L, +L,—1 independent
straight lines in the x direction, etc. Hence, we have 2L, + 2L, + 2L, — 3 straight lines. However, there are three
constraints among them: An xy plane can be formed either as a sum of x-lines or of y-lines, and similar constraints
for yz and zx planes. Therefore, we have 2L, + 2L, + 2L, — 6 independent straight lines as logical operators.
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We introduce a dual cluster state |¢écss)*) defined on Ay, U Ay, which is a simultane-
ous +1 eigenstate of stabilizers K(o) = X(0)Z(60) (0 € Az,) , K(¢') = X(0")Z(6%0")
(0’ € Aq,). We note the state given by

(@597 = (22 o 7°) (140)

is stabilized by {Z(60)}sea,,, and {X(S*(r)}(,eAQ2 as well as the logical operator X(zz‘zl) with
o *zél =0.
We write the simultaneous Hadamard transform as H = Q)¢ Aq, H,. The states H|$(C59))

and [#(“59") are almost the same as they are both stabilized by the same local operators.
However, they are different as logical states since the former is stabilized by Z(zq, ) while the
latter is stabilized by X (zal). The difference can be accounted for by summing over logical
operators:

1

HI@©9) = = > Z(zo,)10 "), (141)
I£]
[2q,1eL

where £ = Ker(6 : Cp, — Cp,)/Im(6 : Cz,, — Cq,) is the homology group and [e] is a
homology class represented by the element e.
We make use of identities,

(0le’*H = (sinh27)/2(0le” X,  (0]e"¥H = (sinh 2K)"/%(0]|eX X . (142)
The identity
(w(J,K)|8C5) = (w(J,K)|H - H|$©59) (143)
yields a refined version of the duality (136):

2/4(sinh 271421/ (sinh 2K) Aan1/2 (CSS),pwisted

A dual
218zul| 2] T

2@ (7 k) = (J*, K" 2q,), (144)

where we introduced a twisted partition function

(CSS),tWiSted * *.
Zdual (J%.K ’le)

— Z exp(J* Z (_1)#(ZQ100/)S(5*G/)+K* Z (_1)#(2Q1l’10'")5(6*0.// )

{s(o)=:t1}geAZ)W o'EA, o"EA,,

(145)

5 Self-dual models, non-invertible symmetry, and measuring clus-
ter states

In this section, we consider a family of self-dual quantum models constructed from classical
codes described by

[
S 0 Cyy 5 G0, 146

where 2k < d. We denote the coordinate directions by xj,...., and x;. The chain group C;_x
(Cy) is generated by (d —k)-dimensional (k-dimensional) cells of a d-dimensional hypercubic

32



SciPost Physics Submission

lattice. The differential §, instructs us to append all the k-cells that appear within a (d—k)-cell.
The Hamiltonian for this classical code or classical spin model can be written as

HS == > Z(5,0). (147)

ap €Ak

We note that this classical code can be promoted to a quantum CSS code described by

5 5
chzlf’;dll)lal : 0— Cyq 2z Cr N ¢,—0 (148)
when
(d;fl_l)=0mod2 (149)

for some 0 < [ < k. The constraint (149) guarantees the nilpotency 6y o 6, = 0. Explicitly,
the CSS code Hamiltonian that can be constructed from the chain complex (148) is

HEY h=— D, X(50)— D>, Z(5;0) (150)

O'aEAl O'[j EAd—k

The excitations of this model are of two types: 1) X-type stabilizer violations and 2) Z-type
stabilizer violations. In some cases, for example d = 5, k = 2 case, the electric excitations
(i.e., violations of X type stabilizers) behave like fractons. This can be understood as follows:
suppose a violation of the X-type stabilizer occurs at a 1-cell pointing in the x; coordinate
direction, then this excitation cannot move in the x; coordinate direction without incurring
additional energy cost.

We define a quantum Hamiltonian from (146) that is self-dual under gauging its symme-
tries.

HE == D, X(0)—4 D, Z(5;0p). (151)

O'iEAk O'/j EAd—k

This Hamiltonian is invariant under subsystem symmetry transformations generated by the X
operators on (k+1)-dimensional hyperplanes, each of which consists of k-cells orthogonal to it
(see Appendix E3 for explicit examples). When there exists an [ (0 <[ < k) such that the con-
straint (149) is satisfied, CC?Z{&;‘;‘lal can be extended to QC?Z{f];‘)iual and the Hamiltonian (151)
has symmetries generated by the X operators supported on 6§ o, where o, € A; is an elemen-
tary [-cell. We will refer to such symmetries as local symmetries; in the present case, they form
a global symmetry generator supported on a homologically trivial dual cycle. We note that the
subsystem symmetries and local symmetries are not completely independent. It may happen
that an appropriate sum of local generators gives a sum of subsystem generators. This can be
easily seen in the example CC*¢£9Ua and more such examples are discussed in Appendix E.3.

(3,1)
Under Krames-Wannier transformation (111), Hamiltonian (151) is dual to

H((zi(,:k),dual=_)L Z X(op)— Z Z(6307) (152)

gp EAG_k O €A

In d dimensions, a k-cell is dual to a (d — k)-cell. With this identification, the Hamiltonians
Eq. (151) and Eq. (152) are the same and the Kramers-Wannier duality is a self-duality. This
self-duality was studied for k = 0 case in d dimensions by [57].
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5.1 Non-invertible symmetry

With a tuned coupling constant A = 1, the Kramers-Wannier duality becomes a symmetry of
the models (up to shift of lattices?®). To be concrete, the Kramers-Wannier duality operator

5,040,

KW= (+% [ czolzm)4) e (153)
[oFISTAVA
O'ﬁeAd,k

obeys the algebra

-
KW-HE = (HE,)) KW, X(z45) KW =KW, KW-X(z)=KW, (154
where z4_; € C4_i and 2] € Cy are the chains that describe symmetries of the model CC?Zli‘)j“al ;
they are (dual) cycles which satisfy 6,24, = 0 and 67z, = 0. The superscript T denotes the
shift of the lattice by % in every direction so that the dual lattice matches the original one. The
transformation generated by KW is a symmetry of the Hamiltonian and it is non-invertible:

1

T
KWo KW = 21A8ql

. 1
> X, KW o KW = > X(z)) (155)

522d7k=0 5}2;:0

In other words, the set of symmetry operators forms a non-invertible fusion rule.

5.1.1 Example: 3d quantum cube Ising model

The case with CCE‘Z{E?‘”‘I corresponds to the 2d quantum plaquette Ising model. For this model,
the non-invertible duality transformation involving subsystem symmetries and the duality op-
erator was found in Ref. [48], and our formalism reproduces their result.

Let us consider Ccsgfgdual as the next non-trivial example. We may call the model the
quatum cube Ising model. Let us denote a cube by ¢ € A; and a vertex by v € A,. In the chain

5
complex Cs - C, generated by those cells, we use the boundary operator 6, which takes the
eight corners of a cube. The Hamiltonian

Hou=— Y. %,-2>.[ |2 (156)

VEA, cEAg VCC

is symmetric under transformations supported on cycles z; € C,, which are line symmetries in
X, y, or z directions such as

$:(v.2)= [ ] Xv=1{lky.2)}) (157)

kez/Zy,

with (y, ) an arbitrary coordinate to specify a line in the x direction. Similarly, we define gen-
erators {S, (x,z)} and {S,(x, y)} for y and z directions, respectively. However, not all such gen-
erators are independent. There are constraints suchas[ [, /2, S(3,2) =11,z /2, Sy (x,2).

The number of independent symmetry generators is L, L, + Ly L, +L,L,—L,—L,—L,+1;
this is also the base-2 logarithm of the ground state degeneracy at A — 0o0. We denote the
set of independent line symmetry generators that act on vertices by L*, and those that act on
dual vertices by L.

The model is self-dual. For each vertex, one can associate the center of a dual cube, and
vice versa. The general formula (154) gives us the duality KW - Hepy = (HCIM)T - KW and

ZRecently, Kramers-Wannier duality operators acting on the same Hilbert space (rather than introducing ancillas
on dual lattices) have been studied [56,57,76,77]. Our study here is complementary to these approaches.
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the gauging relations S - KW = KW - §* = KW with S € L. and S* € L*. Furthermore, the
non-invertible algebra (155) becomes

KW o KW' =

1A
21000

2|13| >, KWMoKw= L > st (158)
SeLL

The set of symmetry operators, KW, KW', and line symmetry operators, thus form a non-

invertible fusion rule. As a remark, an explicit operator representation of the Kramers-Wannier

duality symmetry for the plaquette Ising model, cubic Ising model and other hypercubic Ising

model was constructed in [57] where the symmetry operator is realized as a map on the same

Hilbert space where the qubits live.

5.2 Self-duality of classical partition functions from strange correlators for fo-
liated cluster states

Here, we apply the construction in Section 4.3 to the self-dual models in the previous section.

From the chain complex for Cczgli‘)i”al, we obtain a foliated chain complex (22) with

CZ,W:Cd—k®CW: CQ1 = Cd—k®CO®Ck®CW9 CQ2 :Ck®C0, and CX :0, (159)

where the second factor represents the cells in the w direction. Then, the partition function
Z©89)(J,K) in (136) is described by the classical Hamiltonian whose spins are on A, ® A,
(the k-cells at points in the w direction). Interactions consist of two types:

(i) One is the boundary of a cell in A;_; ® A, within w = {pt} slices with strength J.

(ii) The other is the boundary of a cell in A, ® A, and thus simply an Ising two-body inter-
action with strength K.

In the duality (136), the right hand side is a model with the partition function Zéﬁ:ls (T, K*),
whose spins are placed on Ay_; ® C,,. Two types of interactions are:

()* An Ising-type two-body interaction in the w direction with strength J*,

*

5
(ii)* An interaction with strength K* among spins in the dual boundary C;, ®C,, = Ci_x®C,,.

The form of interaction (i)* is identical to (ii), and (ii)* to (i), respectively. Upon identification
between (J,K) and (K*,J*), we see that the partition functions are self-dual to each other. On
finite lattices, one can improve the duality by including the sum over twists as in (144). This
will be explained with an example below.

5.2.1 Example: 3d classical anisotropic plaquette Ising model

Let us consider the 2d plaquette Ising model, which is a self-dual code CC?;{gﬁiual. The foliated
chain complex was given in (49), where we set A; = A, (horizontal faces), Ay, = A,
(vertical edges), Ay = A, (vertices). We get Cz,, = Cyy, Co, = Cy, ® C,,, Cy, = Cy, and
Cx.w = Cx = 0. For the left hand side of (136), we get a statistical partition function (134)

Z@PIM ;g = Z exp [J Z s(6f)+K Z 5(56)] . (160)

{S(V)::tl}ver feAxy ecA,,

It is the 3d classical anisotoropic plaquette Ising model (cAPIM) [46]. The first term is the
plaquette term with the product of four spins at corners of the plaquette. The second term is
the ordinary Ising term in the w direction.
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For the right hand side of (136), we get a dual statistical partition function (137):

Z MUK = YL e[ D s(EFHK Y s(5%e)]. (161)

{S(C):il}CEAxyw fea,, ecA,,

It is illustrative to interpret interactions in the dual lattice using identifications A, ~ Ag,
Ay, ~ A and A, ~ AY - In the dual lattice picture, the first term is the ordinary Ising inter-
action in the w direction. The second term is a product of four spins on dual vertices around a
dual plaquette. Thus, the dual model is also the 3d cAPIM. The duality (136) reproduces the
self-duality of 3d cAPIM, which has been known in the literature, see e.g. [46,78]. (We give
an illustration for the derivation of the duality in Figure 9.)

On finite lattices, we can improve the duality as in (144) by taking into account twist
defects. They are inserted along representatives in homology classes, [z, ] € £, where we
write £ =Ker (6 : Cy, — Cq,)/Im (6 : Cz,, — Cq ). It is generated by the basis

U Dlvelkk+1l|uf |J D [kk+1l®ly,y+1]@{w=0}

v={(x.y)} kez,,, V€L, kel
s.t. xy=0

ul U D) xx+1lelkk+1]e{w=0}|. (162)

X€Zy, keZ Ly

The first part is a union of vertical lines in the w direction at (x, y) that satisfies x = 0 or
y = 0. Note that all the other vertical lines in the bulk (x > 1 and y > 1) can be generated
from them by éc¢ (with ¢ € A,,,,) summed over the w direction. The second and the third
part is a union of the sum of plaquettes at w = 0 along lines in x or y directions, respectively.
Lines in the bulk (w > 1) can be generated from lines at w = 0 using 0 ¢ summed over either
x or y directions.

Measure ) Measure (]
Hadamard
X 7z
Z transform X
X+ X T2 7 'z X TX
X+ X Z. o7/ A 1574 X. X
% V4 5 X

Figure 9: The Kramers-Wannier duality in the plaquette Ising model from the
Hadamard transformation in the resource states.

5.3 Ground state degeneracy

We exhibited a general fusion algebra involving invertible and non-invertible global sym-
metries of H(Cdck). To be more concrete, we study the number of independent (invertible)
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global symmetries in the model, which amounts to counting the ground state degeneracy of
the classical-code Hamiltonian H((isz)' For the low dimensional models that we study in the
Appendix.E3, the ground state degeneracy can be computed explicitly using Grobner-basis
method [79] in the algebraic formalism. We summarize the ground state degeneracy in Table
2 for the classical model (146) and in Table 3 for the CSS codes (148).

Note that in both Tables 2 and 3, we have taken the number of vertices in all d directions x;,
..y Xg tobe L; = Ly = ... = Ly = L. This does not lose generality as one can deduce the poly-

from the polynomials that we have written down in the two tables. In the case of classical
code CC?Z{&‘;”E‘I, all the models except (4,1) and (6, 1) have leading terms L%. This is due to
the existence of a local symmetry, which we explained below (151), in those models — i.e.,
there exits [ that satisfies the condition (149). However, for the cases (4,1) and (6, 1), the
ground state degeneracy scales as L¢~! indicating an absence of local symmetry.

Let us define S to be the set of all values of 0 <[ < k for which (149) holds.

From the general argument given above, we come to the following asymptotics of ground-

state degeneracy of self-dual codes.

1. CC?Z{&‘;“E‘I satisfying (149) for some [ € {0,1,...,k—1}. Note that forl € S, CC?Z{&‘;“E‘I can
be promoted to QC?Z{%‘;“. Let V; be the set of local symmetry generators of the form
00, where o, € A;. We define 7 to be the number of independent local symmetry
generators among all possible local symmetry generators |_J,cs V. Then

log, GSD =7 + O(L471). (163)

Note that Z ~ O(L?) and also captures the coefficient in front as in the (d, k) = (5,2)
model.

2. Cczzl%l“al not satisfying (149) for all 0 <[ < k.

log, GSD = O(L4™). (164)

3. QC?Zlf,;dl‘ial. We define 7’ to be the number of independent local symmetry generators

among all possible local symmetry generators | J,/« S\ {Z}M/.
log, GSD =7’ + O(L4™1). (165)

Note that in this case there is no local symmetry generators of the form 630, where
O, € Ay; they are X type stabilizers in the quantum CSS code.

Note that these asymptotics agree with the examples given in the Tables 2 and 3. Deter-
mining a more concrete form of the ground state degeneracy in general is a non-trivial and
interesting problem, which we leave as a future work.

6 Discussion and conclusion

We systematically studied dualities, non-invertible operators, and the anomaly inflow mech-
anism for a large class of spin models described by CSS codes. Our study involved the CSS
chain complex as the starting point, and we reformulated the foliation construction [23] of a
cluster state using the tensor product of chain complexes. Moreover, we used a further tensor
product with another chain complex that models the physical time, to describe the spacetime

37



SciPost Physics Submission

| (d, k) | log,(GSD) polynomial | leading local/subsystem symmetry |
(3,1) L3+2 six-edges star (the fourth column of (269))

four-edges stars within a plane
stacked in an orthogonal direction (274)

(4,1) 8L3—12L%+16L—8

L°> +10L%—20L°

(5,1) +40L2 — 40 + 14 ten-edges star (the first one in (282))
(5,2) 4L° + 6 eight-plaquettes star (289)
6.1) 24L° —60L* +120L3 four-edges stars within a plane
’ —150L% +96L — 24 stacked in an orthogonal direction (295)
L°+24L°—60L* . . :
(6,2) +160L3 — 240L2 + 204L — 74 sixty-plaquettes star (the first one in (301))
Table 2: Summary of ground state degeneracy in CC?Zlf];‘)j“al.
| (d,k, 1) | log,(GSD) polynomial
(3,1,0) 3
(5,1,0) 10L%—20L° +40L% —40L + 15
(5,2,1) 10
(6,2,0) | 24L> —60L* + 160L> — 240L? + 210L — 79

Table 3: Summary of ground state degeneracy in QCEZlf];‘jll‘;al

motion of defects, which was used to show the anomaly inflow. Along the way, we provided a
BF theory description for any model that can be viewed as a CSS code. It would be interesting
to compare with other works that studied similar BF theory descriptions for models with sub-
system symmetries [64,70,71,80-82]. Recently, quantum low-density parity check codes [25]
have attracted significant attention. In Ref. [83], a generic construction of such quantum error
correction codes was elucidated using the so-called product construction from classical codes
(see also Ref. [84]). Our construction of SPT states using the tensor product of a CSS code and
the chain for the foliation direction — i.e., the repetition code — would be relevant to studies
along this line. We further note here that our bulk SPT states map to topologically ordered
states upon partial measurements.

Originally, the foliation construction of a cluster state from a CSS code was introduced to
discuss quantum error correction. It would be interesting to consider quantum error correc-
tion for fractonic codes from this view point. The foliation construction has been extended
to non-CSS stabilizer codes [85]. An interesting direction along these lines would be to dy-
namical codes [86] such as the Floquet color code [87,88]. The foliation construction based
on Ref. [85] for the Floquet color code was given in Ref. [89], where some similarity to the
RBH state was pointed out. It would be interesting to extend the analysis in this paper to such
codes.

We provided a construction of statistical models associated with general CSS codes via
strange correlators. We provided different kinds of duality between partition functions, where
examples included Wegner’s dualities (see also Ref. [45]), the self-duality of the anisotropic
plaquette Ising model, as well as some new examples. We utilized the stabilizer formalism and
showcased the effectiveness of the cluster state measurement for deriving precise dualities. As
discussed in our previous work [45], the duality between partition functions can be under-
stood as imposing different topological boundary conditions on the so-called SymTFT [90-93].
Measuring resource states would serve as a useful language in discussing dualities that involve
more intricate topological field theories or fusion categories; see e.g. [54,94] for related ideas.
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We studied non-invertible symmetries in various spin models. Recently, non-invertible sym-
metry proved to be useful to constrain the nature of ground states in spin models [77], much
in the spirit of the Lieb-Schulz-Mattis theorem [95]. Although our construction differs from
that in Ref. [77] in that we introduce new qubits to implement dualities, it may be interesting
to investigate highly non-trivial ground state degeneracy of subsystem symmetric models that
we introduced in this paper.

To conclude, our framework based on cluster-state measurements and CSS chain com-
plexes and their generalizations unites various prominent models, and has provided a number
of rigorous and generalized results. We believe that our framework can be developed further,
and will further strengthen the links between various branches in theoretical physics.
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A Examples of CSS codes and dualities

In this appendix, we will look at explicit examples of Kramers-Wannier transformations be-
tween Hamiltonians constructed out of CSS code chain complexes for fracton models. In
particular, we will illustrate KW, its fusion rule with KW', and strange correlators for the
X-cube model, the checkerboard model and Haah’s code. We note that the strange correlator
construction gives the partition functions of classical statistical models provided in Table I of
Ref. [15].

A.1 X-cube model

Let us recall that the chain complex for X-cube model is

5 6 g 5
0->5Cpe— P = P cP>o, (166)
k:x,_y’z k:x,y,z

defined on a 3-dimensional cubic lattice with the differentials defined as in (60) and (61)
satisfying 65 © 6, = 0. The dual chain complex is

6% 5%
0— P =5 P a—>c,,.—o. (167)
k=x,y,z k=x,y,z
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The Kramers-Wannier operator converts the Hamiltonians as

Fe= Y. x@-2 > J] 2w

oWeal® Oxyz€Bxyz Tk COxyz
KW ~
= Hcaa== D, [] Zow)-2 3 X0 (168)
U
KW O'kEAk nyzDak nyzeAxyz
O,y €A

xyz xXyz

on the symmetric Hilbert spaces as in (115). The second term in the Hamiltonian Hyc is the
cube term in the X-cube model and is given by the product of twelve edges in a cube. It is
invariant under subsystem one-form symmetry transformations generated by

X850, x(8500), X650 et (169)

which is an example of the dual cycle 632, =0 (24 € P=x,y; Cr)- The Hamiltonian ﬁXC,dual
is defined on the vertices of the dual lattice. This is the Hamiltonian of the 3d plaquette Ising
model. It is invariant under rigid planar symmetry transformations generated by

l_[ X(nyz) etc., (170)

axyzeAxyzﬂ(xz[k,k+1])

which is an example of the cycle 6;z; = 0 (z; € Cyy;). The composition KW' o KW gives
us the sum of the symmetry generators in (169). The reversed composition KW o KW' yields
the sum over the symmetry generators in (170). The strange correlator gives the 3d plaquette
Ising model. We refer to Table I in Ref [15] for figures.

A.2 Checkerboard model
We begin by recapitulating the chain complex for the checkerboard model in (69):

19 o
0—C) ,—5C—C8)  —0 (171)

defined on a 3-dimensional cubic lattice. The dual chain complex reads

— 0. (172)

The set of dual boundary operators is also nilpotent: 67 o 6y = 0.
The Kramers-Wannier operator converts Hamiltonians as

Hepy = — Z X(og)—A Z l_[ Z(oo)

[ NSTAY) oo eA®) 00COyy;

xXyz XYz
KW ~
‘:: HCBM,dual = Z l_[ Z(Oxyz) -2 Z X(O'Xyz) (173)
w 700 74322 e
O-xyzeAch))/z ’ g

on the symmetric Hilbert spaces as in (115). The second term in the Hamiltonian Hcpy is
the product over eight vertices in a shaded cube. It is invariant under rigid line symmetry
transformations generated by

[T xWxiyixih etc, 174)

jefo,....L,—1}
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Figure 10: The tetrahedral Ising model and its global symmetry.

which is an example of the dual cycle 67z, = 0 (z4 € Cp). On the other hand, the Hamiltonian
ﬁCBM’dual is defined on the shaded cubes. The first term in the Hamiltonian is the tetrahedral
Ising term, which is a product over four shaded cubes around a vertex, see Figure 10. The
Hamiltonian H, CBM.dual 18 invariant under rigid plane symmetry transformations generated by

1 X(0yys) etc., (175)

oxyzeAgf)),Zﬂ(x=[k,k+l])

which is an example of the cycle 6,2, =0 (z; € ij}}z), see Figure 10.

The composition KW' o KW gives us the sum of the symmetry generators in (174). The
reversed composition KW o KW' yields the sum over the symmetry generators in (175). The
strange correlator gives the 3d tetrahedral Ising model, which is illustrated in Figure 10.

A.3 Haah’s code

To describe Haah’s code [96], we consider a copy of 3-cells (A, , x and A, 7), two copies
of cells at each vertex (Ag and Ag ). We consider a chain complex,

2, R 4 ~B Ox
0— CX}'Z,Z — C®C) — nyz,X —0. (176)

Here, for [x,x + 1] x[y,y + 1] x[2,2+ 1] € A,,, ; we define
52([x,x+1] x[y,y+1]x[z,2+ 1])
={x+1} x{y}x {2+ {x}x {yx{z+ 1R+ {x+1} x {y} x {z+1}R
Ho+ 1 x {y + 1 x {2+ 18+ () x {y} x {2} + {x + 1} x {y + 1} x {z}*
+{x+ 1} x{y}xz+1B+{x}x{y +1} x{z+ 1}, 177)
for {x} x {y} x {z}} € AR we define

5x({x} x {y} x {z}%)
=[x, x+1]x[y,y+1]x[g—1,2]+[x,x+1]x[y—1,y] x[2,2+1]
+[x—1,x]x[y,y+1]x[z,2+1]+[x—1,x]x[y—1,y]x[z—1,z], (178)

and for {x} x {y} x {z}® € A} we define

5x ({x} x {y} x {z}%)
=[x, x+1]x[y,y+1]x[z,2+1]+[x,x+1]x[y—1,y] x[2,2+1]
+[x—1,x]x[y—1,y]x[z,z+1]+[x,x+1]x[y—1,y]x[z—1,2]. (179)
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Figure 11: Haah’s code.

See Figure 11 for illustration. The above set of boundary operators satisfies the nilpotency
condition 6y o 6, = 0. The dual boundary operators are defined as the transpose of &:

&% 5%
0— CXYZ,X — C(()R) ® C(()B) — xyz,Z 0. (180)

The set of dual boundary operators is also nilpotent: 67 o 83 = 0. Haah’s code is described by
the stabilizers

Z(670xy2), X(630xyz). (181)

The Kramers-Wannier operator converts the Hamiltonians as

Hie=— D, X(og)—2 Y., Z(6;0.)

GOGA}SUAJS Oxyz EAxyz,Z
KW ~ N
~ HHC,dual = Z Z(5ZO'0)— Z X(nyz) (182)
¥
KW (o)) CAgUAg nyzeAxyz,Z

on the symmetric Hilbert spaces as in (115). The second term in the Hamiltonian ﬁHC is the
product over the vertices coloured blue and red in Figure 11. This is invariant under the fractal
symmetry [96] (see [15,97] for a description of fractal symmetry using algebraic formalism).

On the other hand, the first term in the Hamiltonian H HC,dual 1S the fractal Ising term, which
is the product of four cubes as given in Figure 11. There are two types of fractal Ising term as
depicted in the Figure 11. The Hamiltonian HHC,dual is invariant under the fractal symmetry
generated by X(z) where z € C,,, ; with 6,z = 0. The strange correlator gives the 3d fractal
Ising model.

B Measurement-based gauging for a non-CSS code: the Chamon
model

In the main text 4, we discussed chain complexes for CSS codes, the Kramers-Wannier duality,
and correctability for preparing the CSS code or the dual CSS code states. In this section, we
will discuss the Kramers-Wannier duality and correctability for the Chamon model, an example
of non-CSS codes. We will also give a prescription to prepare a ground state of the Chamon
model.?*

24A prescription for preparing the ground state of Wen’s plaquette model and double semion model were given
in [5]. These are also examples of non-CSS codes.
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Let us consider a cubic lattice. Qubits are placed on the vertices. Let us denote the set of
vertices by A, and set of cubes by A.. The Hamiltonian is a sum of stabilizers given by

H=— > 0(cp), (183)

OpEA,

where O. is defined as follows. Let C, and C, be the chain group formed by cells in A, and
A,,. The stabilizers can be described by the chain complex

5 5!
¢c,—¢C,, andC.—C,, (184)
where
5C(O-[j = [X,X + 1] X [}’:y + 1] X [Z)Z + 1])
= o(x,y,z+l) + O-(x,y+l,z+1) + O-(x+1,y,z) + O.(x+1,y+1,z) ) (185)
§i(op =[x, x+1]x[y,y +1]1x [2,2+1])
= O0(xy2) T O0yz+1) T Oet1,y+41,2) T O(x+1,y+1,241) 5 (186)
and
O(op) =—Z(6.05)X(5.0p). (187)

The Chamon model has symmetries of the form X (z) with 6%z = 0 and Z (z;) with 5;*2‘/) =0.
Let us consider the Chamon model on a periodic lattice with the number of sites in x, y and
z directions equal to L. Examples of X(z}) are

-1 -1
[ [xUGj2)  and [ [xCGy k=D foro<k<tL. (188)
j=0 j=0
Similarly examples of Z(z/) are
L-1 L-1
Z({(x,y,)})  and Z({(k+j,j,z)})for0<k <L. (189)
j=0 j=0
We set the entangler as
Uo= |] €Ospo (190)

O'iGAV,O'[jGAC
where

and O, € {I,X,Y,Z} depending on the position of the vertex o; as depicted in Figure 12 so
that O(op) = ]—[Gicaﬁ Oy, It is easy to verify relations X (o, U¢o = UgoX(0,)Z(6%0,) and
X(op)Uco =UcoOop)X(op).

We define the Kramers-Wannier operator as

KW = (+|% Ugo |+) 2 (192)
and

KW = (4% U |42 . (193)
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Y I z

Figure 12: Stabilizer O of the Chamon model

They satisfy the following relations for o, € A,, og € A, cycles 5.z, = 0, and dual cycles
ofzr=0:
cv

KWX(o,) = Z(670,)KW (194)
KWO(o ) =X(05)KW (195)
KWX (z) = KW, (196)
and

KW'X(op) = O(c5)KW' (197)
KW'Z(6%0,) =X (o, )KW' (198)
KWiX(z)= [ | Olop)kW'. (199)

o€,

The Kramers-Wannier operator converts Hamiltonians as

How=— Y, Olop)—21 Y, X(o,)

OpEA, 0,EA,
KW~ .
— Agaa=-4 , Z(8}0,)— > X(op) (200)
KW! o,EA, OgEA,

on the symmetric Hilbert spaces. Hcy has symmetry X (z;) with 6%z7 = 0 and IP-VICM,dual has
symmetry X (z.) with 6.z, = 0. We can compute the composition

.1
KW o KW' = o] Z X(z.) (201)
6.2,=0
and
1
KW' o KW = Sa 5Zox(zj). (202)
15=

The state KW' |+)AC is a ground state of the Chamon model Hamiltonian (183). It can
be interpreted as the following procedure: (i) prepare the product state |+)2¢, (ii) introduce
ancillas |+)2”, (iii) apply the entangler U, and (iv) measure the cube degrees of freedom
in the X basis. At the fourth stage, if one obtains the outcome (+|%¢ Z(c,) for some chain
¢; € C,, the correction procedure can be done as follows. Consider the state after applying the
entangler U

[pre) = Ueo 1) |+)2 (203)
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which is also symmetric

X(z:) |\Ppre> = |qure> . (204)

One can invoke the argument involving non-degenerate intersection pairing as we discussed in
the CSS case in Section 4.1, which implies c. = 67c,. The correction can be done by applying
X(c,) on the post-measurement state because

X(c)) (+1% Z(ce) Wipre) = (+1% Z(c Moo Z (55, )X (c,) W) |[4) 2 = (+% [¥pe) . (205)

C Argument for SPT order via gauging

Here we provide another piece of evidence to show that the foliated cluster state from a given
local CSS code defined on a lattice has an SPT order. Following [37,39], we consider gauging
the global symmetries (28) and (29). The overview of the argument is as follows. We define
a gauging map I', which is locality preserving and gap preserving, such that the global sym-
metries (28) and (29) becomes trivial in the image of the map. We will take two different
ungauged Hamiltonians H; and H,, and obtain two gauged Hamiltonians H { and Hg , respec-
tively. If there exists a path [ 1] generated by local unitary transformations between two gauged
Hamiltonians, then there also exits a symmetry-preserving path between two ungauged Hamil-
tonians. We demonstrate that gauging the foliated cluster state Hamiltonian H., which is the
sum of stabilizers (up to minus signs), yields the Hadamard transform of H. As the ground
state of H. is short-range entangled, so is the ground state of the gauged Hamiltonian. For
comparison, we also gauge a trivial Hamiltonian H,y;, which is symmetric under (28) and
(29) and whose gapped ground state is a symmetric product state. We show that the gauged
Hamiltonian describes a model with a pair of non-trivial logical operators that intersect with
respect to the foliated direction when the original CSS code has non-trivial logical operators.
Thus the trivial Hamiltonian becomes a topologically-ordered model upon gauging. As the two
gauged models belong to different topological orders, the two original models have to belong
to different SPT orders. Since the model with H;, belongs to the trivial SPT order, then the
foliated cluster state must possess a nontrivial SPT order.

Let us begin by defining the gauging map I'. We make use of the foliated chain complex
and the lattice is assumed to be periodic in the w-direction. The models to be gauged are
defined on Ay, U Aq,. We write the basis for a wave function in Hq, ® Hg, as [cg,) ® |cg,)-
The gauging map I' : Hqy, ® Ho, = Hq, ® H, is defined at the level of basis as

r
lcg,) ®lcg,) — [0%cq,) ®10¢cq,) - (206)

Note that the locality of the map is ensured by the locality of differentials. The map is extended
to arbitrary wave functions in the Hilbert space by linearity. Operators acting on the Hilbert
space is gauged according to

O'(Tly)) =T(Olp)). (207)

In particular, the symmetry generators X(2) in (28) and X(z*) in (29) in the original models
are gauged:

X=X =1. (208)
The image of the map is subject to emergent symmetry conditions:

2@)(ry)) = 2G(T1) = (Tl)) - Vi) € Ho, @ Ho, (209)
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with 62 = 0 (2 € Co,) and 62* = 0 (g* € Cq,)- This can be seen from Z(z)lc‘i*cQz) =
(—1)#(206*CQZ)|6*CQ2> = [6%cq,) due to #(2Nd%cy,) = #(62Ncg,) = 0 etc.
We consider gauging the foliated cluster state Hamiltonian,

He=— > K(@)— > K(%). (210)

G'EAQl TEAQ2

According to the definition (207), we obtain?
(Hc)r — H®AQ1 UAQZHCH®AQ1 UAQZ . (21 1)

Thus the ground state of the gauged Hamiltonian is H®41Y4e |1p(ccss)), which is short-range
entangled [39, 63].
On the other hand, we consider the trivial Hamiltonian,

Htrivialz_ Z X(G)_ Z X(T) (212)

aeAQl O'EAQZ

Gauging this Hamiltonian gives

(Huwia) == Y. X(80)— Y. X(5°7). (213)

(J'EAQl O'EAQZ

To fix the ground state of the gauged Hamiltonian according to the symmetry conditions, we
add the Z terms, Z(6*0’) (0’ € Ay) and Z(67") (¢’ € Az,,). The upshot is two decoupled
models described by

Ho,=— Y. X(8*0)— > Z(57)), (214)
TE€EAQ, T'EA,,

Ho,=— Y, X(80)— Y. Z(5"0"). (215)
0€Aq, o'EAy

The former is defined on A, and the latter on A,,. Each of them possesses a non-trivial
topological order. To see this, we construct a pair of non-trivial logical operators whose mutual
commutativity is susceptible to the background topology. Namely, in the model (or a new
CSS code) Hy,, we have logical operators of the form Z(z) and X(z*) (62 = 0, 6*2* = 0;
2€Cy,,3" € Cél >~ Cp,)- An example of an anti-commuting pair is given by

= > zgx[j+1] (6xz4=0,%€Cy), (216)
je{o,...,L,,—1}

ko ok k ok k *

P4 —qu[w,w+1] (Squ—O,quCq). 217)

We assume that the cycles z; and zz have a non-zero intersection number. As the existence of
the anomalous commutator between logical operators above is due to the nontrivial intersec-
tion between a slice in the w direction and a cycle wrapping around the w direction (analogous
to the a- and f-cycles on the torus), the gauged model has a topological order.

*For example, we have T'(K(0)lcy,) ® lcg,)) = F((—l)#(achZ)le +0)®cy,)) = (—1)#(5"”CQ2)|5*CQ2)
®|6(cy, +0)), while due to the relation H®A% Ukq, K(0)H®*0 %2 = 7(0)X(60) we calculate Z(0)X(60)T(Icy, )
Bleg,)) = Z(0)X(80)|0%cq,) ®locy,) = (—1)#(””6*CQ2)|5*CQ2) ®|6¢cq, + &0), thus they are equal. We note that
#(oNd*cy,) =#(60 Ncy,).
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D Duality between strange correlators for CSS codes

The aim of this appendix is to provide a CSS generalization of the Kramers-Wannier-Wegner
duality with some careful treatment of the global contributions that arise on finite lattices. As
discussed in the main text, given a CSS code described by the chain complex 7, we obtain a
classical partition function:

(w(K)|Wegs) = 271821271872 5 7., (218)

where (w(K)| = Qoen, (0]eXX is a product state, |W.gs) is a particular state (see below)
stabilized by S, = (Z(5Za/3) op € Az) as well as Sy = (X(630,),0, € Ax), and Z; is a

partition function
Z,= Z exp (K Z s(6§ai)). (219)

{50[3 :il}aﬁeAZ GiEAq

This can be obtained from an explicit calculation using the commutation relation between the
CZ gate the X operator etc. via the expression

5
Wess) = (+127 ] €200z 1yBaf )2 (220)
Oi€A
Uﬁ EAZ
Note that the CSS state is the +1 eigenstate of the X operator including the X logical operators,
X(Z:)l\l’css> = |\IJCSS) with 5; 3 =0 (Zq S Cq).
Let us consider a different state constructed in a similar manner but with the differential
Oy instead of &,

Wigs) = (+] l_[ Cza(a T 1) Bal A (221)

;€A

o EAX
Let H = H®?4 be the simultaneous Hadamard transform. The state |Wlss) is almost the same
as H|Wcss), as they are both stabilized by the same stabilizers, Sy = (X(6;04),0p5 € Ay)
and S, = (Z(650,),0, € Ax). However, the state [/, is stabilized by the logical operator
X(Z ) Wlth 5Xz = 0 X(Zq)l\IJCSS) |\IJCSS) On the other hand, Z(Z:;)Hl\llcss> = H|\chss) with
o *z; =0. The dlfference can be accounted for by summing over logical operators:

[ess) I3 ( Z X(e))"”q’css) (222)
| | [LleL
1 /
Hiess) = = |( >, Z(ﬁ*))quCSS), (223)
*leLlx

where £ =Ker6y/Im6; and L* = Ker 67 /Im 0y and [e] is the homology class represented by
o. We note that

(w(K)IH = (sinh 2K)!44/2(w(K )], (224)
where K* = —%logtanhK. From the identity (w(K)|¥css) = (w(K)[H - H|Wcgg), we get the
relation
2/421(sinh 2K )/Adl/2

2|AX||£*|

Z,(K) = Dz, ), (225)

[ex]ec

where we introduced the twisted partition function given by

Z;{wisted(K*, ) = Z exp (K* Z(_l)#(aqﬂe*)s((SXo-q)) . (226)

{Saa:il}aaeAX Oq
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E Proof of non-degeneracy for the intersection pairing between
homology classes

In this appendix, we prove the non-degeneracy of the intersection pairing between homologies,
a fact that we use in Section 4.1 to show the correctability of outcomes in the measurement-
based gauging procedure.

Let R be a commutative ring and consider a chain complex C of free R-modules

9 ) 9] )
o™ Chy1 = C,—Cpq— ... (227)

with 2 = 0. The homology R-modules are given by H,(C,R) = Ker§/Im 5. We denote Ker &
by Z,, and Im § by B,,. This chain complex can be dualized by applying Hom(—, R) to the chain
complex. The cochain complex is given by

5* 5* 5* §5*
e Cr = Che—Cr (228)

n

The cohomology R-modules are given by H"(C,R) = Ker6*/Im &*. Now, let us consider the
natural map between H"(C,R) and Hom(H,,(C,R),R) [98]

h:H"(C,R) —» Hom(H,(C,R),R). (229)

The map h is defined as follows. Let ¢ € H"(C,R) be a dual cycle: 6*¢ = 0. This means
that ¢ o 6 = 0 — i.e., ¢ vanishes on the image of 6 which is denoted by B,,. The restriction
$o = ¢|z, induces a quotient homomorphism ¢, : Z,/B, — R, and ¢, is an element of
Hom(H,(C,R),R). The map h sends ¢ to ¢,. h is a homomorphism and it is surjective [98].
The failure of h to be an isomorphism is captured by the module Ext}z(Hn_l(C ,R),R) in the
short exact sequence [99]

h
0 — Exti(H,_1(C,R),R) = H"(C,R) — Hom(H,(C,R),R) — 0. (230)

An R-module B is injective if and only if Extllz(A,B) = 0 for every R-module A [99]. Since Z,, is
an injective Z, module [100], Ext}z(H 2—1(C,R),R) vanishes and h is an isomorphism if R = Z,.
Now we restrict to the case R = Z,,. Consider the canonical homomorphism

®:C,xC' >R (231)
which send (v, f) — f(v). Now consider the same map at the level of homology
@' :H,xH!—>R (232)

which sends ([v],[f]) — f(v). One can check that & is well defined from the following
observations

fr+8V)=fM+f(EV)=f)+fedv =f(v) (233a)
(f+8 )W) =fM+8 I =fFWM)+f os(W)=FW+f(6(M)=F(v). (233b)

The last equality in the first line follows from the fact that f € Ker6* and the last equality
in the second line follows from v € Ker . The map &’ is clearly a non-degenerate map. We
define the intersection pairing between homology and cohomology classes as the composition

id,h @’
H, x H" 5 1, x5 25 R, (234)

which is non-degenerate because (id, h) is an isomorphism.
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F Algebraic formalism for various spin models

In this section, we will look at the algebraic formalism developed by J. Haah for translationally
invariant Pauli-stabilizer Hamiltonians [101]. Following [97], we first review the Kramers-
Wannier duality in the algebraic formalism in Section E1. In Section E2, we give a general
proof of correctability of the measurement outcomes in measurement based preparation of
ground states of CSS codes in algebraic formalism. Finally in Section E3, we provide examples
of self-dual classical codes CC?Z{%‘MI together with their symmetry generators and ground state
degeneracy.

E1 Kramers-Wannier duality in algebraic formalism

Here we provide a brief review of algebraic formalism for translationally invariant Pauli Hamil-
toninas [101] and a review of Kramers-Wannier duality between quantum spin models in this
formalism [97].

E1.1 Generating map and Excitation map

Let us consider a hypercubic lattice in d dimensions. We denote the coordinate directions of
the lattice by x, ..., x4. We will restrict to periodic hypercubic lattice throughout this Appendix
and denote the number of unit cells in each of the x;, ..., x4 directions by L1, ..., L;. We assume
a single-qubit degree of freedom at each site of the lattice and a two-dimensional Hilbert space
‘H;. We assume there are K sites per unit cell in the lattice. We represent the total Hilbert by
®;H;. Pauli operators are acting on each d.o.f.

We start with a Hamiltonian defined on a hypercubic lattice with K sites per unit cell,
expressible by r independent terms up to translation:

H= > (wH"+. . +wH"). (235)

i€Zy, X XL,

Here H l.U ) are Pauli operators and w; are real coefficients.

We will use the algebraic representation of a Pauli operator defined as follows. Let us
denote by Fy[x1, ..., x4] the ring of polynomials of x, ..., x4 with coefficients in F,, (Z, regarded
as a field). First we define a ring

Falx1, ..., X4]

R:=
(xf1 +1, ...,xﬁd +1)

(236)

where we quotient out by an ideal generated by the d polynomials representing identifications
in the torus. Let Z;; and X;; (k =1,...,K) be the Pauli Z- and X-operators for the k-th site
in the unit cell located at i = (i,...,i;). Then we define the algebraic representation of the

. a; bi
Pauli operator P = ®icz, x..x2y, ®Ik<:1 Zl.,k’kXi’k’k to be

iy g
(Ziai,lxl Xy \

il lq

QXX
2.1 i L—d e R¥ =:p. (237)
Dubiix] .. x;

2 id]
\Zi b xxi ... x;

Note that product of Pauli operators correspond to addition of elements in R?X.
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Let h¥) be the algebraic representation of H(()j ) and consider the R-module H generated by

{h(j)}]r.zl. Let {oU )}J.T:1 be a minimal set of generators of H and 2 the operator represented

by o). We define the generator-label module as G = R”. Then the generating map is defined
as amap o : G — P represented by the 2K x T matrix

o= (0(1) O'(T)) ) (238)

which we denote by the same symbol as the map. The terms in the Hamiltonian (235) are
given by a specific choice of vectors (generator labels) in G. Thus a generating map can be
thought of as a matrix which, when acting on the generator labels, gives all the terms in the
Hamiltonian.

The commutation value of operators A and B, which we represent algebraically as A and
B, is defined as the symplectic inner product

(A,B) =A"A(B€ER, (239)

where 1 denote matrix transpose followed by the antipode map x; — x; = xi_1 and Ay is the
symplectic form

0 I
KxK KxK

The coefficient of x}'...x in (A,B) equals nzx ; + ny,; modulo 2, where nzyx ; (ny;,) is the
number of Pauli Z’s (X’s) from B appearing in the position translated by i = (iy, ..., ;) relative
to the positions of the Pauli X’s (Z’s) from A. We define the excitation map € : P — E=RT by
its matrix representation

e:=0'Ag (241)

denoted by the same symbol. One can read off where anti-commutation occurs between the
operators ) and P from e(p). E is called the excitation module.

E1.2 Symmetries and identity generators

With the generating map and the excitation map, we have the sequence
¢LPSE. (242)

Here, G, P and E are vector spaces over F, with basis elements of the form xll1 x;...x;‘i. They
are also R modules. Hence o and € are both linear maps as well as module homomorphisms.
The operators represented by the elements of Ker (o) are called identity generators [97]. The
elements of Ker(e) represent the symmetry generators (the Pauli operators which commute
with =0 for all j). Ker(o) and Ker (¢) are submodules and subspaces of the domains of the
respective maps. Choosing a basis for the subspaces determine the independent identity and
symmetry generators. For stabilizer Hamiltonians all the terms in the Hamiltonian commute
and hence (o,0) =0=c¢€oo0.

E1.3 KW duality between generalized transverse field Ising models

The Hamiltonian of the generalized Ising model that we are going to discuss consists of two
types of terms: K transverse fields and N Ising interactions. We algebraically represent them
by X, (k =1,...,K) and Z, (n = 1,...,N), respectively. Let us define a 2K x N matrix
Z= (Zl ZN) and

Ok
X=(X ... XK)z(IK—K). (243)
KxK
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The generating map for this model is

oc=(z X). (244)

Due to the transverse fields, (o, o) and € o o are non-zero. In the main text, we defined the
Kramers-Wannier transformation in (111) and derived the operator relations (113)- (117). In
the algebraic formalism, the KW transformation corresponds to the dual generating map given
by & = (X Z) where [97]

X:(ON_XN), Z:(@) ) (245)
IN><N ONxK

The dual excitation map is given by € = 6" Ay. The dual excitation map satisfies the relations
€05 =(6,6)=(0,0) =€o0o. The generating map and the dual generating map satisfy the
following identities

Ker (€) = 6(Ker (o)) Ker(e) = o(Ker(5)). (246)

See Appendix A of [97] for a proof.

E1.4 Example: Transverse field Ising model on a one dimensional lattice

Here we give an example of Kramers-Wannier transformation for transverse field Ising model
on a one dimensional lattice with L sites. Interested readers can find more examples and
detailed analysis in [97]. We consider the following Hamiltonian

Higing Z—ZZiZiH _A‘ZXI" (247)
i i

So we have the number of sites per unit cell K = 1 and the number of Ising type interactions
N = 1. The generating map is given by

o= ; (248)

whose two columns represent Z;Z; and X,. The terms in the Hamiltonian are generated by
the generating labels g; = (%) and g, = (%) The kernel Ker (o) is generated by (ZTX), and

corresponds to the product of the Ising interactions Z;Z;,, on all sites i. This product is the
identity since Zl.2 =1. So, indeed Ker (o) gives the identity generator. The excitation map is
1+x

, 0 0 1 0| 1+x
(PR () e

The symmetry generators of the Ising Hamiltonian (247) are represented by the elements of

Ker (€), which is generated by (L) This is indeed the product [ [;X; which is the global

Sxt )t

symmetry of the Ising Hamiltonian (247). To find the KW dual model we note that

~ 0 ~ 1+x
X—(I) Z—( 0 ) (250)

(251)

Then
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The generating map acting on the generating labels g; and g, gives the dual Hamiltonian
which is the same as the Ising Hamiltonian. This is because the KW transformation exchanges
the X; with the Z;_;Z; term and the Z;Z; ; term with the X; term. Ker(&) is generated by

(ﬁ) which is indeed the product of the Ising interactions at all the dual sites. The excitation

. [ 1 0
6—(0‘1+x). (252)

Ker (€) is generated by (ﬁ) which represent [ [, X; and is a symmetry of the KW dual Ising
Hamiltonian. One can easily verify the identities Ker (€) = & (Ker (0)) and Ker (¢) = o (Ker (&))

for this example.

map is given by

E2 Correctability in algebraic formalism

In this subsection, we prove that the correction against measurement outcome in the preper-
ation of CSS code ground states is possible. This procedure follows the discussion of cor-
rectability of measurement outcomes given in Section 4.1. Here, we discuss correctability in
the algebraic formalism. Let us consider the generalized Ising model on an arbitrary dimen-
sional torus with the following generating map and excitation map

o, 0 0ol
o=(2 X)= Al e:oTAK=( 1‘ oz) (253)

. . . . . . o
where 0, is a K x N matrix and I is a K XK identity matrix. Note that here we chose Z = ( OZ ),

i.e., Z does not have any Pauli X operator in it. Referring to the discussion given in Section
4.1, the generating map o and excitation map € can be written in terms of the chain complex
notation as

[0z O [ 0] 05
o= 7]’ e_(I‘ o ) (254)

where &, should be thought of as boundary map acting on the polynomial representation of
the chains in C; to give chains in C,. Similarly, 57 should be thought of as dual boundary
maps acting on the chains in C, to give chains in C;. Explicitly this is exactly the maps o, and

0'1. This generalized Ising model is exactly the same quantum model considered in the L.H.S.
of (115). The dual generating and excitation maps are given by

. (0 of . (1]o0
&=t e_( ‘ ) (255)

In terms of the chain-complex notation, the dual generating and excitation maps are given by

(o &\ . (1I]o0
& =&, 6—(0‘52). (256)

The dual generalized Ising model is exactly the same quantum model appearing in the R.H.S.
of (115). The blocks o, and 0;' can be thought of as maps

o, :RV - RK o;r :RE SRV, (257)
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They are both a module homomorphism as well as a linear map. Now we define a conjugation
map

C:R—R (258)

given by x = x~!,y — y~! and z — 2z, and extending the definition to other elements in R
to make it a ring homomorphism. C is also a vectorspace isomorphism when R is viewed as a
vectorspace over F,. Then, one can define

Cy:=(C,..,C):RN - RN, Cx :=(C,...,C) : RE - R (259)

as multiple copies of the ring homomorphism C. Clearly Cy or Cy are vectorspace isomor-
phisms. Now o is defined by

O';(CK(V) = CN(O'ZTV) VveRK. (260)

This tells us that Ker chT = Ker a; as vectorspaces.

One can easily check the relations Ker & = Ker € = Ker OZT = Ker 67, as well as the relations
Ker o = Ker € = Ker o, = Ker 6. This is consistent with the fact that Ker 67, is the symmetries
of the quantum model defined on the L.H.S. of (115), and Ker e = Ker 0; is the symmetries of
the same model in the algebraic formalism. Similarly, Ker &, is the symmetries of the quantum
model defined on the R.H.S. of (115), and Ker € = Ker 0, is the symmetries of the same model
in the algebraic formalism.

Let us start with the generalized Ising model given by . We define a charge configuration
for this model as an element in RX(Laurent polynomial). This polynomial is equivalent to
specifying a measurement outcome (+|®Aq Z(c4) as in the correction procedure mentioned

in Section 4.1. To be precise, the operator Z(c ) can be represented by (E})) where v € RX.

0
The symmetries of the Hamiltonian described by o are described by Kere = (Ker a"r)' This
zZ

is equivalent to operators of the form X (22) with 5222 = 0. Now, let us define the symmetric
charge configurations as the configurations Z(c4) which commute with X (zfl) sz such that

0
5}z’; = 0. The commutation property between two operators represented by (g) and (v’)

in the algebraic formalism is captured by the vanishing inner product

% ! 0
() 2(2)=0 -

v 0 Ca .
Let us denote ( 0) = v and (v’) = v/. Then the vanishing inner product is the statement

(v,v') = 0. Now, the symmetric charge configurations is given by v such that v € RK and
(v,v/) =0 for all v/ such that v’ € Ker U;r. In other words, the symmetric charge configurations

v

. 0 .
) such that v € (Ker ol )L. Now let w = ( ) such that w € Kero?,
0 d w 2

are represented by v = (

and u= (g) such that u € RN . Consider the inner product

BN 1 N
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s 1 11 ~ T~
So we find thatImo, C (Ker a;) . As vector spaces, we know that (Ker oz',) =Imo, =Imo,
when they are finite dimensional.?® This implies that

Imo, = (Ker O'Z)J_ . (263)

Here Im o, is the vector space spanned by the independent Ising interactions. Hence the re-
lation (263) implies that all the symmetric charge configurations Z(c 4) obeying the condition
[Z(cg),X (zf])] =0 for all zf] with 5}22 = 0 can be obtained by taking products of Ising intera-
tions [ | opeACh, Z(670p) for some subset A C A,. By applying I1 o8 caX (o) we perform the
correction procedure. In terms of algebraic representation, this correction procedure can be

. . . . 14
stated as follows: a symmetric charge configuration given by v = ( ), v € RK can be corrected

0

by applying ¥ = (g), for 7 € RN satisfying 0,7 = v.

We mention that this argument of correction procedure also works in the case of preparing
certain non-CSS stabilizer code ground states. Alternative transformations between (253) and

_ (0 of - I
O'x O-x Oy

are also valid Kramers-Wannier transformations; an example is the Chamon model with trans-

verse field, for which the KW operators are given in (192) and (193) and the dual Hamil-

tonians are given in (200). We still have Ker€ = Kero, and Ker& = Ker O';'. We still have
AL . . .

Imo, = (Ker o) ) and the correction procedure can still be performed by applying the counter

X operators as before.

E3 Self-dual models

We consider a class of self-dual models specified by the chain complex
57
0— Cd—k i Ck —0 (265)

in d spatial dimensions (0 < k < %). The Hamiltonian in terms of the chain complex notation
is

HE == > Z(5,0p). (266)

gp EAGk

Below, we wish to study symmetries of the model, and compute the ground state degeneracy.
For example, for the 1d Ising model (d, k) = (1,0), the ground state subspace is formed by
|0) :==|00...0) and |1) :=|11...1). The two logical qubits are related by the logical X operator
[ 1, X;, which is the global symmetry of the 1d Ising model. Hereafter, we describe the family
of models using the algebraic formalism to avoid clutters. Also, irrelevant zero matrices due
to the zero transverse field limit will be omitted.

E3.1 d =3, k=1 model

Let us denote the three coordinates in three dimensions by x, y, and z with L,, L,, and L, the
number of unit cells in the cubic lattice. We assume periodic boundary conditions on all the

26These vector spaces are finite dimensional when we assume periodic boundary condition on the underlying
lattice.
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three directions. This model can be specified by the generating map,

o 1+y 0 1+2
U:%, oz=(1+x 1+z 0 s (267)
33 0 1+y 1+x
where each row corresponds to the qubit on an edge in the x-, y-, or z-direction, while each

column corresponds to a face in the xy-, yz, or zx-directions. The symmetries of this model
can be obtained by computing

0
Kere = 3X4,. . (268)
Kero,
Ker 0; is a submodule generated by the columns of the matrix
sys; 0 0 1+x
0 s, 0 1+7]|, (269)
0 0 sy, 142
where we define a notation
L,—1
Sq 1= al fora=x,y,... (270)

The last column describes the local symmetry of the model, which consists of a product of six
edges around every vertex. This local symmetry generate the one-form symmetries which lies
in the trivial homology class. Note that, unlike the 3d toric code, operators that violate the local
symmetry do not raise energy, so the model contains a significantly larger number of states in
the ground state subspace. There are L, L, L, local symmetry generators. However, product
of all of them is the identity operator, so there are L,L,L, — 1 independent terms. Planar
symmetries given in the first three columns of (269) give the one-form symmetries in the non-
trivial homology class. Given two parallel planes in xy, yz, or zx directions which consist
of edges in gz, x, and y directions, respectively, the corresponding symmetry generator can
be formed by a product of local symmetry generators along the plane. Hence, there are three
independent generators from the first three columns. So thereare L,L,L,—1+3 =L, L, L, +2
independent logical X operators. We get the ground state degeneracy,

log, GSD=L,L,L, +2. (271)

E3.2 d =4, k=1 model

Let us denote the four coordinates in four dimensions by x, y, z, and w. Let L,, L,, L,, and
L,, be the number of unit cells in the x, y, 2z, and w directions of the hypercubic lattice. We
assume the periodic boundary condition on all the four directions. The model is specified by
the chain complex

1)
0— C3—C; —0. (272)

This can be explicitly written using the generating map o,

g
g = Z ,
O4xa

0 l+z+w+zw 1+y+w+yw 1+y+z+yz (273)
| T+z+w+zw 0 l+x+w+xw 14+x+z+xz
9z= 1+y+w+yw l+x+w+xw 0 1+x+y+xy
l1+y+z+yz 14+x+z2+xz 1l+x+y+xy 0
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Each row from top to bottom represents the four edges x, y, 2 and w respectively in a unit
cell, and each columns from left to right describes an Ising interaction obtained as the boundary
of a cube perpendicular to the four directions x, y, z and w respectively. Global symmetries
of this model can be obtained by computing Ker € = Ker 0;. Ker O'; is a submodule generated
by the columns of

0 0 sy(1+x) s,(1+x) s,(1+x) s,(1+x) s,(1+X) s,(1+x
s(1+y) s, (1+¥) 0 0 s;(1+¥) 0 sw(1+¥) 0
s, (1+2) 0 0 5,(1+2) 0 0 0 s,(1+2)
0 Sx(1+w) s, (1+w) 0 0 s,(1+w) 0 0
(274)
and
SySz SySw SwS; O 0 0 0 0 0 0 0 0
0 0 0 5,85 S¢S Sws; O 0 0 0 0 0 (275)
0 0 0 0 0 0 syxSy SxSw Sysw O 0 0
0 0 0 0 0 0 0 0 0 58y xS 8yS;

Every generator represented by each column in the above matrix can be placed at arbitrary
positions in the remaining coordinate. For example, s, (1+ ) can be placed at y/z!w™ for any
(j,1,m) or s,s, can be placed at z!w™ for any (I,m). We note that not all the generators are
independent as there are constraints between generators from different columns. For example,
the first two columns of the second matrix satisfy the constraint

SySz ) _ SySw
sw( 05 ) sz( 05 ) . (276)

Here 0,, denotes m repeated entries of 0. Similarly there is a constraint between the first
column of first matrix and fourth column of the second matrix

0 0
s (1+y) | _ -y | xSz
S, s.(1+2) |~ (1+¥) o | 277)
0 0

The ground state degeneracy can be computed by counting all the independent symmetry
generators. It is given by

log, GSD =2(LL, L, + Ly Ly L, +L,L,L,+L,L,L,)
—2(LyLy+L,L,+L,L,+L L, +L,L,+L,L,)+4(L+L,+L,+L,)—8.
(278)

We obtained this polynomial using a method with the Grobner basis, which we explain in
Appendix E4.

E3.3 d =5, k=1 model

Let us denote the coordinates by x;, Xs,..., and xz. Let L; be the number of unit cell in the i
direction of the hypercubic lattice. We assume periodic boundary conditions along all the five
directions. The model is specified by the chain complex

9}
0— C4—>C; —0. (279)
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There are five edges per unit cell and five Ising type interactions obtained as the boundary of
a four dimensional hypercube perpendicular to one of the five directions. Let us denote

7,0 =0+x)Q+x;)(1+x). (280)

The generating map is given by

Oz
o = B
05><5

0 23,4,5) f2(2,45) f2(2,3,5) f7(2,3,4)
f7(3,4,5) 0 f(1,4,5) f2(1,3,5) f2(1,3,4) (281)
oz;=|f7(2,4,5) f2(1,4,5) 0 1,2,5) f2(1,2,4) |,
f(2,3,5) f2(1,3,5) £2(1,2,5) 0 f7(1,2,3)
02,3,4) f2(1,3,4) f2(1,2,4) £°(1,2,3) 0

where each row from top to bottom represent an edge along one of the five directions in as-
cending order in the subscript of the coordinates. Each column represents a four-dimensional
hypercube by deleting one of the five coordinates. They are ordered from left to right in the
ascending order in the subscript of deleted coordinates. The symmetry of this model is given
by Ker € = Ker a;, which is a submodule generated by vectors of the form

1+, 0,

1+ %, 1+ 0,

1+x3|,s.| 0p_—1|,and | s;5, |, (282)
1+ %, 1+ %, 0s_,

1+ X 0s_n,

where r #1, r #m, | <m, and we used

Li—1
sei= o xk (k=1,2,.). (283)
i=0
The i-th row represents edges in the x;-direction. The ground state degeneracy can be obtained
by counting the total number of independent symmetry generators:

5
10y GSD =L LyL3Lyls+2 > Ly..L;...Ls
i=1

s s s (284)
—2 > LyleljLs+4 >0 LiL—8) Li+14,
i,j=1,i<j i,j=1,i<j i=1
where the I; denote L; is omitted in the product.
E3.4 d =5, k=2 model
The model is specified by the chain complex
6z
0— C3— C,— 0. (285)
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There are ten faces per unit cell and ten Ising type interactions described by ten cubes in a unit
cell. The generating map is given by

‘ o )
g = Z ,
010><10

[0 0 0 0 0 0 0 14xs 1+x, 1+x5\ fio
0 0 0 0 0 1+4xs 1+x, O 0 1+4x | fis

0 0 0 0 14xs 0 14+x3 0 1+x, 0 | fuu

0 0 0 0 1+x, 14x3 0 14x, O 0 | fis

| o 0 1+x5 14x, O 0 0 0 0 1+x,| fo
2= 0 1+xs 0 1+xs O 0 0 0 1+x; 0 | fou -
0 1+x, 14x5 O 0 0 0 1+x; O 0 | fos
l1+xs O 0 1+4x, O 0 1+4x O 0 0 | fu
14x, 0 14x, O 0 1+4x, O 0 0 0 | fus
l14x; 14x, O 0 1+x; O 0 0 0 o ) fu

(286)

In the above matrix, the rows from top to bottom correspond to the face f;; in the x;-x; direc-
tion for i < j in the ascending order. We define f;; < f,; if i <rorifi=r then j <[. Similarly
the columns from left to right correspond to cubic interactions formed without the coordinates
x;-x; for i < j in the ascending order of deleted pair of coordinates. The submodule Ker o;
representing symmetries is generated by the following three types of vectors. First,

04 (p,q)-1
SISmSn (287)
010-¢(p,9)

where {l,m,n,p,q} ={1,2,3,4,5}, and ¢(p,q) is the index of the row that represents f,,, (or
fqp> Whichever is appropriate) following the ascending order starting from 1. Second,

O0¢(1,m)—1
(T+x)( +x,,)

seSe | Opm—pm-1 | > (288)
(T4+x) +x,)

010—¢(1,n)
where {r,t,l,m,n} ={1,2,3,4,5} and ¢(I,m) < ¢(l,n). Finally,

0 0,
] 14 %, 1+ x; [1+3‘cl\ ( Os_ \
1+x, 1+Xx;
- 05 0, 0,
14X 1+x 1+x 1+x 02
1+%, |, 3, 21, 20, | 1+4x,|. (289)
- 1+, 0, 0
1+ X5 — - — 0
1+ X5 1+ X4 1+ X3 -
06 - 1+ X3
0, 14 Xs 0 4% )
0 \1 + Xs ] 4
The above symmetries are all not independent. For example,
1+ 3%,
1+ %,
- _ 838455
535455 1+ X4 | = (1 + X2) ( 0 ) (290)
1+ X ?
06
and there are more constraints. The ground state degeneracy is given by
10g2 GSD = 4L1L2L3L4L5 +6. (291)
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E3.5 d =6, k=1 model

Let us denote the coordinates in six dimensions by x;, x,..., and x¢. Let L; be the number of
unit cells in the " direction of the hypercubic lattice. We assume periodic boundary conditions
along all the six directions. The model is specified by the chain complex

19
0— Cs —> C; — 0. (292)

There are six edges per unit cell and six Ising type interactions which are obtained by choosing
five dimensional hypercubes perpendicular to any of the axes. Let us denote

£, j,L,m) = (14 x)(1+x,)(1 +x)(1+xp,) . (293)

The generating map for this model is given by

o
o=,
Osx6

0 £(3,4,5,6) f8(2,4,5,6) £5(2,3,5,6) f(2,3,4,6) f(2,3,4,5)
£L(3,4,5,6) 0 f2(1,4,5,6) £°(1,3,5,6) £°(1,3,4,6) f(1,3,4,5)
f2(2,4,5,6) f(1,4,5,6) 0 £2(1,2,5,6) f2(1,2,4,6) £°(1,2,4,5)
f2(2,3,5,6) f°(1,3,5,6) £°(1,2,5,6) 0 £2(1,2,3,6) f5(1,2,3,5) |’
5(2,3,4,6) f2(1,3,4,6) f5(1,2,4,6) £5(1,2,3,6) 0 5(1,2,3,4)
£2(2,3,4,5) f8(1,3,4,5) £°(1,2,4,5) £2(1,2,3,5) f(1,2,3,4) 0

O-Z:

(294)

where each row from top to bottom represents an edge along one of the six directions in as-
cending order in the subscript of the coordinates. Each column represents a five-dimensional
hypercube by deleting one of the six coordinates. They are arranged from left to right in the as-

cending order in the subscript of deleted coordinates. Symmetries are given by Ker € = Ker 0}.
T

Ker o, is a submodule generated by vectors of the form
U}
1+ X
Sp| Omei—1 | withne {1,...,6}\{[,m},1<1l<m<6 (295)
1+ X,
06—m
and
on—l
sism| 1 withl<me{l,..,A,..,6}. (296)
06—n

The ground state degeneracy is given by

6
10g,GSD=4 > Ly..LiLe—4 > Ly.liljLg+6 D LiLiL

i=1 i<j i<j<l (297)
—10> LiL;+16 Y L;—24
i<j i

where the L; denote L; is omitted in the product.
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E3.6 d =6, k=2 model

The model is specified by the chain complex
0—>C4—Cy—0. (298)

There are 15 planes and 15 Ising type interactions obtained by choosing four dimensional
hypersurfaces perpendicular to any of the 15 planes. Let us denote

f26(i:j):(1+xi)(1+xj)- (299)

The generating map for this model is

Oz =
0 0 0 0 0 0 0 0 0 £5(5,6) f2(4,6) f2(4,5) f2(3,6) f2(3,5) f9(3,4)

( 0 0 0 0 0 0 f5(5,6) f2(4,6) f24,5) 0 0 0 f226) £2(2,5) f22(2,4)
0 0 0 0 0 f25.6) 0 £53.6) f23.5) o0 £2(2,6) f2(2,5) 0 0 5(2,3)
0 0 0 0 0 foa6) f3,6) 0 26,4 ff@e6) o Hee o 23 o
0 0 0 0 0 £5a,5) f23,5) £G4 o 525 @49 o 523 o 0
0 0 £5(5,6) f22(4,6) f€(4,5) 0 0 0 0 0 0 0 2a,6) ££(1,5) f22(1,4)
0 f22(5,6) 0 f2(3,6) £2(3,5 0 0 0 0 0 ££01,6) fzz(l,s) 0 0 ££01,3)
0 f2(4.6) £23,6) 0 56 o 0 0 0 2.6 o 249 o 21,3 o
0 25,4 £23,5) 23,4 0 0 0 0 0 a5 0,49 o $a,3) o 0
f2s,6) 0 0 f22,6) £22,5 0 0 ffHa,e) 2,5 o 0 0 0 0 ££01,2)
14,6 o0 186 o f§6(2,4) 0 f21,6) 0 a4 o 0 0 0 £a,2) o
f§6(4,5) 0 fZG(Z,S) e o 0 2.8 e o 0 0 0 212 o 0
£23,6) f2(2,6) 0 0 £22,3) ££1,6) 0 0 513 o 0 a2 o 0 0

K 23,5 £225 0 23 o s o 51,3 o 0 $a,2) o 0 0 0 )
26,49 2249 ££23) o 0 pa4 a3 o 0 f£1,2) o 0 0 0 0

(300)

where the rows correspond to face f;; in ascending order from top to bottom. Ascending order
is defined similarly asin the d = 5,k = 2 case: f;; > f,;; ifi > morifi = mthen j > [. Similarly

the columns correspond to four dimensional hypercubes with x; and x; coordinates removed

and are placed in ascending order from left to right. Ascending order is with respect to the
removed coordinates x; and x; as in d = 5,k = 2 case. Let us define g;; := (1 +%;)(1 + X;).

The submodule Ker O'TZ representing symmetries is generated by the vectors of the form

T
(812 813 814 815 816 823 824 825 826 834 835 836 845 846 g56) >

0g 1,91
(1+Xx)

$rSe | Ogp.g—¢p,q—1 | withl <pandl,q,p,r,t €{1,...,,6} distinct,
(1+x,)
0154 (p.)
St ( 0¢(l,m)71 8im Od)(l,n)f(i)(l,m)fl 8in 0¢(m,r)7¢(l,n)7l &mr Ocp(r,n)f(f)(m,r)fl &rn 0157¢(r,n) )T
withil<m<nandl<randl,mn,rt€{1,...,6} distinct,
O (r,0-1
and s;s,,5, 1 withl<m<ne{l,..,f,..¢,..,6},
O15-¢(r0)
(301)

where ¢(p,q) is the index of the row that represents f,,, (or f,,, whichever is appropriate).
The ground state degeneracy is given by

6 6
logyGSD=[ [Li+4 > Lilile—4> LiLijls+8 > LiLjL
i=1 i=1 i<j i<j<l (302)

—16 > LiL;j+34 > L;—74.

i<j i
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E4 Computation of ground state degeneracy using Grobner basis method

Here we provide the details on the computation of the ground state degeneracy on the d
dimensional torus of various models that we considered above.

E4.1 Classical model Ccfglif“al

The Hamiltonian for this model is given in (266). The ground state degeneracy can be com-
puted by counting the total number of independent symmetry generators. These independent
symmetry generators can also be thought of as independent logical X operators when Cczzli‘)jual
is viewed as a quantum CSS code without any X -type stabilizer terms Symmetries are given

by columns of Kero . From (263), we know that Ker oZ = (Imo Z) . Hence, to count the

independent symmetry generators we need to simply find the dimension of (Imo Z)L inside
Fo[x1,..%4]
Ly Lg
(1, +1)
or columns in the matrix o,. Then the ground state degeneracy is given by

d
the module R(x) as an F,-vector space. Here R = and (i) is the number of rows

 (Fabra o xal/ P 41, x4 1) O
log, GSD = d1mF2 Mo . (303)
z

Now let us denote the rows of (Fy[xq, ..., xd])(i) when written as column vector by é; for
i=1,.., (i) Then (303) can be equivalently written as

(Fylxy, oy g D)
(Mo, (X} + 1)y, ey (x5 +1)8y, e, (x]" + ey, ey (25 4 Déy) ’
(304)

log, GSD = dimg,

where the denominator on R.H.S. is a submodule generated by the elements in the angle
brackets. The way to compute (304) is the following:

* First we find a Grobner basis [79] for the submodule generated by Im o, as well as the
(i) boundary conditions (xf1 +1)é;,..., (xg" +1)¢; fori=1,..., (i) This is a submodule

of (Fy[ x4, ...,xd])(i) and the Grobner basis span this submodule?”

* We extract the leading monomials in the Grobner basis for the submodule. The mono-
mial order is defined as follows: x‘f ! xgz.. xgd 6. > xP 1x§2 xgd é. if (i) the first non-zero
entry in the component-wise subtraction (a1, ... ad) (Bq, ... /3d) is a positive integer, or

(i) the subtraction vanishes and i < j.28

* Using the division algorithm for modules®’ all the elements in the quotient submodule
has a leading monomial that is not divisible by all the leading monomials of the Grébner
basis that we found in the first step. Hence, counting the dimension of the quotient
submodule is equivalent to counting all the monomials in x,...,x4 for each é; that are
not divisible by the leading monomials of the Grébner basis.

?7See proposition 2.7 in chapter 5 of [79].
28This monomial ordering is defined as TOP order in chapter 5 of [79].
2This is stated as Theorem 2.5 in chapter 5 of [79].
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F4.2 Quantum CSS code QC?(‘;lf{"l‘;lal

Hamiltonian for this model is given in (150). This can be represented in the algebraic notation

with the generating map
_(oz O0)\_(d6z O
7= ( 0 O'X) - ( 0 6;,) (305)

where o is a (i) X (i) matrix and oy is a (i) X (‘11) matrix. The ground state degeneracy can
be computed by counting the number of logical Z operators. Given the chain complex (148),
the ground state degeneracy is equal to the dimension of the homology

Ker &
log, GSD = dimg, 5X
moyz

= dimg, Ker oy — dimy,Iméo; . (306)

Now dimg,Im 6, can be computed using the formula

dimg,Im 6, = dimg, R(i) — dimg, Coker 6, (307a)
d
= (k)L1---Ld — dimg, Coker 6 . (307b)

Note that 6; = 0, and we computed dimg,Cokero; in the classical code case using the
Grobner basis method. So it remains to compute dimy Ker6y. Using the exact argument

we used in (262) to prove (263), we can prove Ker oj{ = (Im ax)l. With the identification
ox = &y, we get

dimg, Ker 5y = dimg, (Im5},)" = dimg, Coker 5, . (308)

Combining (307) and (308), we conclude

. d
log, GSD = dimy, Coker §; + dimy Coker 6, — (k)Ll...Ld . (309)
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