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Abstract

This thesis addresses whether it is possible to build a robust memory device for quantum information.
Many schemes for fault-tolerant quantum information processing have been developed so far, one of
which, called topological quantum computation, makes use of degrees of freedom that are inherently
insensitive to local errors. However, this scheme is not so reliable against thermal errors. Other fault-
tolerant schemes achieve better reliability through active error correction, but incur a substantial
overhead cost. Thus, it is of practical importance and theoretical interest to design and assess
fault-tolerant schemes that work well at finite temperature without active error correction.

In this thesis, a three-dimensional gapped lattice spin model is found which demonstrates for
the first time that a reliable quantum memory at finite temperature is possible, at least to some
extent. When quantum information is encoded into a highly entangled ground state of this model
and subjected to thermal errors, the errors remain easily correctable for a long time without any
active intervention, because a macroscopic energy barrier keeps the errors well localized. As a result,
stored quantum information can be retrieved faithfully for a memory time which grows exponentially
with the square of the inverse temperature. In contrast, for previously known types of topological
quantum storage in three or fewer spatial dimensions the memory time scales exponentially with the
inverse temperature, rather than its square.

This spin model exhibits a previously unexpected topological quantum order, in which ground
states are locally indistinguishable, pointlike excitations are immobile, and the immobility is not
affected by small perturbations of the Hamiltonian. The degeneracy of the ground state, though
also insensitive to perturbations, is a complicated number-theoretic function of the system size, and
the system bifurcates into multiple noninteracting copies of itself under real-space renormalization
group transformations. The degeneracy, the excitations, and the renormalization group flow can
be analyzed using a framework that exploits the spin model’s symmetry and some associated free

resolutions of modules over polynomial algebras.
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Chapter 1

Introduction

The idea of quantum computer dates back at least to Feynman [1], who speculated a possibility
for exploiting the computational power that Nature allows. The idea raises a deep question. The
computation is a manipulation of symbols and numbers according to our logical system. If we can
simulate the time evolution of Nature in a controllable and mechanical way, then it is unavoidable
to conclude that the present Nature is really computing the future, and that the way she does is
essentially the same as our arithmetic. If we cannot simulate what she does, then it means there is
a fundamental difference between the time evolution and its artificial simulation by our logic and
numbers. Either conclusion must have profound consequences.

An important problem in proving the possibility of a quantum computer is how to suppress
decoherence. Shor discovered a scheme in which as long as elementary operations have a low enough
error rate one can perform an arbitrarily long computation [2]. He showed there is a positive constant
0 such that any ideal computation can be simulated by faulty elementary operations if they are close
to ideal ones up to precision J; the scheme effectively reduces the error rate. Thus, the problem of
decoherence is solved at least theoretically.

Kitaev proposed yet different scheme, called topological quantum computation, in which ele-
mentary operations are physically protected and hence are ideal for all practical purposes [3]. He
pointed out that there is a naturally protected subspace in topologically ordered systems in two
spatial dimensions. The subspace is accessible by braiding excitations, so-called anyons. As long
as the anyons are geometrically well separated at any time step of the computation, the subspace
remains decoherence-free. A classical analog is easy to understand. In a magnetic storage medium a
bit is encoded into one of two polarizations of little ferromagnets. Each little ferromagnet consists of
billions or more electrons whose spins are aligned together. An electron spin may be flipped by some
error, but it is energetically unfavorable. Many errors require high energy, and it is very unlikely
that the average magnetization would change the sign. The main idea of the encoding quantum
information in the topologically ordered system is similar. The information is carried not by local

degrees of freedom, but by collective degrees of freedom, where local errors are suppressed by natural



means.

A requirement for a system to be useful for the topological quantum computation is that the
system must have eigenstates of the same energy that are locally indistinguishable. The states only
look different when one has a full description of them; the local reduced density matrices are identical.
This property has no classical analog. Systems whose ground states are locally indistinguishable are
already found. The fractional quantum Hall systems with a filling fraction v = p/q have ¢ degenerate
ground states that are locally indistinguishable [4, 5]. The local indistinguishability accompanied
by a finite energy gap above the degenerate ground states, has a significant consequence that the
degeneracy does not split in the thermodynamic limit, even under general local perturbations [5, 3, 6].
This intrinsic stability underlies the idea to build a quantum computer on topologically ordered
systems [7, 8, 9].

However, a closer analysis reveals that the topologically ordered system is vulnerable to thermal
fluctuations [10]. The collective degrees of freedom are well protected as long as the anyons are
far separated, but the thermal fluctuations cause the anyons to propagate randomly throughout
the system. The random motions are not a priori suppressed by, for example, energetics. Anyonic
systems do not function as protected media as the magnetic media do for classical information
storage. That any topologically ordered system has a naturally protected subspace is not entirely
true.

We need to separate the problem for further concrete discussions. A computer is loosely divided
into two parts: reliable storage and fault-tolerant processing of information. The division is not
too fundamental since the storage may require some sort of ancillary information processing, and
vice versa. It is a convenient division for the sake of analysis. The storage problem for quantum
information concerns a possibility of a quantum analog of classical hard disk drive, which we call
a self-correcting quantum memory. One asks if there is a system where a subspace is maintained
coherently as collective phenomena [7, 11]. The processing problem concerns a wise choice of an
elementary operation set and its implementation, and is thus contingent upon the storage scheme.
In this thesis we focus on the storage problem.

The result of the present thesis can be summarized as follows. We find a spin model on a three-
dimensional cubic lattice, whose excitations are immobile and point-like. Under any perturbation
the excitations do not acquire a kinetic term — any hopping amplitude vanishes exactly. Moreover,
the ground-state subspace is degenerate, exactly in the thermodynamic limit, and no local order
parameter can be defined. These properties do not fit into intuitive pictures people had about the
topological order. The reason why it is unconventional will be explained below. Given the model, we
devise a scheme to use it as quantum memory and compute the storage time. We prove a rigorous
lower bound on the storage time that grows with system size up to an optimal value T},em = (8

where (3 is an inverse temperature of a heat reservoir. It should contrast with a conjectured storage
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time e?(?) of any two-dimensional topologically ordered system.

We briefly review how the concept of topological order has emerged, and discuss our results.

1.1 Topological order

The quantum Hall effects are phenomena in which the transversal conductance becomes a locally
constant function (plateau) for ranges of perpendicular magnetic field strength. In the integer
quantum Hall effect, as the magnetic field is increased, the Hall conductance develops plateaus at
quantized values of ne?/h in the vicinity of field B = pohc/ne where n is a small positive integer
and pg is the electron number density [12]. The quantization is very accurate and universal. The
measured conductances from various experiments all agree with one another within a relative error
less than a part in a million [13]. The agreement is so remarkable because different experiments do not
fine-tune every aspect of experimental setups up to precision 1076, Due to its simple reproducibility
and high accuracy, the integer quantum Hall effect is now used to define an international standard
of resistance [14].

The exact quantization can be explained by Laughlin’s argument [15], refined by Halperin [16].
They consider an adiabatic insertion of magnetic flux near the boundary of the Hall sample. They
conclude that the Hall conductance is quantized because extended (delocalized) electronic states near
the sample edge whose energies are far from Fermi level are only responsible for the conductance.
Thouless et al. [17] showed that those extended states actually define a topological vector bundle
whose invariant, now called TKNN invariant or Chern number, is directly related to the quantized
Hall conductance.

The awe of the quantum Hall effects does not end there. Soon after the discovery of the integer
quantum Hall effects, another kind of quantization was measured — the fractional quantum Hall
effects [18, 19]. The transversal conductance displays many plateaus at fractional multiples of €2 /h,
not only at integral multiples of e?/h. An interesting feature is the structure of the ground-state
subspace. There are ¢g-fold degenerate ground states for a fractional quantum Hall system of filling
fraction v = p/q defined on a torus, where p and ¢ are co-prime integers [20, 4]. By taking a
detour through an effective theory, the degeneracy is argued to be a function of topology [5]. More
specifically, if a fractional quantum Hall Hamiltonian at v = p/q is defined on a Riemann surface of
genus g, the degeneracy is ¢9.

It is much more interesting that quasi-particles of the fractional quantum Hall system are thought
to be anyons [21]. They obey neither bosonic nor fermionic statistics under exchange. Rather, the
wave function of two-anyon state may be transformed by a unitary operator if one anyon is trans-
ported around the other. It has been conjectured that the nonabelian case, where the unitary is not

just a phase factor, could be realized in a fractional quantum Hall system at certain filling fractions
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v = p/q [22, 23]. Unfortunately, the nonabelian statistics has not been verified experimentally.

Meanwhile, the concept of topological order had emerged. It was introduced as an abstract
notion to describe the fractional quantum Hall systems and spin liquid states [24]. A gapped system is
generally said to be topologically ordered if the ground-state subspace is degenerate but no symmetry
is spontaneously broken, and the degeneracy is robust under any perturbation in the thermodynamic
limit [25, 26]. Also, the degeneracy as a function of physical space topology and the anyonic quasi-
particle statistics are taken as defining characteristics of topological order [5, 3, 23].

Another important yet different characteristic is topological entanglement entropy [27, 28]. A
ground-state wave function of a gapped Hamiltonian is believed to obey an area law. Namely, the
von Neumann entropy S(p) of the reduced density matrix p for a disk region is bounded from above
by a constant times the area of the boundary. In our two-dimensional situation, the area is the
perimeter of the boundary, so S(p) < aL. The topological entanglement entropy is a negative
constant correction to the area law; S(p) = L — . Remarkably, the + is insensitive to microscopic
details and constant under deformation of the Hamiltonian as long as the deformation does not close
the energy gap. This quantity is quite different in nature compared with other characteristics of
topological order, since it is computed from a single wave function whereas the others are defined
for Hamiltonians.

The topological order can be better understood by studying lattice gauge theories [29] and the
toric code model [3]. One of the purposes to introduce lattice gauge theories is to contrast how
our new model, called cubic code, is different from models in a conventional picture. The simplest
possible lattice gauge theory is the Ising gauge theory due to Wegner [30]. Ising gauge theory can
be defined in any dimensions, but let us focus on the two-dimensional square lattice first. Later we
will see a direct relation to the toric code model.

Consider the two-dimensional square lattice with a Ising variable (spin) Z = +1 at each edge.
For each vertex v, let A(v) be an operator that flips four spins around v; A(v) : £1 — F1. A(v) is

called a gauge transformation. We can express it as an operator.

A(w) = X(N,0) X (W,v) X (S,v) X (E,v)

0 1)\ [+1
where X (N, v) means the matrix +1) acting on the north edge of the vertex v, and similarly
1 0/ 1]-1)

for others. We identify all states that related by the gauge transformations. We look for a “local”
Hamiltonian that is invariant under the action of A(v). Here, the locality may be ambiguous since
we have identified states that differ by the gauge transformations and formed a Hilbert space that is
not a tensor product of local constituents. However, the locality is still a proper notion with respect
to the square lattice.

The gauge invariance allows restricted possibilities of terms in the Hamiltonian. It is not hard
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to see that a term in the Hamiltonian must be a product of Z’s along a closed loop. The simplest
closed loop is a single plaquette. Thus, the simplest Hamiltonian would be given by the sum over

all plaquettes p
H=—JY B(p)=—JY_ Z(b,p)Z(r,p)Z(t,p)Z(l,p) (1.1)

where J > 0 and B(p) is the product of four Ising variables on the bottom, right, top, and left of the
plaquette p. It is important that the ground-state subspace does not spontaneously break any gauge
symmetry. It is a general statement (Elitzur’s theorem [31]) whose proof is not difficult [29, 32].

If H is defined on a torus with periodic boundary conditions, there are four ground states
that are not equivalent under the gauge transformations. This can be understood by visualizing
configurations by loops. The configuration Cy with all spins taking +1 values is a ground state of
H. Any equivalent state under the gauge transformations is obtained by applying A(v) at vertices.
A single A(v) flips four spins. Imagine connecting those flipped spins by straight lines — they will
form a loop. Applying more gauge transformations A at various vertices, one adds more loops or
deforms the loops. What is always true is that the loops are homologically trivial. Indeed, A can
be interpreted as a boundary operator in the cellular homology with Z/2 coefficient acting on the
dual 2-cells. What if we start with a configuration C; with all spins +1 except those —1 along
a homologically nontrivial loop of the torus? Since A does not alter the homology class of the
configuration, we conclude that Cy and C; cannot be equivalent under the action of A. Since there
are 4 distinct homology classes of the torus including the trivial one Cjy, the degeneracy is therefore
4. We emphasize that the homology classes are not locally distinguishable.

One can generalize the model so that it is defined on an arbitrary surface with a triangulation.
The gauge transformations will be defined for each vertex, and the Hamiltonian will be a sum of all
terms B, the product of Ising variables along the perimeter of elementary triangles. The homology
description will be valid as well. The degeneracy is a function of homology of the surface.

Returning to the square lattice, we ask how an excited state looks like. It is described by unhappy
terms B(p) = —1 in H. If we flip a spin from a ground state, then the two adjacent plaquette terms
will become unhappy. If we flip two spins, say, one on the left and another on the right of a plaquette
Po, B(po) will remain happy but those on the left plaquette and on the right will not. Generally, if we
flip spins from a ground state such that flipped spins form a string on the dual lattice, then only two
plaquette terms positioned at the end of the string will be unhappy. Those unsatisfied terms can be
isolated at constant energy cost, and appear as the end points of the strings. If the string is extended
to the infinity in one direction, there will be a single excitation. This is a topological excitation, in
the sense that it cannot be created by a local operator, unlike a pair of nearby excitations. Note
that the string that creates excitation has no gauge-invariant meaning. Applying A(v) in the middle

of an extended string will deform the string. The homological argument above shows that if two
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strings with the same end points differ by a homologically trivial cycle, the two strings describe
exactly the same excited states.

The properties of the Ising gauge theory we have reviewed here satisfy several criteria for topo-
logical order. Its degeneracy is a function of topology, and no symmetry is spontaneously broken.
The four-dimensional ground space is stable under gauge-invariant perturbations. Can we obtain
a similar model without the gauge symmetry? A prescription is to promote gauge transformations
to be dynamical [3], and take the Hilbert space as the tensor product of individual spins. In other

words, one adds gauge fixing terms to the Hamiltonian.
H' =-J% Blp)—g) Al) (12)
p v

Since the Hamiltonian H is constructed to be invariant under the gauge transformations, the new
quantum Hamiltonian H' is exactly solvable. The ground state is an equal-weight superposition of
all equivalent spin configurations under the old gauge transformations. Our analysis on the absence
of local order parameters and the degeneracy using the cellular homology is still valid. As the
homology classes of spin configuration in the Ising gauge theory were not locally distinguished, the
quantum ground states of H' are not locally distinguished. It follows that the degeneracy is not
lifted under any local perturbations [6]. Indeed, it is easily checked that the first order degenerate
perturbation theory is vacuous because any local operator sandwiched between two ground states
|a) and |b) is proportional to (a|b).

The gauge symmetry is not strictly imposed any more, but a particular gauge choice is energet-
ically preferred. Accordingly, there is one more type of excitations given by unsatisfied A(v) terms,
known as e-particles. A violated B(p)-term is known as m-particle. Note that there is a duality
between A and B terms. A consists of Pauli X = 0% acting on a plaquette on the dual lattice,
and B consists of Pauli Z = ¢* acting on a plaquette on the primary lattice. A pair of m-particles
can be created from a ground state by applying “spin flip” operators X along a string on the dual
lattice. A pair of e-particles can be created from a ground state by applying “phase flip” operators
Z along a string on the primary lattice. The e- and m-particles display mutual anyonic statistics.
When one makes a complete circle around the other, the wave function acquires a phase factor —1.
The topological entanglement entropy is nonzero [27, 28]. We obtained an exactly solvable simple

model with topological order, the toric code.

1.2 String operators

The string operators in the toric code deserve much attention. They are topological objects in that

only the homological classes they represent matter. The fact that the strings are extended objects
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makes it clear how two particles at a distance may interact by braiding. The nontrivial braiding, in
turn, implies a nontrivial ground-state subspace. The argument is basically the same as the proof
of the degeneracy of the fractional quantum Hall system using magnetic translations [4].

The string picture seems to be correct for all two-dimensional topologically ordered systems.
The robust degeneracy implies that there is no local observable that can distinguish different ground
states; otherwise, perturbing the system with that local observable will lift the degeneracy. A
minimal “global” operator whose support is not local would be a string operator stretched across
the system. Another conceivable argument is as follows. Consider a region R as large as possible
on which no observable can resolve the ground-state subspace. If we assume translation invariance
so we can unambiguously speak of thermodynamic limit, then a local operator is any operator with
a bounded support. Hence, on a torus geometry, R can be taken as the whole system minus two
narrow strips, ensuring R to be a contractible region. Since any operator in R cannot resolve the
ground-state subspace, some operator in the strips must be able to resolve it, which suggests the
existence of string operators. As we will see in Chapter 2, the argument here can be made rigorous
for a class of models. Also, there is an attempt to understand every possible model in two dimensions
with the string picture [33, 34].

What will happen if we go to three spatial dimensions? Consider a three-dimensional Ising gauge
theory. The gauge transformation A(v) is defined for each vertex v, and the Hamiltonian will be
the sum of all plaquette terms B(p). For the 3D simple cubic lattice, a single spin-flip at an edge
will violate four plaquette terms attached to that edge. Many spin flips that form a surface on the
dual lattice will violate plaquette terms along its boundary. In general, excited states are caused by
surface operators and described by loops of unhappy plaquette terms, analogous to domain walls
of the 2D Ising model.! Now we add gauge fixing terms A(v) into the Hamiltonian to obtain a
quantum model, called three-dimensional toric code. As before, there is a new type of excitation,
an unsatisfied A(v) term. Let us call A(v) a star term. Unlike the plaquette excitations that form
loops, the star excitation is attached to a string operator along a path in the primary lattice. The
star excitations can therefore be isolated.

There are two types of operators acting on the degenerate ground-state subspace. A different
ground state is obtained by flipping all spins on a plane that wraps around the system. When a
finite system with periodic boundary conditions are considered, the locations of the flipped spins
form a nontrivial homological 2-cycle of 3-torus. The other type of operator on the ground-state
subspace is the string operator. If we apply the string operator along a nontrivial homological 1-
cycle of the 3-torus, then the star excitation does not appear since there is no end points, and a
ground state is mapped to a different one. There are three closed surface operators and three closed

string operators, as the homology group of 1-cycles and 2-cycles are generated by three elements,

1 An exact mapping actually relates 3D Ising gauge theory with 3D Ising model [30].
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The closed surface operator X and the closed string operator Z generate a nontrivial algebra,
because, when a pair of X and Z share a common support, the intersection is just a single spin
on which the pair anti-commute. Of course, X and Z are topological objects and there are many
equivalent representatives. One can easily check that in for any equivalent representatives the
algebraic structure does not change.

The (closed) string and surface operators seem to be universal for any topologically ordered
models. If the ground-state subspace is robust under any perturbations, the algebra generated by the
operators acting on the ground-state subspace must also be robust. Note that operators of extended
overlapping support may not define a robust algebra. For example, ®?=1 o® and ®?=1 0% commute
if n is even, but anti-commute if n is odd. In order to make a well-defined algebra, it is the most
straightforward for the operators of extended support to intersect at a point-like (zero-dimensional)
support. In other words, an n-dimensional operator would have a nontrivial commutation relation
with a (D — n)-dimensional operator, where D is the total spatial dimension. If there were a three-
dimensional model with all surface-like operators acting on the ground-state subspace, they must
intersect along a one-dimensional line. The length of the one-dimensional line is not topological,
and it would be hard for them to form a robust algebra. Therefore, in three dimensions, it seems
necessary for the string operators to exist. In four spatial dimensions it is possible to construct a
model that has a robust ground-state subspace such that all operators on it have two-dimensional
support [7].

We remark that the existence of string operators implies that point-like excitations at the ends of
the string are mobile generically. Although the e- and m-particles of the two-dimensional toric code,
being eigenstates of H’', are stationary, the excitations will acquire a kinetic or hopping term under
generic perturbations. This is the reason why the topological order at finite temperature is said to
be not stable. At nonzero temperature there must be a nonzero density of the mobile excitations.
Their spatial fluctuation induced by the thermal interaction is strong enough to disorder the ground
state completely. Topological entanglement entropy calculation at nonzero temperatures supports
this intuition [35]. In terms of a measure how difficult it is to generate a state, the Gibbs state of
some topologically ordered model with string operators is not too different from a trivial product
state [36]. Moreover, the relaxation time towards the Gibbs state of the two-dimensional toric code

is only a constant independent of the system size [10].

1.3 Quantum codes and a new model

In our discussion so far, the topological order is characterized by a collection of very compelling

properties of Hamiltonians or ground-state subspaces. However, it is not too clear which one is
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more fundamental. Even, it is not clear whether all those characteristics should appear all together.
The quantum Hall effects [13] and topological insulators [37] should serve as reference systems.
It appears that the local indistinguishability of ground-state subspace is the most mathematically
tractable definition of the topological order. We adhere to this definition. To obtain enough intuition,
we would like to study toy models arising from quantum error correcting codes.

Shor’s fault-tolerant scheme [2] is based on the discovery of quantum error correcting codes. He
demonstrated that there exists a subspace in a many-qubit Hilbert space such that local errors can
be detected and corrected with a high probability without disturbing encoded (logical) quantum
state. Measurements inevitably disturb the system, but a trick is that the logical state is encoded
in the entanglement of the many qubits. It is essential that different encoded states look exactly the
same to the local errors; they are locally indistinguishable.

It did not take too long for people to realize that the Shor’s error correcting code can be general-
ized and studied in an analogous way that one studies classical error correcting codes [38, 39, 40, 41].
The connection is due to the observation that the encoded state can be described as the eigenstate of
pairwise commuting tensor products of Pauli Spin—% matrices; the state is stabilized by commuting
operators. The commutativity is important because, otherwise, we cannot speak of common eigen-
state. The encoded state is required to be highly entangled, and hence avoids in general an efficient
classical description. However, the stabilizer operator language tells us that some class of highly
entangled states has a simple description, which is enough to ensure the local indistinguishability.
We explain this in detail in Chapter 2.

The toric code Hamiltonian H’ in Eq. (1.2) can be viewed as a quantum code. The terms A(v)
and B(p) consist of Pauli matrices and commute with each other. If the coupling constants J and
g are both positive, then a ground state is a common eigenstate of eigenvalue +1. (Having +1
eigenvalue ensures H' is not frustrated.) In general, if a code is defined by a local commuting Pauli
operators, we can write a corresponding Hamiltonian given by the negative sum of all the commuting
Pauli operators. If the code has a good error correcting capability, the corresponding Hamiltonian
must have a locally indistinguishable ground-state subspace.

As we have seen earlier, the toric code Hamiltonian captures essential characteristics of the
topological order. It is one of good motivations to study Hamiltonians with commuting Pauli
operators in order to understand the topological order. One might be uneasy with the fact that the
Hamiltonian H’ is a four-body interaction. This “unrealistic” interaction may be effective at low
energies, if, for example, a realistic Hamiltonian is highly frustrated from which the effective H' is
derived [26, 42]. We will be not concerned about the order of the interaction as long as it is local.

One of our guiding problems is the possibility of self-correcting quantum memory. We wish to
have a system whose ground-state subspace is locally indistinguishable so that local errors do not

corrupt an encoded state. In addition, we demand that there be a physical mechanism such that
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local errors do not accumulate. The string operators of the previous section are against our goal.
Since they make excitations mobile, the physical mechanism to prohibit the error accumulation
cannot be achieved. Hence, in two dimensions it seems impossible to have a self-correcting quantum
memory. Indeed, one can rigorously prove the existence of the strings operators for a class of models
in two dimensions, starting from the local indistinguishability assumption [43, 44, 45]. We noted in
the previous section that there is a four-dimensional topologically ordered model lacking the string
operators [7]. This model indeed functions as a self-correcting quantum memory below a critical
nonzero temperature [46].

A more realistic three-dimensional case is hence interesting. Based on the dimensional duality of
the operators acting on the degenerate ground-state subspace, a no-go theorem seemed plausible [47].

In this thesis we present a concrete counterexample, cubic code, to this intuition.

1z ZI IX —— XI
/ / S S
Z1 77 X[ ——1I
i 1z XX oo IX
1z ZI IX —— XI

The cubic code is a quantum error correcting code on the simple cubic lattice defined by local Pauli
operators acting on elementary cubes. There are two qubits (Spin—%) at each site. The two-letter
symbol such as X I means a tensor product ¢ ® I, and ZZ means o” ® o7, etc. Each diagram
represents a tensor product of eight Pauli matrices. The Hamiltonian is the negative sum of two
diagrams over all elementary cubes. As required, the model has a degenerate ground-state subspace
that is locally indistinguishable. Most importantly we can prove that there does not exist any string
operator. However, it admits isolated point-like topological excitations. They do not appear as the
end points of the string, but as the vertices of fractal operators. The fractal operators is supported
on a self-similar structure. The absence of string operators implies that the point-like topological
excitations are immobile; any hopping amplitude vanishes exactly. It is also interesting that the
degeneracy depends sensitively on the number-theoretic property of the lattice size, illustrated in
Figure 5.2 on page 92. The cubic code is a conceptually new phase of matter.

It is necessary to explain more how the vanishing hopping amplitude and the isolated point-like
topological excitation are simultaneously possible. By a topological excitation, or a charge for short,
we mean a localized excitation that cannot be created from a ground state by any finitely supported
operator. A kink in the 1D Ising model is the simplest example. The isolation of a charge in the
cubic code is possible under a self-similar construction as follows. In Figure 1.1, the first figure
shows how excitations look like when an X error occurs on a ground state. The second figure show

the excitations given four X errors. Note that when two charges are at the same position, they
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Figure 1.1: Isolating a topological excitation. The cubes are in the dual lattice; each vertex represents
an elementary cube in the primary lattice.

cancel with each other. The configurations are similar by ratio 2, so one can construct even larger
configuration where there are only four excitations that are far separated. In the limit of this process
there is an isolated charge. The reason why the hopping amplitude vanishes can be heuristically
understood by the construction. It is impossible to have a configuration where only one charge is
moved away while the other three are held fixed. Such a configuration is forbidden in the spectrum of
the Hamiltonian. The transition amplitude to a non-existing state from any state must be vacuous.
We later prove it rigorously. A classical model where this happens was discovered by Newman and
Moore [48]. Our model is inherently quantum with a locally indistinguishable ground-state subspace
and has a gapped energy spectrum that is robust under generic perturbations [6].

We show that the cubic code model can be used as a quantum memory at nonzero temperatures
in the following sense. We develop a well-defined read-out procedure (decoder) with which a ground
state maintains coherence for time proportional to L°® where L is a linear system size and  is an
inverse temperature. This statement is valid only if L < e“'b. Roughly speaking, this is because of a
large entropic contribution from the point-like excitations. For small system size, the entropic con-
tribution is small. At an optimal system size, the memory time is e°“B* . A natural question is then
whether we could remove all such point-like excitations. We answer this question negatively: There
must be an isolated point-like excitation in any topologically ordered three-dimensional quantum
code model if it is translationally invariant. The proof is based on a formalism using translation

group algebras and free resolutions of finitely generated modules.

1.4 Summary of chapters

In Chapter 2, we explain a general structure of a class of quantum error correcting codes, called
additive or stabilizer codes. It is emphasized that the additive code is described by a binary vector
space. A simple counting of vector space dimensions yields cleaning lemma. It states that the
number of independent logical operators on complementary regions add up to the total number of
independent logical operators of the code. Combining the geometric locality of two-dimensional

Hamiltonian with the cleaning lemma, we prove a trade-off theorem about the support of the logical
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operators. In particular, this implies that only string operators act on the ground-state subspace in
two-dimensional quantum codes. The content is published in [44].

In Chapter 3, we develop a formulation of translationally invariant quantum codes. We observe
that they have a succinct description by a matrix o over the translation group algebra which is
commutative. The local indistinguishability is interpreted as a vanishing homology of a complex
defined by o. Local unitary transformations and coarse-graining are described by simple matrix
operations. The ground-state degeneracy is approximated as the number of points on an algebraic
variety defined by o over finite fields. Fractal operators and point-like excitations are defined, and
the set of all point-like excitations modulo locally created ones is identified with a specific module.
The content is published in [49].

In Chapter 4, we use the formalism of Chapter 3 to derive consequences of physical dimensionality.
The translation invariance is imposed. One-dimensional codes are classified completely. Up to
local unitary transformations, any code decomposes into finitely many 1D Ising models. In two
dimensions, we prove that there are finitely many types of topological excitations and they are all
appear as end points of string operators. In three dimensions, we prove that there must exist a
point-like topological excitation. If the ground-state degeneracy is constant independent of system
size, we show that the point-like topological excitations are attached to string operators. Examples
are presented for which our formalism is useful. The content is published in [49)].

In Chapter 5, we explain how the cubic code is found. It is a result of an exhaustive but
systematic search. We prove important properties of the cubic code such as the topological order,
ground-state degeneracy, and the absence of string operators. The cubic code’s thermal partition
function is computed to show that the free energy density is smooth in the thermodynamic limit
as a function of temperature. An entanglement renormalization group flow is presented. We find
that the cubic code (A) bifurcates into itself (A) and another model B. The new model B shares
all important properties of A, but is different from A. Under a further real-space renormalization,
B bifurcates into two copies of itself. A part of the content in this chapter is published in [50].
Our presentation in this thesis is more succinct than that in the published paper, due to algebraic
methods of Chapter 3 developed more recently.

In Chapter 6, we prove theorems implied by the absence of string operators. The theorems
quantifies the energy landscape of the Hamiltonian on the “land” of energy eigenstates. Two states
are considered to be “close” in the land if one state can be transformed to the other by a single spin
operator; if it is necessary to apply many spin operators, the two states are considered to be far
apart in the land. On this land of states, imagine hills whose height is given by the energy of the
state. The landscape of this land is analogous to a potential energy barrier in a quantum mechanical
tunneling problem. We define the energy barrier to be the height of the lowest hill on any path in

the land connecting two states. We prove that between two ground states there exists an energy
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barrier larger than the logarithm of the system size L, and the distance in the land is at least L
with v > 1. A closely related statement reads that between a ground state and a state where a
topological excitation is isolated from others by distance R, there exists an energy barrier > log R,
and the distance in the land is > RY with v > 1. The content is published in [51].

In Chapter 7, we design a decoding algorithm. Any physical memory cannot be pristine after
contact with an error source. In order to retrieve correct information for the next step of processing,
one needs to map the affected state to the ground state. For a ferromagnet this decoding process
amounts to measuring average magnetization. For quantum codes, the first step is to detect errors.
This is done by measuring the terms in the commuting Hamiltonian. The next step is to guess
probable types and locations of errors, which we specifically call “decoding algorithm.” Once error
locations and types are identified, the final step is to undo the errors. A good decoder should map
corrupt states to its original pristine state with high probability. Our algorithm uses a hierarchy of
subroutines which borrows ideas from renormalization group. It is widely applicable and is efficient
with running time O(V log V') where V is the volume of the system. Moreover, we prove that there is
a positive critical error probability, called a threshold, below which the decoding algorithm succeeds
asymptotically perfectly in the limit of large system size. Our decoder is the first decoder that
admits an efficient implementation and a rigorous threshold theorem. The content is published in
[52].

In Chapter 8, we directly assess the performance of the cubic code as a robust quantum memory at
nonzero temperature. One ingredient is to show that the decoding algorithm of Chapter 7 corrects
errors of low energy barriers. Here, the energy barrier of an error is defined in the same way as
above — the height of lowest hill in the energy landscape on any path connecting a ground state
and the state affected by the error. Another ingredient is an analysis of Markovian master equation
exploiting the fact that there exists a good decoder ®.., a trace preserving completely positive
quantum operation. An analytic bound on the trace distance between the initial state p(0) and the
error-corrected time-evolved state ®..(p(t)) is given as

(1+e )V

10(0) = @ec(p(t))]| < 12—

where V' is the system volume and  is the inverse temperature, neglecting all unimportant constant
coefficients. If V < ef, the bound says the fidelity of error-corrected ®..(p(t)) remains close to p(0)
until ¢ ~ V#. We complement the bound with a numerical simulation, which suggests that our

bound is optimal up to constant coefficients. The content is published in [52].
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Chapter 2

Additive quantum codes

The theory of quantum error correcting code is an important cornerstone for fault-tolerant quantum
computers [2, 53]. One encodes states one wish to compute about into logical many-qubit states in
such a way that errors that are likely to happen will be correctable. Thus, at the logical level an
effective error rate is much smaller than the physical error rate. Computation can be carried on this
logical level, and the overhead of error correction can be controlled, not to overwhelm the promised
computation. After the discovery of the very first quantum error correcting code by Shor [54], people
have quickly realized analogy between classical error correcting codes and a class of quantum error
correcting codes [41, 40], which are now known as additive or stabilizer codes. Arguably, it is the
most studied class of codes, and is the main object of the present thesis. The connection between the
classical codes and quantum additive codes is provided by the parameterization of basis operators
(Pauli matrices) by binary numbers. In this chapter we review and exploit this correspondence.

The chapter is organized as follows. Section 2.1 provides a convenient and important viewpoint
under which the multiplicative group of all Pauli matrices are described by a vector space over the
binary field. Section 2.2 builds on this viewpoint and explains how to choose a subspace of a many
qubit Hilbert space, which we hope to have a capability to correct errors. Section 2.3 is devoted
to derive an equation, called a cleaning lemma, that relates the numbers of logical operators that
can be supported on complementary regions and the total number of logical qubits. It is remarked
that the cleaning lemma implies that any error occurring within a region, where no nontrivial logical
operator can be supported, can actually be corrected by a physical operation.

The last section 2.4 presents an application of the cleaning lemma which gives a constraint on
the geometric shape of logical operators of local codes on lattices. Most importantly, it is proved
that in two-dimensional lattice codes with geometrically local generators with large code distance,
all logical operators have representatives supported on narrow strips. It had been known by Bravyi
and Terhal [43] that there exists a nontrivial logical operator supported on a strip. Our conclusion
extends this result by finding the geometric shape of all logical operators. If the minimal weight

logical operator has weight proportional to the linear dimension of a two-dimensional system, then
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all logical operator can be found on narrow strips [44].
Note that there are many interesting quantum codes that are not necessarily additive [55, 3, 34],

but they are out of the scope of this thesis.

2.1 Pauli group as a symplectic vector space

The Pauli matrices

satisfy

0a0b = 1€abcTe, {Uaa Ub} = 204p.

Thus, the Pauli matrices together with scalars 1, +¢ form a group under multiplication. Given a
system of qubits, the set of all possible tensor products of the Pauli matrices form a group, where the
group operation is the multiplication of operators. If the system is infinite, physically meaningful
operators are those of finite support, i.e., acting on all but finitely many qubits by the identity.
We shall only consider this Pauli group of finite support, and call it simply the Pauli group. An
element of the Pauli group is called a Pauli operator. When finitely many qubits are considered,
a Pauli operator is of course an arbitrary tensor product of Pauli matrices.

Since any two elements of the Pauli group either commute or anti-commute, ignoring the phase
factor altogether, one obtains an abelian group. Moreover, since any element O of the Pauli group
satisfies O? = +1, an action of Z/2Z on Pauli group modulo phase factors P/{41, 4=} is well-defined,
by the rule n- O = O™ where n € Z/2Z. For Fy = Z /27 being a field, P/{£1, £i} becomes a vector
space over Fy. The group of single-qubit Pauli operators up to phase factors is identified with the two-
dimensional Fa-vector space. If A is the index set of all qubits in the system, the whole Pauli group
up to phase factors is the direct sum @, , Vi, which we call Pauli space, where V; is the vector
space of the Pauli operators for the qubit at . Explicitly, I = (00),0” = (10),0% = (01), 0¥ = (11).
A multi-qubit Pauli operator is written as a finite product of the single-qubit Pauli operators, and
hence is written as a binary string in which all but finitely many entries are zero. A pair of entries
of the binary string describes a single-qubit component in the tensor product expression. The
multiplication of two Pauli operators corresponds to entry-wise addition of the two binary strings
modulo 2.

The commutation relation may seem at first lost, but one can recover it by introducing a sym-



16

plectic form [41]. Let
0 1

-1 0

A=

1 One can easily

be a symplectic form on the vector space (F2)? of single-qubit Pauli operators.
check that the commutation relation of two Pauli matrices O1, 05 is precisely the value of this
symplectic form evaluated on the pair of vectors representing O; and Os. Two multi-qubit Pauli
operator (anti-)commutes, if and only if there are (odd) even number of pairs of the anticommuting
single-qubit Pauli operators in their tensor product expression. Therefore, the two Pauli operator

(anti-)commutes precisely when the value of the direct sum of symplectic form @ ., A1 is (non-)zero.

qeEN
A could be infinite but the form is well-defined since any vector representing a Pauli operator is of

finite support. We shall call the value of the symplectic form the commutation value.

Remark 2.1. For systems of qudits, a group corresponding to the Pauli group in the qubit case is
the so-called generalized Pauli group [56, 57, 58, 59]. It is the set of all tensor products of powers of

d X d matrices

0 0 0 1 1
1 0 0 0 w
Xd = 0 1 0 0 and Zd = (.d2 (w — 627ri/d> ,
1 0 wi-1

which satisfy
XdZd = w_lded.

Hence, any generalized Pauli operator on a single qudit is a product X7Z7'. The abelianized
generalized Pauli group is identified with P = (Z/dZ)?, a module over Z/dZ. If d is a prime
number, Z/dZ = F4 is a field and the P is a vector space over F;. The commutation relation can be
recovered by the symplectic form A;. The generalization to a system of qudits is straightforward.
Most statements in this thesis are true or easily extended for qudits with prime dimensions. An

exception is Levin-Wen fermion model of Example 4.4.

Since the Pauli group can be effectively described by a vector space equipped with a symplectic
form, it is worth studying symplectic vector spaces in general. Any vector space in this section is
with respect to some fixed field F.

Let V be a (finite dimensional) vector space. A bilinear form A : V x V — F is symplectic or

1The minus sign is not necessary for qubits, but is for qudits of prime dimensions.
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alternating if

Av,v) =0

for any v € V. If follows that
Av,w) = =A(w,v)

since A(v + w, v + w) = A(v,v) + A(v,w) + A(w,v) + AMw,w) = 0. Two vectors v, w are said to be
orthogonal if A\(v,w) = 0. If any two vectors are orthogonal to each other, the symplectic space is
said to be null. If for any vector v there exists w such that A(v, w) # 0, the symplectic space is said
to be hyperbolic and A non-degenerate [60].
Given any basis of a finite dimensional symplectic space V, one can find a canonical basis

{v1, w1, V2, Wa, ..., Uy, Wy, U1, .. ., Uy + such that

1 ifi=y,

(s, w;) = and A(u;,t) =0 for any t € V.
0 otherwise,

The canonical basis depends on the order of the basis one starts with, and is not unique. Under the

canonical basis the symplectic form has a matrix representation

-1 0

-1 0

whose rank is 2n. A Gram-Schmidt process for a usual Hermitian inner product space yields a

constructive proof of this claim. The process is inductive:
1. If the given basis is {b;} of V, set vy := by.

2. Choose any basis element b; such that A(vi,b;) # 0. (If one cannot find such b;, start over
with a different choice of v;. If one cannot eventually find an appropriate v, then declare

u; = b; for all 4; the space is null.)

3. Set wy := b; and normalize v; in order to have A(vi,b;) = 1. Reorder the index of b;, so

wy = ba. Now suppose, we have a canonical basis {v;, w; }1, for a hyperbolic subspace Wy, of

V.
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4. Replace bay+; (7 > 1) with
m
omtj = bamtj + Z (A(b2m+1, vi)w; — A(bamt1, w;)v;) -
i=1

One sees that the by, ; are orthogonal to Wy, and still linearly independent.
5. Iterate 1-4 with spang{b5,, ;|7 > 1}.
From the algorithm, we have a structure theorem for finite dimensional symplectic vector spaces.

Proposition 2.1.1. Let V be a finite dimensional vector space equipped with a symplectic form over
any field. Then, V is a direct sum of a hyperbolic subspace and a null subspace. In particular, if the

symplectic form is non-degenerate, then V must be even dimensional.

It is important that the abelianized Pauli group is non-degenerate symplectic over Fo, since any Pauli
operator anticommutes with some Pauli operator.
As noted earlier, there are many canonical bases. The linear transformations that connect

different bases are called symplectic transformations, i.e., T" is a symplectic transformation if

TINT =)\, =
—id, 0

The symplectic transformation decomposes into a composition of three elementary transforma-
tions [41, 61], as any general linear transformation decomposes into a composition of row operations
and scalar multiplications by Gauss elimination. For notational clarity, define E; ;(a) (i # j) to be

the row-addition elementary 2q x 2¢q matrix
[Ei,j(a)],,, = 6 + duiduja

where ¢,,,, is the Kronecker delta and a € I3 is a scalar. The following are elementary symplectic

transformations:

e (Hadamard) E; ;1 ¢(—1)Eitq,:(1)E;i4q(—1) where 1 <i < g,

e (controlled-Phase) F;14,(a) and 1 <i <g,

e (controlled-NOT) E; j(a)Ej4q,i+q(—a) where 1 <i# j <g.

e (controlled-NOT-Hadamard) E; 4 j(a)Ejtq,:(a) where 1 <i# j <gq.
The fourth one is a combination of the first and the third.

Proposition 2.1.2. [/1] The elementary symplectic transformations generate the group of all sym-

plectic transformations.
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Proof. Tt suffices to prove that an arbitrary symplectic transformation 7T is a finite composition of
elementary ones. T is a 2q X 2¢ matrix over Fy. Let us write T =2 T if two matrices are transformed
by elementary symplectic transformations. Since any row operation in the upper half block of T'
can be compensated by an appropriate row operation in the lower half block by controlled-NOT
(CNOT). One can then transform the upper half block into the reduced row echelon form. Since T
has rank 2¢, the upper half block must have rank g. Therefore,

id %
M x

T =

where M and x are all ¢ X ¢q. Using CNOT-Hadamard, one can eliminate the first column of M.
Then, since TT)\qT = Ag, the first row of M must be zero. Inductively, one can completely eliminate
all entries of M.

id L

0 N

T =

The equation T7\,T = A, now implies that N = id,. L can be made zero by a similar transforma-

tions as M was made zero. Thus, we have
id 0
0 id

An arbitrary symplectic transformation 7' is equivalent to the trivial transformation by elementary

symplectic transformations. O

As one can easily see, the elementary symplectic transformations are induced by the following

unitary operators.

1 0 0 0)]00)

01 0 0]]lon) 1 {1 1Yo 0\ 10
CNOT = ,  Hadamard = — , Phase =

00 0 1]][10) V2 \1 -1/ 0 v=1) |1

00 1 0/|11)

2.2 Additive/stabilizer codes

An additive [62] or stabilizer [40] code is a quantum code defined by the common eigenspace,
called code space, of commuting Pauli operators, called stabilizers, of eigenvalue +1 acting on
many physical qubits. It is required that the group of stabilizers should not contain —1 in order for
the code space not to be zero. The number of physical qubits ¢ is called code length. From the

relation of the group of Pauli matrices and the binary linear space, each additive or stabilizer code
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corresponds to a unique null-symplectic subspace of the abelianized Pauli group of ¢ qubits. (The
requirement that the stabilizer group should not contain —1I is however an independent condition.)
If the null-symplectic subspace is spanned by columns of a matrix o over Fo, then the nullity is

expressed by a matrix equation

o)X\ =0 (2.1)
where
i 0 id
Ay = A=
! @ ~id 0

By fixing the form of )\;, we also fix a convention for the abelianized Pauli group. The first ¢
components represents Pauli matrices ¢” and the second g components o?.
In view of Eq. (2.1), an additive code is a classical linear code with an additional nullity condition.

Calderbank and Shor [38], and Steane [39] (CSS) proposed a solution to this matrix equation of form

Ci 0
0 Cs

where C{ Cy = 0, which we now call CSS code. The history actually goes backwards. CSS first
constructed quantum codes. Later, Calderbank, Rains, Shor, and Sloane [41], and Gottesman [40]
formulated a version with the full matrix equation Eq. (2.1). The matrix o is called generating
matrix of the code.

We may extend the basis for the null space V spanned by the columns of ¢ to a canonical basis
B of whole Pauli space P by the Gram-Schmidt process. Another canonical basis C' of P is induced
by

{0"I® - I®@c" @ ,....0°]® -, I®c* @ -}

Two bases are interchanged by a symplectic transformation, and due to Proposition 2.1, such a
symplectic transformation is induced by wunitary operators CNOT, Hadamard, and Phase. Under

the basis C, the code space (trivial code) is the common eigenspace of
{UZ®]®... 7]®gz®...}

of eigenvalue +1. If s = dimp, V' < ¢, then the code space consists of all states of ¢ — s qubits. That
is, the trivial code is

10)¥° @ spanc{|i1 - - -ig_s) [ia € Fa}.

It is clear that the orthogonal complement V1 with respect to the symplectic form is a direct sum

of V itself and a hyperbolic subspace of P. In conclusion, if there are s independent stabilizers, the
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code space dimension is 297° and there are ¢ — s pairs of Pauli operators commuting with every
stabilizer that give rise to a hyperbolic subspace in the symplectic Pauli space. These ¢ — s pairs
of Pauli operators are logical operators. The logical operators are by definition operators that
preserve the code space. If they are Pauli operators, they must belong to V1. Focusing on the
action on the code space by the logical operators, one realizes that different logical operators might
have the same action. Indeed, if U is a logical operator, then US is also a logical operator for any

stabilizer S of the same action on the code space:

US|) =Ul4)

where |¢) is any code vector. Conversely, if two logical Pauli operators U; and Us have the same
action, then UlT Us have the trivial action so it must be proportional to a stabilizer. Therefore, an
equivalence class of logical Pauli operators precisely corresponds to a coset of V+/V. Sometimes,
stabilizers are called trivial logical operators.

The weight of a Pauli operator is the number of its non-identity tensor factors. Likewise,
the weight of a vector is the number of its nonzero components. A particularly interesting logical
operator is one that corresponds to the minimal weight representative of nonzero elements of V=4 /V.
This minimal weight is called code distance, minimal distance or just distance for short. The
importance of the code distance in relation to error correcting capability will become clear once we

establish cleaning lemma in the next section.

2.3 Cleaning lemma

Although this thesis mainly discusses additive codes, the content of this section is stated in terms of
subsystem codes. We continue to use the symplectic viewpoint for the Pauli group/space, and the
terms group and space will be used interchangeably.

Let G be an arbitrary subspace of the Pauli space P. We denote by [G] the dimension of G
as a vector space over Fo. By Proposition 2.1.1, we have a decomposition G = S & W where S is
null and W is hyperbolic. The orthogonal complement G- consists of S and a hyperbolic subspace
W' disjoint from W. Mapping to trivial code, we see that W’ describes all Pauli operators acting
on some qubits. A subsystem code is a selection of code space given by the states of qubits
acted upon by W’ [11, 63]. The common eigenspace of S has a nontrivial tensor decomposition
Heauge ® Hiogical: The Pauli operators acting on Hgauge are represented by W, and those on the
subsystem Hiogical We wish to make use of are represented by W’. The code space of the subsystem
code is identified with Hiogical. One may think of a subsystem code as a stabilizer code for which

some logical operators are discarded. The group/space S is still called stabilizer group/space. G is
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called gauge group. In this section logical operators only refer to Pauli operators. For subsystem
codes, a bare logical operator is one that belongs to G+, and a dressed logical operator is one that
belongs to S*. Since logical operators’ action on Hgauge is ignored, the set of all equivalence classes
of bare logical operators is G /S, and the set of all equivalence classes of dressed logical operators
is S1/G. It is clear that G+ /S = W' = S+ /G.

The cleaning lemma for subsystem codes relates the number of independent bare logical operators
supported on a set of qubits M to the number of independent dressed logical operators supported
on the complementary set M°. The concept of the cleaning lemma was introduced in [43], then
generalized in [64] and [65]. Here we use ideas from [64] to prove a version stated in [65]. (See also
[66].)

We use P4 to denote the subgroup of the Pauli group P supported on a set A of qubits; likewise
for any subgroup G of the Pauli group G4 = G N Py, is the subgroup of G supported on A. We
denote by II4 : P — P4 the restriction map that maps a Pauli operator to its restriction supported
on the set A, and we use |A| to denote the number of qubits contained in A; thus [P4] = 2|A|.

If we divide n qubits into two complementary sets A and B, then a subgroup G of P can be

i

decomposed into G4, Gg, and a “remainder,” as follows:

Lemma 2.3.1. Suppose that A and B are complementary sets of qubits. Then for any subgroup G
of the Pauli group,
G=GroGpad

for some G', where

[(GF)a) =214 = [Ga] - [G],
[(G*)p] =2|B| - [GB] - [¢]

Proof. If V is a vector space and W is a subspace of V, then there is a vector space V' such that
V =W @ V’; we may choose V' to be the span of the basis vectors that extend a basis for W to a
basis for V. Since G4 and Gp are disjoint, i.e., G4 N Gp = {0}, G4 ® Gp is a subspace of G, and

thus there exists an auxiliary vector space G’ < G such that
G=GAGpa G.

The choice of G’ is not canonical, but we need only its existence. Since the restriction map II4
obviously annihilates G g, we may regard it as a map from G4 ® G’ onto II,G. In fact this map is
injective. Note that if II4z = 0 for some z € G4 ® G’, then since P = P4 & Pp it must be that
x € Gp. But because the sum is direct, i.e., Gg N (G4 @ G') = {0}, it follows that = 0, which

proves injectivity. Hence IT4 : G4 @ G’ — 4G is an isomorphism. Now, we may calculate (G1) 4
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by solving a system of linear equations. Noting that z € P4 is contained in G if and only if
commutes with the restriction to A of each element of G, we see that the number of independent
linear constraints is [ITaG] = [G 4] + [G"]; hence [(GF) ] = [Pa] — [Ga] — [G'] = 2|A| — [G 4] — [G].
Likewise, Il : Gg ® G’ — II5G is also an isomorphism, and hence [(G*)g] = [Pg] — [GB] — [G'] =
2|B| — [GB] — [G']. O

Now we are ready to state and prove the cleaning lemma. For a subsystem code, let gpare(M)
be the number of independent nontrivial bare logical operators supported on M, and let g(M) be

the number of independent nontrivial dressed logical operators supported on M, i.e.,

goare(M) =[G Par /Sy = [(GH)ae /Sl
g(M) =[S0 Py /Gur] = (57w /Gl

Likewise, for a CSS subsystem code, let giX (M) be the number of independent nontrivial bare
X-type logical operators supported on M, and let g% (M) be the number of independent nontrivial
dressed X-type logical operators supported on M, i.e.,

Ghare(M) = [(G?)= N Pi}/S3],

g* (M) = [(8%)* n Py /G,

and similarly for the Z-type logical operators.

Lemma 2.3.2. (Cleaning lemma for subsystem codes) Let k be the number of encoded qubits. For
any subsystem code, we have

gbare(M) + g(Mc) = 2k7

where M is any set of qubits and MF€ is its complement. Moreover, for a CSS subsystem code

Goare(M) + 97 (M) = k = gifuye (M) + g™ (M°).

Proof. We use Lemma 1 to prove the cleaning lemma by a direct calculation:
gbare(M) = [(GF)ar/Su] = 2|M| = [Gur] = [G] = [Su],

and

g(M®) = [(S™)are /Gze] = 2AM°| = [Saze] — ') — [Gae)-
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Summing, we find
goare(M) + g(Me) = 2|M| +2|M.| = ([Gu] + [Ga ] + [G']) — ([Sm] + [Sna.] + [ST])
and invoking Lemma 1 once again,
goare(M) + g(Me) = 2n — [G] - [S] = 2k,

which proves the claim for general subsystem codes. For the CSS case, we apply the analogue of

Lemma 1 to the X-type and Z-type Pauli operators, finding
Gbare(M) = [(G¥) NP7 /ST] = |M| — [Gyy] = [(G¥)'] — [S77]

and also

g* (M) = [(87)* N Piie/Gipe] = [M°] = [STpe] = [(87)] = [Gize]-

Summing and using Lemma 1 we have

Ghare(M) + g% (M) =n — [G¥] - [$7] = k;
a similar calculation yields

Gbare(M) + 97 (M) = n — [G7] — [$¥] = k,

proving the claim for CSS subsystem codes. O

Of course, for a stabilizer code there is no distinction between bare and dressed logical operators;

the statement of the cleaning lemma becomes
g(M) + g(M°) = 2k

for general stabilizer codes, and

g* (M) + g7 (M°) = k

for CSS stabilizer codes.

To understand how the cleaning lemma gets its name, note that it implies that if no bare logical
operator can be supported on the set M then all dressed logical operators can be supported on
its complement M¢. That is, any of the code’s dressed logical Pauli operators can be “cleaned

up” by applying elements of the gauge group G. The cleaned operator acts the same way on the
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protected qubits as the original operator (though it might act differently on the gauge qubits), and
acts trivially on M.

We say that a region M is correctable if there are no nontrivial dressed logical operators supported
on M. If M is correctable then g(M) = 0 and thus gpae(M) = 0. The cleaning lemma is then

rephrased as follows.

Lemma 2.3.3. For any subsystem code, if M is a correctable region and x is a dressed logical

operator, then there is a dressed logical operator y supported on M€ that is equivalent to x.

Remark 2.2. Given a correctable region M, we have a complete set of logical Pauli operators {y, }
supported on M€. Let U be the unitary transformation that maps the code space to that of the
trivial code of the previous section; U is a composition of elementary symplectic transformations.
Since any error e on M was (trivially) commuting with any y,, it follows that UeUT acts by identity
on the logical qubits of the trivial code. Replacing the non-logical qubits with fresh qubits and
applying UT, we can map the damaged code vector to its original state. In conclusion, any error on
the correctable region can be corrected. The code distance is the upper bound on the number of
qubits in any correctable regions.

A more general error correcting criterion can be found in [61, Chapter 15].

2.4 Operator trade-off for local subsystem codes

In this section we consider local subsystem codes with qubits residing at the sites of a D-dimensional
hypercubic lattice A. The code has interaction range w, meaning that the generators of the gauge

group G can be chosen so that each generator has support on a hypercube containing w? sites.

Definition 2.1. Given a set of gauge generators for a subsystem code, and a set of qubits M, let M’
denote the support of all the gauge generators that act nontrivially on M. The external boundary
of M is 9y M = M' N M¢, where M€ is the complement of M, and the internal boundary of M
is 9_M = (M°)'n M. The boundary of M is &M = 9, M U d_M, and the interior of M is
M°=M\J_M.

Recall that a region (i.e., a set of qubits) M is said to be correctable if no nontrivial dressed
logical operation is supported on M, in which case erasure of M can be corrected. Since the code
distance d is defined as the minimum weight of a dressed logical operator, M is certainly correctable

if IM| < d. But in fact much larger regions are also correctable, as follows from this lemma:

Lemma 2.4.1. For a local subsystem code, if M and A are both correctable, where A contains OM,

then M U A is correctable.
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Proof. Given a subsystem code C with gauge group G, we may define a subsystem code Cp;c on M€
with gauge group Ils-G, where I1j;c maps a Pauli operator to its restriction supported on M. We
note that a Pauli operator z supported on M€ is a bare logical operator for C if and only if = is a
bare logical operator for Cpsc; that is, * commutes with all elements of G if and only if it commutes
with all elements of the restriction of G to M*.

Furthermore, if z is a dressed logical operator for Cyse supported on 0, M, then z can be extended
to a dressed logical operator Z for C supported on M. Indeed, suppose x = yz, where y is a bare
logical operator for Cpse (and hence also a bare logical operator for C supported on M€), while z
is an element of the gauge group II;eG of Cpe. Then z can be written as a product z =[], g; of
generators of Ily;cG, each of which can be expressed as g; = IIp;cg;, where g; is a generator of G
supported on M¢UJ_M. Thus Z = y[], g; is a dressed logical operator for C supported on 9M.
It follows that if OM is correctable for the code C (i.e., code C has no nontrivial dressed logical
operators supported on 9M), then 9 M is correctable for the code Cpre (Cpse has no nontrivial
dressed logical operators supported on 94 M). By similar logic, if A is correctable for C and contains
OM, then AN MF¢€ is correctable for Cyye.

Suppose now that the code C has k encoded qubits and that M is correctable, i.e., g'© (M) = 0.
Therefore, applying Lemma 2.3.2 to the code C, gl()ile(Mc) = 2k. Suppose further that the set A
containing M is correctable for C, implying that ANM¢ is correctable for Cpye, i.e., g(€¥°) (ANM®) =
0. Then applying Lemma 2.3.2 to the code Cpse, we conclude that g}gijr‘éc)(Mc \ A) = 2k. Since each
bare logical operator for Cy;e, supported on M€\ A, is also a bare logical operator for C, supported

on M€\ A, we can now apply Lemma 2.3.2 once again to the code C, using the partition into M°\ A
and M U A, finding g(©)(M U A) = 0. Thus M U A is correctable. O

If the interaction range is w, and M is a correctable hypercube with linear size | —2(w — 1), then
we may choose A D OM so that M U A is a hypercube with linear size [ and M \ A is a hypercube

with linear size [ — 4(w — 1). Then A contains
A =1 — I — 4(w—1)]” < 4(w — 1)DIP~!

qubits, and A is surely correctable provided |A| < d, where d is the code distance. Suppose that
d > 1, so a single site is correctable. Applying Lemma 2.4.1 repeatedly, we can build up larger and
larger correctable hypercubes, with linear size 1 + 2(w — 1),1 4+ 4(w — 1),1 + 6(w — 1),.... This

process continues as long as |A| < d. We conclude:

Lemma 2.4.2. For a D-dimensional local subsystem code with interaction range w > 1 and distance

d > 1, a hypercube with linear size | is correctable if

4(w —1)DIP~t < d. (2.2)
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Thus (roughly speaking) for the hypercube to be correctable it suffices for its [2(w — 1)]-thickened
boundary, rather than its volume, to be smaller than the code distance. Bravyi [65] calls this property
“the holographic principle for error correction,” because the absence of information encoded at the
boundary of a region ensures that no information is encoded in the “bulk.”

For local stabilizer codes, the criterion for correctability is slightly weaker than for local subsystem
codes. We say that a local stabilizer code has interaction range w if each stabilizer generator
has support on a hypercube containing w? sites. For this case, we can improve the criterion for

correctability of a hypercube, found for local subsystem codes in Lemma 2.4.2.

Lemma 2.4.3. For a local stabilizer code, suppose that 0. M, A, and M \ A are all correctable,
where O_M C A C M. Then M is also correctable.

Proof. Suppose, contrary to the claim, that there is a nontrivial logical operator x supported on M.
Then, because A is correctable, Lemma 2.3.3 implies that there is a stabilizer generator y such that
xy acts trivially on A. Furthermore, y can be expressed as a product of local stabilizer generators,
each supported on M’ = M U9, M. Thus zy is a product of two factors, one supported on M \ A
and the other supported on 0, M. Because 0_M C A, no local stabilizer generator acts nontrivially
on both M \ A and 94 M; therefore, each factor commutes with all stabilizer generators and hence
is a logical operator. Because M \ A and d; M are both correctable, each factor is a trivial logical

operator and therefore zy is also trivial. It follows that x is trivial, a contradiction. O

Now, if the interaction range is w and M is a hypercube with linear size [, we choose A so
that M \ A is a hypercube with linear size | — 2(w — 1), and we notice that 04 M is contained in a
hypercube with linear size | + 2(w — 1). Thus both M \ A and 0+ M are correctable provided that

0 M| < [l +2(w—1)]7 —1P
<2w—1)D[l+2w—-1)]""" <d.
Reasoning as in the proof of Lemma 2.4.2, we conclude that:
Lemma 2.4.4. For a D-dimensional local stabilizer code with interaction range w > 1 and distance
d > 1, a hypercube with linear size | is correctable if

2w—1)D [l +2(w—1)""" < d. (2.3)

To ensure that the hypercube M is correctable, it suffices for its (w — 1)-thickened boundary, rather
than its [2(w — 1)]-thickened boundary, to be smaller than the code distance.

Now we are ready to prove our first trade-off theorem.
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l+w—-1

W
. \

Figure 2.1: Lattice covering used in the proof of Theorem 1, shown in two dimensions. Each gray
square is [ x [ and the white gap between squares has width w — 1. The solid blue curve represents
the support of a nontrivial logical operator; because the square M; is correctable, this square can
be “cleaned.” We can find an equivalent logical operator supported on M¢, the complement of M;.
When all squares are cleaned, the logical operator is supported on the narrow strips between the
squares.

Theorem 2.1. (Trade-off theorem for subsystem codes) For a local subsystem code in D > 2
dimensions with interaction range w > 1 and distance d > w, defined on a hypercubic lattice with

linear size L, every dressed logical operator is equivalent to an operator with weight d satisfying
dd"/ P~ < cLP, (2.4)

where ¢ is a constant depending on w and D.

Proof. As shown in Fig. 2.1, we fill the lattice with hypercubes, separated by distance w — 1, such
that each hypercube has linear size [ satisfying Eq. (2.2). (By “distance” we mean the number of sites
in between — e.g., we say that adjacent sites are “distance zero” apart.) Thus no gauge generator
acts nontrivially on more than one hypercube, and each hypercube is correctable by Lemma 2.4.2.
Consider any nontrivial dressed logical operator z, and label the hypercubes { My, My, M3, ...}. By
Lemma 3 there exists a gauge operator y; that “cleans” the logical operator in the hypercube M;,
i.e., such that xy; acts trivially in M;. Furthermore, since no gauge generator acts nontrivially on
more than one hypercube, we can choose y; so that it acts trivially in all other hypercubes. Taking
the product of all the y;’s we construct a gauge operator that cleans all hypercubes simultaneously;
thus & = = [[, y; is equivalent to = and supported on the complement of the union of hypercubes
M = U; M;. Therefore, the weight d of # is upper bounded by | M.

The lattice is covered by hypercubes of linear size [ + (w — 1), each centered about one of the
M;’s. There are L /[l + (w — 1)]” such hypercubes in this union, each containing no more than

[+ (w—1)]" =12 < (w—1)D[l+ (w—1)]""" elements of M¢. Thus

LP (w—1)D

— D
[+ (w—1)]" NECEN N

d<|M°| < (w—1)D[l+ (w—1)]""
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We optimize this upper bound on d by choosing [ to be the largest integer such that a hypercube

with linear size [ is known to be correctable, i.e., satisfying

d 1/(D—1)
l<<«w—nD) ’

thus obtaining Eq. (2.4). Note that Eq. (2.4) is trivial if d is a constant independent of L, since the

weight d cannot be larger than L. O



30

Chapter 3

Algebraic formulation for
translationally invariant codes

If an additive code is defined on a lattice with periodic boundary conditions by a translationally

invariant set {g;} of local generators, then we can define a code Hamiltonian

H:_Zgi

whose ground space is identified with the code space. Prototypical is the toric code model [3].
If the stabilizer generators are given as translations of a finite collection of Pauli operators, we
have a family of code Hamiltonians parameterized by the system size or boundary conditions. In
this chapter we present a framework to study such translationally invariant code Hamiltonians.
We will be particularly interested in the phases of matter represented by the code Hamiltonians.
Hence, we should allow local unitary transformations and deformation of Hamiltonians as long as
the deformation does not close the energy gap between the ground and first excited state, and we
study properties of Hamiltonians that are invariant under these transformations.

If one does not make use of the translation structure, but insists on the use of usual symplectic
vector space description, then one should deal with infinitely many qubits and the generating matrix
of infinite size. However, the translation symmetry tells us that there is only a finite amount of data
describing the family of code Hamiltonians. It is certainly uneconomical to study a general infinite
matrix. We must look for a succinct description. The starting observation is that translation
symmetry is mostly well expressed with the group algebra of the underlying translation group.
Fortunately, the lattice is an abelian group isomorphic to Z” for some D > 1; the group algebra
is a commutative ring, or actually, a Laurent polynomial ring. We will see that, inasmuch as the
additive codes are described by null spaces in symplectic vector spaces, the translation-invariant code
Hamiltonians have corresponding algebraic descriptions by certain submodules of finitely generated

free modules.
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We build an effective dictionary between lattice codes and commutative algebra in Section 3.1.1.
The equivalence of phases of matter is re-expressed in an algebraic form in Section 3.2. Perhaps
the most important entry in this dictionary is that the topological order condition can be expressed
by the vanishing homology of a certain chain complex, presented in Section 3.3. As we will see in
the next chapter, the physical dimension is essentially the length of the chain complex, which is a
reminiscence of Hilbert syzygy theorem. The ground-state subspace can be analyzed by studying an
algebraic set defined by the chain complex. In particular, the degeneracy, or the number of encoded
qubits, can be approximated by counting points in the algebraic set, for which some bounds are given
in Section 3.4. The last section 3.5 introduces fractal operators and establishes a precise algebraic
description of topological charges in connection to the fractal operators. Our discussion assumes
some familiarity with commutative algebra. In Appendix A, we include basic materials relevant to
analysis of codes.

Note that in the classical coding theory the use of multivariate polynomial in multidimensional
cyclic codes at least dates back to Imai [67]. Imai realized the importance of zero-locus of defining
polynomials of the code, which had been emphasized in the one-dimensional cyclic code [68]. See also
[69, 70] and references therein. In the classical coding theory, each lattice sites carries one bit {0, 1},
whereas in our quantum codes each lattice sites may have several qubits. For this generalization
we use modules instead of ideals. Moreover, quantum additive codes require the nullity equation
oTAo = 0. (See Section 2.2.) We decompose this equation into two parts € = ¢ X and o, and view
them as connecting maps of a chain complex G = P 5 E. The chain complex is relevant only to
quantum codes.

We will treat code Hamiltonians on sets of qubits, two-dimensional (two-level) local Hilbert
spaces. However, our language naturally allows an extension to prime-dimensional qudits. This is
because we only use the fact that the set of coefficients s is a field. The generalization is achieved

simply by replacing the ground field F; with F,, for any prime number p.

3.1 Algebraic structure of code Hamiltonians

3.1.1 Pauli space on a group

Let A be the index set of all qubits, and suppose now that A itself is an abelian group. There
is a natural action of A on the Pauli group modulo phase factors induced from the group action
of A on itself by multiplication. For example, if A = Z, the action of A is the translation on the
one-dimensional chain of qubits. If R = Fy[A] is the group algebra with the multiplicative identity
denoted by 1, the Pauli group modulo phase factors acquires a structure of an R-module. We shall
call it the Pauli module. The Pauli module is free and has rank 2.

Let r — 7 be the antipode map of R, i.e., the Fa-linear map into itself such that each group
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=
N

binary field {0,1}

spatial dimension

Folzy, 27, ... 2D, acBl}

ideal (zf —1,... 25 —1)

number of qubits per site

number of interaction types

free R-module of the interaction labels (rank )
free R-module of Pauli operators (rank 2q)

free R-module of excitations (rank )

G — P, generating matrix or map for the stabilizer module
P — E, generating matrix or map for excitations
antipode map of the group algebra R.

transpose followed by antipode map

<
=3I

]l namuQ=+e ST

>
<

anti-symmetric 2q X 2¢ matrix (_? d 1(()1 )

Table 3.1: Reserved symbols in Chapter 3. Any ring in this thesis is commutative with 1.

element is mapped to its inverse. Since A is abelian, the antipode map is an algebra-automorphism.
Let the coefficient of a € R at g € A be denoted by a,. Hence, a = de/\ agg for any a € R. One
may write a; = (ag);.

Define

tr(a) = aq
for any a € R.

Proposition 3.1.1 ([41]). Let (a,b), (c,d) € R? be two vectors representing Pauli operators Oy, O

up to phase factors:

0 - (@t | (@t
geEA geA

0: - (@t | (@t
geA geA

where 09) denotes the single-qubit Pauli operator at g € A. Then, O1 and O commute if and only

if

-1 0 d

Proof. The commutation value of (¢{%)" (o)™ and (6\)" (6™ is nm/ — mn/ € Fy. Viewed

as pairs of group algebra elements, (U;g))”(aig))m and (J;g))”' (agg))m/ are (ng,mg) and (n'g,m’g),
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respectively. We see that

0 1 n'
nm' —mn’ = tr (ng_l mg_l) !
-1 0 m'g
Since any Pauli operator is a finite product of these, the result follows by linearity. O

We wish to characterize a Fa-subspace S of the Pauli module invariant under the action of A,
i.e., a submodule, on which the commutation value is always zero. As we will see in the next
subsection, this particular subspace yields a local Hamiltonian whose energy spectrum is exactly
solvable, which is the main object of this thesis. Let (a,b) be an element of S C R? = (Fa[A])%. For
any r € R, (ra,rb) must be a member of S. Demanding that the symplectic form on S vanish, by
Proposition 3.1.1 we have

tr(rab — rba) = 0.
+

- _ a
Since r was arbitrary, we must have ab — ba = 0.' Let us denote (a b) as , and write any
b

element of R? as a 2 x 1 matrix. We conclude that S is a submodule of R? over R generated by

$1,...,8¢ such that any commutation value always vanishes, if and only if
sj/\lsj =0

foralli,j=1,...,t.

The requirement that A be a group might be too restrictive. One may have a coarse group
structure on A, the index set of all qubits. We consider the case that the index set is a product
of a finite set and a group. By abuse of notation, we still write A to denote the group part, and
insist that to each group element are associated g qubits (¢ > 1). Thus obtained Pauli module
should now be identified with R??, where R = F3[A] is the group algebra that encodes the notion
of translation. We write an element v of R?? by a 2¢ x 1 matrix, and denote by v the transpose
matrix of v whose each entry is applied by the antipode map. We always order the entries of v such
that the upper ¢ entries describes the o, -part and the lower the o,-part. Since the commutation
value on R?? is the sum of commutation values on R2?, we have the following: If S is a submodule
of R%% over R generated by si,...,s;, the commutation value always vanishes on S, if and only if
foralli,j=1,...,t

sj Ags; =0
0 id

where A\ = “1isa 2q X 2q matrix.
—idg 0

LA symmetric bilinear form (r,s) = tr(r5) on R is nondegenerate.
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Let us summarize our discussion so far.

Proposition 3.1.2. On a set of qubits A x {1,...,q} where A is an abelian group, the group of all
Pauli operators of finite support up to phase factors, form a free module P = R?% over the group

algebra R = Fa[A]. The commutation value
(a,b) = tr(a\,b)

for a,b € P is zero if and only if the Pauli operators corresponding to a and b commute. If o is a
2q X t matriz whose columns generate a submodule S C P, then the commutation value on S always
vanishes if and only if

O’T>\q0' =0.

Proposition 3.1.1 [41] is a special case of Proposition 3.1.2 when A is a trivial group. When

A =7, a similar equation appears in quantum convolutional codes [71].

3.1.2 Local Hamiltonians on groups

Recall that we place g qubits on each site of A. The total system of the qubits is A x {1,...,q}.

Definition 3.1. Let

H:—Zhl,g+'~-+ht,g
geA

be a local Hamiltonian consisted of Pauli operators that is (i)commuting, (ii) translation-invariant
up to signs, and (iii) frustration-free. We call H a code Hamiltonian (also known as stabilizer
Hamiltonian). The stabilizer module of H is the submodule of the Pauli module P generated

by the images of hq, ..., h; in P. The number of interaction types is ¢.
The energy spectrum of the code Hamiltonian is trivial; it is discrete and equally spaced.

Example 3.1. One-dimensional Ising model is the Hamiltonian

H==3 o @olth.
€L

The lattice is the additive group Z, and the group algebra is R = Fy[x, Z]. The Pauli module is R?

and the stabilizer module S is generated by

1+
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One can view this as the matrix o of Proposition 3.1.2. H is commuting; ot Ao = 0. O

3.1.3 Excitations

For a code Hamiltonian H, an excited state is described by the terms in the Hamiltonian that have
eigenvalues —1. Each of the flipped terms is interpreted as an excitation. Although the actual set
of all possible configurations of excitations that are obtained by applying some operator to a ground
state, may be quite restricted, it shall be convenient to think of a larger set. Let E be the set of all
configurations of finite number of excitations without asking physical relevance. Since an excitation
is by definition a flipped term in H, the set E is equal to the collection of all finite sets consisted of
the terms in H.

If Pauli operators U;, Uy acting on a ground state creates excitations ey, es € E, their product
U1 U, creates excitations (e; Ues) \ (€1 Ney). Here, we had to remove the intersection because each
excitation is its own annihilator; any term in the H squares to the identity. Exploiting this fact, we
make F into a vector space over Fy. Namely, we take formal linear combinations of terms in H with
the coefficient 1 € Fy when the terms has —1 eigenvalue, and the coefficient 0 € F3 when the term
has +1 eigenvalue. The symmetric difference is now expressed as the sum of two vectors e; + eq
over 5. In view of Pauli group as a vector space, U;U; is the sum of the two vectors v; + v that,
respectively, represent U; and Us. Therefore, the association U; — e; induces a linear map from the
Pauli space to the space of virtual excitations F.

The set of all excited states obeys the translation invariance as the code Hamiltonian H does.
So, FE is a module over the group algebra R = Fy[A]. The association U; — e; clearly respects this
translation structure. Our discussion is summarized by saying that the excitations are described by
an R-linear map

e:P—F

from the Pauli module P to the module of virtual excitations FE.
As the excitation module is the collection of all finite sets of the terms in H, we can speak of the
module of generator labels G, which is equal to E as an R-module. G is a free module of rank

t if there are ¢ types of interaction. The matrix o introduced in Section 3.1.1 can be viewed as
c:G— P

from the module of generator labels to the Pauli module.

Proposition 3.1.3. If o is the generating map for the stabilizer module of a code Hamiltonian, then

€= JT)\q.
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The matrix € can be viewed as a generalization of the parity check matrix of the standard theory

of classical or quantum error correcting codes [68, 38, 39, 40], when a translation structure is given.

Proof. This is a simple corollary of Proposition 3.1.2. Let h; , be the terms in the Hamiltonian
where ¢ = 1,...,¢, and g € A. In the Pauli module, they are expressed as gh; where h; is the i-th

column of o. For any u € P, let €(u); be the i-th component of e(u). By definition,

e(u); = Zg tr ((gh:) Aqu) = Zg tr (ghj)\qu) = hixu

geEA geEA

Thus, h;f)\q is the i-th row of e. O

Remark 3.1. The commutativity condition in Proposition 3.1.2 of the code Hamiltonian is recast
into the condition that

G—-P—F

be a complex, i.e., e o 0 = 0. Equivalently,

€

imo C (imo)— = kere

where | is with respect to the symplectic form.

3.2 Equivalent Hamiltonians

The stabilizer module entirely determines the physical phase of the code Hamiltonian in the following

sense.

Proposition 3.2.1. Let H and H' be code Hamiltonians on a system of qubits, and suppose their

stabilizer modules are the same. Then, there exists a unitary

U=Q)U,
geEA

mapping the ground space of H onto that of H'. Moreover, there exist a continuous one-parameter

family of gapped Hamiltonians connecting UHUT and H'.

Proof. Let {p,} be a maximal set of Fa-linearly independent Pauli operators of finite support that
generates the common stabilizer module S. {p,} is not necessarily translation-invariant. Any ground
state [¢)) of H is a common eigenspace of {p, } with eigenvalues p, [)) = e, [}, e = +1. Similarly,
the ground space of H' gives the eigenvalues e/, = +1 for each p,.

The abelian group generated by {p, } is precisely the vector space S, and the assignment p, — eq

defines a dual vector on S. If U is a Pauli operator of possibly infinite support, then p,U |[¢)) =



37

ele,U |tb) for some el = +1, where e/, is determined by the commutation relation between U and
Pa- Thus, the first statement follows if we can find U such that the commutation value between
U and p, is precisely e”. This is always possible since the dual space of the vector space P is
isomorphic to the direct product [, {1} F2, which is vector space isomorphic to the Pauli group
of arbitrary support up to phase factors.?

Now, UHU' and H' have the same eigenspaces, and in particular, the same ground space.

Consider a continuous family of Hamiltonians
H(u,u') = wUHU" +'H'
where u,u’ € R. It is clear that
H=H(1,0)— H(1,1) — H(0,1) = H’

is a desired path. O

The criterion of Proposition 3.2.1 to classify the physical phases is too narrow. Physically mean-
ingful universal properties should be invariant under simple and local changes of the system. More

concretely,

Definition 3.2. Two code Hamiltonians H and H’ are equivalent if their stabilizer modules
become the same under a finite composition of symplectic transformations, coarse-graining, and

tensoring ancillas.
We shall define the symplectic transformations, the coarse-graining, and the tensoring ancillas

shortly.

3.2.1 Symplectic transformations

Definition 3.3. A symplectic transformation T is an automorphism of the Pauli module induced

by a unitary operator on the system of qubits such that
TNT = )\,

where { is the transposition followed by the entry-wise antipode map.

When the translation group is trivial these transformations are given by so-called Clifford op-

erators. Compare Section 2.2 and see [61, Chapter 15].

2If V is a finite dimensional vector space over some field, the dual vector space of @,V is isomorphic to [[; V
where I is an arbitrary index set.
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Only the unitary operator on the physical Hilbert space that respects the translation can induce
a symplectic transformation. By definition, a symplectic transformation maps each local Pauli
operator to a local Pauli operator, and preserves the commutation value for any pair of Pauli

operators.

Proposition 3.2.2. Any two unitary operators Uy, Us that induce the same symplectic transforma-

tion differ by a Pauli operator (of possibly infinite support).
If the translation group is trivial, the proposition reduces to Theorem 15.6 of [61]

Proof. The symplectic transformation induced by U = Uf U, is the identity. Hence, U maps each
single-qubit Pauli operator ag(f;i) to :l:og(c’f,’zi). By the argument as in the proof of Proposition 3.2.1,
there exists a Pauli operator O of possibly infinite support that acts the same as U on the system

of qubits. Since Pauli operators form a basis of the operator algebra of qubits, we have O = U. [

The effect of a symplectic transformation on the generating map o is a matrix multiplication on
the left.

oc—Uo
For example, the following is induced by uniform Hadamard, controlled-Phase, and controlled-NOT
gates. For notational clarity, define E; j(a) (i # j) as the row-addition elementary 2¢q x 2¢ matrix
[Ez}j(a)],w = 0w + 0pidyja

where 4, is the Kronecker delta and a € R = Fy[A]. Recall that we order the components of P
such that the first half components are for o,-part, and the second half components are for o,-part.
Definition 3.4. The following are elementary symplectic transformations:

e (Hadamard) E; ;1 ¢(—1)E;tq,:(1)E;i4q(—1) where 1 <i < g,

e (controlled-Phase) E;,:(f) where f = f and 1 <i < g,

e (controlled-NOT) E; j(a)Ejtq,it+q(—a) where 1 <i# j <gq.

For the case of a trivial translation group, these transformations explicitly appear in [41] and [61,
Chapter 15]. The one-dimensional case appears in the context of quantum convolutional codes [72].
Recall that the Hadamard gate is a unitary transformation on a qubit given by
1 {1 1

Upg = —
SV
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with respect to basis {|0),|1)}. At operator level,
UnXUl, =2, UyZU}, =X

where X and Z are the Pauli matrices o, and o, respectively. Thus, the application of Hadamard
gate on every i-th qubit of each site of A swaps the corresponding X and Z components of P.

The controlled phase gate is a two-qubit unitary operator whose matrix is

100 0
010 0

Up =
001 0
000 —1

with respect to basis {|00),]01),|10),|11)}. At operator level,

Up(X © DU}, = X @ Z, Up(Zo@ UL =21,

Up(I @ X)U}, = Z® X, Up(I® Z)UL =1® Z.

Note that since Up is diagonal, any two Up on different pairs of qubits commute. Let (g,4) denote

the i-th qubit at g € A. The uniform application

U = T Up((h,i), (h + g.1))
heA

of Up throughout the lattice A such that each Up((h,4), (h + g,7)) acts on the pair of qubits (h, 1)

and (h + g,1) is well-defined. From the operator level calculation of Up, we see that Ug(i) induces
Po(..,miyesziye )= (oo 2+ (g +9)wi,...) €P
on the Pauli module, which is represented as E; (g + g). The composition
UPug )
of finitely many controlled-Phase gates Uéi) with different g is represented as F;yq;(f) where f =
f= > r_1 gk + gr. The single-qubit phase gate
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maps X < Y and Z — Z. On the Pauli module P, it is
P9(...,xi,...,zi,...)T»—>(...,xi,...,zi—l—xi,...)TEP.

which is E;i,:(1). Note that any f € R such that f = f is always of form f = Y gx + gx or
f =14> gk + gr where g, are monomials. Thus, the Phase gate and the controlled-Phase gate
induce transformations E;i(f) where f = f.

The controlled-NOT gate is a two-qubit unitary operator whose matrix is

10 0 0

01 00
Un =

00 01

00 10

with respect to basis {|00),]01),]10),|11)}. That is, it flips the target qubit conditioned on the

control qubit. At operator level,

UnX®DUlL =XoX, Un(Zeo DU, =2Za1,

Un(I® XUl =T®X, Un(I® Z)U, =ZoZ.
If + < j, the uniform application

Uéi’j) = ® UP((h’i)v (h +g7j))

heA

such that each Uy ((h,1), (h+ g,j)) acts on the pair of qubits (h,4) and (h + g,7) with one at (h,1)

being the control induces

_ T
= (o Ty & 9T, 2 T G2, 25, ..)0 € P

Thus, any finite composition of controlled-NOT gates with various g is of form E; j(a)Ejtq,i+¢(a). It
might be useful to note that the controlled-NOT and the Hadamard combined, induces a symplectic

transformation
e (controlled-NOT-Hadamard) E; 1, j(a)Ejtq,:(a) where a € Rand 1 <14 # j <gq.

Remark that an arbitrary row operation on the upper ¢ components can be compensated by a

suitable row operation on the lower ¢ components so as to be a symplectic transformation.
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3.2.2 Coarse-graining

Not all unitary operators conform with the lattice translation. In Example 3.1 the lattice translation
has period 1. Then, for example, the Hadamard gate on every second qubit does not respect this
translation structure; it only respects a coarse version of the original translation. We need to shrink
the translation group to treat such unitary operators.

Let A be the original translation group of the lattice with ¢ qubits per site, and A’ be its subgroup
of finite index: |A/A’| = ¢ < 0o. The total set of qubits A x {1,...,q} is set-theoretically the same
as N x {1,...,¢} x{1,...,q} = A" x {1,...,cq}. We take A’ as our new translation group under
coarse-graining. The Pauli group modulo phase factors remains the same as a Fy-vector space for it
depends only on the total index set of qubits. We shall say that the system is coarse-grained by
R’ = F5[A'] if we restrict the scalar ring R to R’ for all modules pertaining to the system.

For example, suppose A = Z2, so the original base ring is R = Fa[x,y, %, 3]. If we coarse-grain by
R =TFol2',y, @, '] where 2’ = 22y’ = 9%, we are taking the sites 1, x,y, zy of the original lattice
as a single new site.

Abstractly, the original translation group algebra R is a finitely generated free module over the
coarse translation group algebra R’. Thus, the coarse-graining can be regarded as an exact functor
from the category of R-modules to the category of R’-modules.

The one-dimensional case appears in the context of quantum convolutional codes [73].

3.2.3 Tensoring ancillas

We have considered possible transformations on the stabilizer modules of code Hamiltonians, and

kept the underlying index set of qubits invariant. It is quite natural to allow tensoring ancilla qubits

in trivial states. In terms of the stabilizer module S C P = R??, it amounts to embed S into the
’ O-X

larger module R?? where ¢’ > q. Concretely, let o = be the generating matrix of S as in

0z
Proposition 3.1.2. By tensoring ancilla, we embed S as

ox 0

ox 0 0
_>

oz (4 0

0 1

This amounts to taking the direct sum of the original complex

GLPSE
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and the trivial complex

to form

G®R—-P®R* - E®R.

3.3 Topological order

From now on we assume that A is isomorphic to Z” as an additive group. D shall be called the
spatial dimension of A.

Definition 3.5. Let 0 : G — P be the generating map for the stabilizer module of a code Hamil-

€

tonian H. We say H is exact if (imo)— = im0, or equivalently

€:(TT
G2 p =T g

is exact, i.e., kere = imo.

It follows that the exactness condition is a property of the equivalence class of code Hamiltonians
in the sense of Definition 3.2.

By imposing periodic boundary conditions, a translation-invariant Hamiltonian yields a family of
Hamiltonians {H(L)} defined on a finite system consisted of LY sites. One might be concerned that
some H (L) would be frustrated. We intentionally exclude such a situation. The frustration might
indeed occur, but it can easily be resolved by choosing the signs of terms in the Hamiltonian. In
this way, one might lose the translation invariance in a strict sense. However, we retain the physical
phase regardless of the sign choice because different sign choices are related by a Pauli operator
acting on the whole system which is a product unitary operator. Hence, the entanglement property

of the ground state and the all properties of excitations do not change.

Definition 3.6. Let H(L) be Hamiltonians on a finite system of linear size L in D-dimensional
physical space, and IIy, be the corresponding ground space projector. H(L) is called topologically
ordered if for any O supported inside a hypercube of size (L/2)P one has

HLOHL O(HL. (31)

This means that no local operator is capable of distinguishing different ground states. This

condition is trivially satisfied if H(L) has a unique ground state. A technical condition that is used
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in the proof of the stability of topological order against small perturbations is the following ‘local
topological order’ condition [74, 6, 75]. We say a diamond region A(r) of radius r at o € ZP for
the set

A(r), = {(il,...,ip) +oecZP

> lid Sr}-

u
Definition 3.7. Let H(L) be code Hamiltonians on a finite system of linear size L in D-dimensional
physical space. For any diamond region A = A(r) of radius r, let II4 be the projector onto the
common eigenspace of the most negative eigenvalues of terms in the Hamiltonian H(L) that are
supported in A. For b > 0, denote by A’ the distance b neighborhood of A. H(L) is called locally
topologically ordered if there exists a constant b > 0 such that for any operator O supported on

a diamond region A of radius r < L/2 one has

HAbOHAb [0 HAb. (32)

Since any operator is a C-linear combination of Pauli operators, if Eq. (3.1),(3.2) are satisfied
for Pauli operators, then the (local) topological order condition follows. If a Pauli operator O is
anticommuting with a term in a code Hamiltonian H (L), The left-hand side of Eq. (3.1),(3.2) are
identically zero. In this case, there is nothing to be checked. If O acting on A is commuting with
every term in H(L) supported inside A, Eq. (3.1) demands that it act as identity on the ground
space, i.e., O must be a product of terms in H(L) up to +i,4+1. Eq. (3.2) further demands that O

must be a product of terms in H (L) supported inside A® up to +i, 1.

Lemma 3.3.1. A code Hamiltonian H is exact if and only if H(L) is locally topologically ordered
for all sufficiently large L.

In order to see this, it will be important to use Laurent polynomials to express elements of the
group algebra R = Fo[ZP] = Fofzy,27",...,2p,25']. The reader might want to see [67, 70] for

classical multidimensional cyclic codes. For example,
oy oyt = 1(1,2,2) +1(1,-1,0).

The sum of the absolute values of exponents of a monomial will be referred to as absolute degree.
The absolute degree of a Laurent polynomial is defined to be the maximum absolute degree of its
terms. The degree measures the distance or size in the lattice.

The Laurent polynomial viewpoint enables us to apply Grobner basis techniques. The long
division algorithm for polynomials in one variable yields an effective and efficient test whether a

given polynomial is divisible by another. When two or more but finitely many variables are involved,
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a more general question is how to test whether a given polynomial is a member of an ideal. For
instance, f = xy — 1 is a member of an ideal J = (x — 1,y — 1) because zy — 1 = y(z — 1) 4+ (y — 1).
But, g = zy is not a member of J because g = y(z — 1) 4+ (y — 1) + 1 and the ‘remainder’ 1 cannot
be removed. Here, the first term is obtained by looking at the initial term xy of f and comparing
with the initial terms x and y of the generators of J. While one tries to eliminate the initial term
of f and to eventually reach zero, if one cannot reach zero as for g, then the membership question
is answered negatively.

Systematically, an well-ordering on the monomials, i.e., a term order, is defined such that the
order is preserved by multiplications. And a set of generators {g;} for the ideal is given with a
special property that any element in the ideal has an initial term (leading term) divisible by an
initial term of some g;. A Grobner basis is precisely such a generating set. This notion generalizes
to free modules over polynomial ring by refining the term order with the basis of the modules. An

example is as follows. Let
x2—y 1
g1 = o9 =
22+ 1 y
generate a submodule M of S? where S = F[x,y] is a polynomial ring. They form a Grobner basis,

and the initial terms are marked as bold. A member of S2

22 4 22y — ¢
y + 227y

is in M because the following “division” results in zero.

2?2 4+ x%y — o> v, x? s,
y + 2%y x%y
A comprehensive material can be found in [76, Chapter 15].
The situation for Laurent polynomial ring is less discussed, but is not too different. A direct
treatment is due to Pauer and Unterkircher [77]. One introduces a well-order on monomials, that
is preserved by multiplications with respect to a so-called cone decomposition. An ideal J over a

Laurent polynomial ring can be thought of as a collection of configurations of coefficient scalars

written on the sites of the integral lattice ZP. If we take a cone, say,
C= {(i17127i3) € ZS|7:1 S OviQ Z Oai3 Z 0},

then Jo = J NTF[C] looks very similar to an ideal I over a polynomial ring F[z,y, z]. Concretely, I
can be obtained by applying ! — z,y — ¥y, 2z — z to Jo. The initial terms of J< should be treated

similarly as those in I. This is where the cone decomposition plays a role. The lattice Z” decomposes
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into 2 cones, and the initial terms of J is considered in each of the cones. Correspondingly, a
Grobner basis is defined to generate the initial terms of a given module in each of the cones. An
intuitive picture for the division algorithm is to consider the support of a Laurent polynomial as a
finite subset of Z” around the origin (the least element of ZP), and to eliminate outmost points
so as to finally reach the origin. If m is a column matrix of Laurent polynomials, each step in the
division algorithm by a Grobener basis {g} replaces m with m’ = m — c¢g, where ¢ is a monomial,
such that the initial term of m’ is strictly smaller than that of m. Note that the absolute degree of

¢ does not exceed that of m.>

Proof of 3.3.1. We have to show that if v € kere = im o is supported in the diamond of radius r

centered at the origin, then v can be expressed as a linear combination

V= E C;0;
i

of the columns o; of o such that the coefficients ¢; € R have absolute degree not exceeding w+r. for
some fixed w. A Grobner basis [77] is computed solely from the matrix o, and the division algorithm
yields desired c;.

Conversely, suppose v € kere. We have to show v € imo. Choose so large L that the Pauli
operator O representing v is contained in a pyramid region far from the boundary. The local
topological order condition implies that O is a product of terms near the pyramid region. Since this

product expression is independent of the boundary, we see v € imo. [

The Buchsbaum-Eisenbud theorem [78] below characterizes an exact sequence from the properties
of connecting maps. (See also [76, Theorem 20.9, Proposition 18.2],[79, Chapter 6 Theorem 15].) A
few notions should be recalled. Let M be a matrix, not necessarily square, over a ring. A minor
is the determinant of a square submatrix of M. k-th determinantal ideal I (M) is the ideal
generated by all £ X k minors of M. It is not hard to see that the determinantal ideal is invariant
under any invertible matrix multiplication on either side. The rank of M is the largest k£ such that
k-th determinantal ideal is nonzero. Thus, the rank of a matrix over an arbitrary ring is defined,
although the dimension of the image in general is not defined or is infinite. The 0-th determinantal
ideal is taken to be the unit ideal by convention. For a map ¢ between free modules, we write I(¢)
to denote the k-th determinantal ideal of the matrix of ¢ where k is the rank of that matrix. Fitting
Lemma [76, Corollary-Definition 20.4] states that determinantal ideals only depend on coker ¢.

The (Krull) dimension of a ring is the supremum of lengths of chains of prime ideals. Here,

the length of a chain of prime ideals

pogplg"'gpn

3Strictly speaking, one can introduce a term order such that this is true.
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is defined to be n. Most importantly, the dimension of Flxy, ..., 2,] is n where F is a field, as
(0) C (1) C (z1,22) T+ C(T1,...,Tp).

Dimensions are in general very subtle, but intuitively, it counts the number of independent ‘variables.’
Geometrically, a ring is a function space of a geometric space, and the independent variables define
a coordinate system on it. So the Krull dimension correctly captures the intuitive dimension. For
instance, y — 22 = 0 defines a parabola in a plane, and the functions that vanish on the parabola
form an ideal (y — 2?) C Flx,y]. Thus, the function space is identified with F[z,y]/(y — 2?) = F[z],
whose Krull dimension is, as expected, 1.

Facts we need are quite simple:

e In a zero-dimensional ring, every prime ideal is maximal.
o dim R = dimFy[zi’,... 25! =D

e When 7 is an ideal of R, dim R/I + codim [ = D.*

We shall be dealing with three different kinds of ‘dimensions’: The first one is the spatial dimen-
sion D, which has an obvious physical meaning. The second one is the Krull dimension of a ring,
just introduced. The Krull dimension is upper bounded by the spatial dimension in any case. The
last one is the dimension of some module as a vector space. Recall that all of our base ring contains
a field — Fy for qubits. The vector space dimension arises naturally when we actually count the
number of orthogonal ground states. The dimension as a vector space will always be denoted with

a subscript like dimp, .

Proposition 3.3.2 ([78]%). If a complex of free modules over a ring
05 F, 2 F  —- RS E

is exact, then
e rank Iy, = rank ¢y +rank i1 fork=1,...,n—1
e rank F,, = rank ¢,,.

o I(¢r) = (1) or else codimI(¢y) > k fork=1,...,n.

4 The codimension or height of a prime ideal p is the supremum of the lengths of chains of prime ideals contained
in p. That is, the codimension of p is the Krull dimension of the local ring Ry. The codimension of an arbitrary
ideal I is the minimum of codimensions of primes that contain I. If S is an affine domain, i.e., a homomorphic
image of a polynomial ring over a field with finitely many variables such that S has no zero-divisors, it holds that
codim I + dim R/I = dim S [76, Chapter 13].

5The original result is stronger than what is presented here. It is stated with the depths of the determinantal
ideals.
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. . =o'
Remark 3.2. For an exact code Hamiltonian, we have an exact sequence G = P —225 E. As we

will see in Lemma 4.2.1, coker ¢ has a finite free resolution, and we may apply the Proposition 3.3.2.

Since Iy (o) = I (e) for any k > 0, we have
2q = rank P = rank 0 4+ rank e = 2 ranko.

The size 2¢ x t of the matrix o satisfies t > ¢. If I,(0) # R, then codim I,(c) > 2.

3.4 Ground-state degeneracy

Let H(L) be the Hamiltonians on finite systems obtained by imposing periodic boundary conditions
as in Section 3.3. A symmetry operator of H(L) is a C-linear combination of Pauli operator that
commutes with H(L). In order for a Pauli symmetry operator to have a nontrivial action on the
ground space, it must not be a product of terms in H(L). In addition, since H(L) is a sum of Pauli
operators, a symmetry Pauli operator must commute with each term in H(L). Hence, a symmetry

Pauli operator O with nontrivial action on the ground space must have image v in the Pauli module

such that
v(0) € kerer, \ imoy,
where
G/brG 25 P/bLP <% E/bLE
and

which effectively imposes the periodic boundary conditions. Since each term in H(L) acts as an
identity on the ground space, if O’ is a term in H(L), the symmetry operator O and the product
OO’ has the same action on the ground space. OO’ is expressed in the Pauli module as v(O)+v'(0’)
for some v’ € imo. Therefore, the set of Pauli operators of distinct actions on the ground space is

in one-to-one correspondence with the factor module

K(L) =kerer, / imoy,.

The vector space dimension dimg, K (L) is precisely the number of independent Pauli operators
that have nontrivial action on the ground space. Since kere; = (imoy)® by definition of €, and
imoy, as an Fa-vector space is a null space of the symplectic vector space P/br P, it follows that
kere;, = imoy @ W for some hyperbolic subspace W. The quotient space K(L) = W is thus

hyperbolic and has even vector space dimension 2k. Choosing a symplectic basis for K (L), it is
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clear that K (L) represents the tensor product of k qubit-algebras. Therefore, the ground space
degeneracy is exactly 2 [40, 41]. In the theory of quantum error correcting codes, k is called the
number of logical qubits, and the elements of K (L) are called the logical operators. In this section,

k will always denote % dimp, K.

Definition 3.8. The associated ideal for a code Hamiltonian is the ¢-th determinantal ideal
I,(c) C R of the generating map o. Here, ¢ is the number of qubits per site. The characteristic

dimension is the Krull dimension dim R/ (o).

The associated ideals appears in Buchsbaum-Eisenbud theorem (Proposition 3.3.2), which says
that the homology K (L) is intimately related to the associated ideal. Imposing boundary conditions
such as ¥ = 1 amounts to treating = not as variables any more, but as a ‘solution’ of the equation
zl'— 1 =10. In order for K(L) to be nonzero, the ‘solution’ z should make the associated ideal to
vanish. Hence, by investigating the solutions of I;(c) one can learn about the relation between the
degeneracy and the boundary conditions. Roughly, a large number of solutions of I,(c) compatible
with the boundary conditions means a large degeneracy. As d = dim R/I,(o) is the geometric
dimension of the algebraic set defined by I;(c), a larger d means a larger number of solutions.
Hence, the characteristic dimension d controls the growth of the degeneracy as a function of the
system size.

For example, consider a chain complex over R = F[z*!, y*1].
z—1

S P . o=(y—1 —a+1)

0— R! R!

It is exact at R2. The smallest nonzero determinantal ideal I for either &y or 0; is [ = (z — 1,y —1).
If we impose ‘boundary conditions’ such that x =1 and y = 1, then I becomes zero, and according
to Buchsbaum-Eisenbud theorem, the homology K at R? should be nontrivial. Since the solution of
T consists of a single point (1,1) on a 2-plane, it is conceivable that ‘boundary conditions’ of form
by, would always give K (L) of a constant F-dimension, which is true in this case. If we insist that

+1 il,zil}

the complex is over R’ = Flz*! y , then the zero set of I is a line (1,1, z) in 3-space; there

are many ‘solutions.” In this case, K R/(L) has [F-dimension 2L.
An obvious example where the homology K is always zero regardless of the boundary conditions
is this:
1
o) (0o 1)

0— R! R R!

Here, the determinantal ideal is (1) = R, and thus has no solution.
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The intuition from these examples are made rigorous below.

3.4.1 Condition for degenerate Hamiltonians

A routine yet very important tool is localization. The origin of all difficulties in dealing with general
rings is that nonzero elements do not always have multiplicative inverse; one cannot easily solve
linear equations. The localization is a powerful technique to get around this problem. As we
build rational numbers from integers by declaring that nonzero numbers have multiplicative inverse,
the localization enlarges a given ring and formally allows certain elements to be invertible. It is
necessary and sometimes desirable not to invert all nonzero elements, in order for the localization
to be useful. For a consistent definition, we need a multiplicatively closed subset S containing 1,
but not containing 0, of a ring R and declare that the elements of S is invertible. The new ring is
written as S™!'R, in which a usual formula % + :—z = % holds. The original ring naturally
maps into ST'R as ¢ : 1 7- The localization means that one views all data as defined over SR
via the natural map ¢.

A localized ring, by definition, has more invertible elements, and hence has less nontrivial ideals.
In fact, our Laurent polynomial ring is a localized ring of the polynomial ring by inverting monomials,
e.g., {z'y’|i,j > 0}. Nontrivial ideals such as (x) or (x,y) in the polynomial ring become the unit
ideal (1) in the Laurent polynomial ring. Further localizations in this thesis are with respect to
prime ideals. In this case, we say the ring is localized at a prime ideal p. A prime ideal p has
a defining property that ab ¢ p whenever a ¢ p and b ¢ p. Thus, the set-theoretic complement of
p is a multiplicatively closed set containing 1. In (R \ p)~'R, denoted by Ry, any element outside
p is invertible, and therefore p becomes a unique maximal ideal of R,. Moreover, the localization
sometimes simplifies the generators of an ideal. For instance, if R = Flz,z~!] and p = (z — 1), the
ideal ((z — 1)(z° — 2 + 1)) C R localizes to (z — 1), C R, since 2° — z + 1 is an invertible element
of R,.

An important fact about the localization is that a module is zero if and only if its localization
at every prime ideal is zero. Further, the localization preserves exact sequences. So we can analyze
a complex by localizing at various prime ideals. For a thorough treatment about localizations, see
Chapter 3 of [80]. The term ‘localization’ is from geometric considerations where a ring is viewed as

a function space on a geometric space.

Lemma 3.4.1. Let I be the associated ideal of an exact code Hamiltonian, and m be a prime ideal

of R. Then, I € m implies that the localized homology

K(L)yw =ker(ep)m / im(op)m

61t is a functor from the category of R-modules to that of S~! R-modules.
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is zero for all L > 1.

It is a simple variant of a well-known fact that a module over a local ring is free if its first

non-vanishing Fitting ideal is the unit ideal [79, Chapter 1 Theorem 12].

Proof. Recall that the localization and the factoring commute. By assumption,

6 Recall that the local ring S has the unique maximal ideal m, and any element outside the maximal
ideal is a unit. If every entry of € is in m, then I,(¢) C m # S. Therefore, there is a unit entry, and

by column and row operations, € is brought to

where € is a submatrix. It is clear that I, (€") C I,(€) since any ¢ — 1 X ¢ — 1 submatrix of € can
be thought of as a ¢ X ¢ submatrix of € where the first column and first row have the unique nonzero
entry 1 at (1,1). It is also clear that I,_1(¢") D I,(¢) since any ¢ x g submatrix of € contains either
zero row or column, or the (1,1) entry 1 of e. Hence, I;_1(¢’) = (1), and we can keep extracting
unit elements into the diagonal by row and column operations [79, Chapter 1 Theorem 12]. After ¢

steps, t X 2¢ matrix € becomes precisely

id, 0
0 0

1

where id, is the ¢ x ¢ identity matrix. Since localization preserves the exact sequence G — P — E,
o maps to the lower ¢ components of P with respect to the basis where € is in the above form. Since

I,(0) = (1), we must have (after basis change)

Therefore, even after factoring by the proper ideal by, the homology K (L) = kerey, / imoy, is still

ZeTo. O

Corollary 3.4.2. The associated ideal of an exact code Hamiltonian is the unit ideal, i.e., I;(0) = R,
if and only if
K(L)=kerer, / imor, =0

forall L > 1.
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Proof. It I(0) = R, I(0) is not contained in any prime ideal m. The above lemma says K(L)y, = 0.
Since a module is zero if and only if its localization at every prime ideal is zero, K(L) = 0 for all
L>1.

For the converse, observe that if F is any extension field of Fy, for any Fy-vector space W, we
have dimp F ®@p, W = dimp, W. We replace the ground field Fy with its algebraic closure F* to test
whether K(L) # 0. If I,(o) is not the unit ideal, then it is contained in a maximal ideal m C R. By
Nullstellensatz, m = (z1 — a1,...,2p — ap) for some a; € F% Since in R any monomial is a unit,
we have a; # 0. Therefore, there exists L > 1 such that ¢’ = 1 and 2 { L. The equation z* — 1 =0
has no multiple root.

We claim that K (L) # 0. It is enough to verify this for the localization at m. Since anything
outside m is a unit in R, and each xZL — 1 contains exactly one z; — a; factor, we see (br)m = My
Therefore, (é£)m = €m/(br)m and (0L)m = om/(bL)m is & matrix over the field R/m = F*. Since
I,(0) € m, we have I;(0r)m = 0. That is, rankpe(or)m < ¢g. It is clear that dimps K(L)m =

dimye ker(ep)m/im(or)m > 1. O

This corollary says that in order to have a degenerate Hamiltonian H (L), one must have a proper
associated ideal. We shall simply speak of a degenerate code Hamiltonian if its associated ideal is

proper.

3.4.2 Counting points in algebraic varieties

It is important that the factor ring
R/bp =Fyfzy,...,zp] / (a —1,..., 25 — 1)

is finite dimensional as a vector space over Fo, and hence is Artinian. In fact, dimp, R/by = L.
This ring appears also in [70]. Due to the following structure theorem of Artinian rings, K (L) can

be explicitly analyzed by the localizations.

Proposition 3.4.3 (Chapter 8 of [80], Section 2.4 of [76]). Let S be an Artinian ring. (For example,
S is a homomorphic image of a polynomial ring over finitely many variables with coefficients in a
field F, and is finite dimensional as a vector space over F.) Then, there are only finitely many

maximal ideals of S, and
S =P S
m

where the sum is over all mazimal ideals m of S and Sy is the localization of S at m.

The following calculation tool is sometimes useful. Recall that a group algebra is equipped with

a non-degenerate scalar product (v, w) = tr(vw). This scalar product naturally extends to a direct
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sum of group algebras.

Lemma 3.4.4. Let F be a field, and S = F[A] be the group algebra of a finite abelian group A. If
N is a submodule of S™, then the dual vector space N* is vector-space isomorphic to S™/N=, where

L is with respect to the scalar product (-, -).

Proof. Consider ¢ : S™ 3 z — (-,x) € N*. The map ¢ is surjective since the scalar product is

non-degenerate and S” is a finite dimensional vector space. The kernel of ¢ is precisely N=. O

Corollary 3.4.5. Put 2k = dimy, K(L). Then,
k=qLP — dimp, im o7, = dimp, kereg, — qLP.

Further, if g =t, then

k = dimp, ker o, = dimp, cokerey.

The first formula is a rephrasing of the fact that the number of encoded qubits is the total number

of qubits minus the number of independent stabilizer generators [40, 41].

Proof. Put S = R/by. If vq,...,v; denote the columns of o, we have

L
kerol = A\, kerey, = ﬂvf‘ = (Z Svi> = (imop)". (3.3)

K2

Hence, dimp, ker e, = dimp, $27 — dimg, im o, Since dimg, S = L? and K(L) = kerez/im oy, the
first claim follows.
Since imoy, & S/ ker oy, if t = q, we have k = dimp, ker o7, by the first claim. From Eq. (3.3),

we conclude that k = dimg, S*/im 02 = dimg, cokerey,. O

We will apply these formulas in Section 5.3 and Example 4.3.
The characteristic dimension is related to the rate at which the degeneracy increases as the
system size increases in the following sense. Recall that 2k = dimp, K(L) and the ground-state

degeneracy is 2*.

Lemma 3.4.6. Suppose 21 L. Let F* be the algebraic closure of Fo. If N is the number of mazimal
ideals in F* ®p, R that contain by, + I,(0), then

N < dimy, K(L) < 2¢N.
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Proof. We replace the ground field Fo with F®. Any maximal ideal of an Artinian ring F*[z-'] /by,
is of form m = (x; — a1,...,7p — ap) where aF = 1 by Nullstellensatz. Since 2 { L, we see that
(bL)m = my and that (R/br)m = F? is the ground field. (See the proof of Corollary 3.4.2.)

Now, I,(0)+br, Cmiff I,(0)m—+(bL)m C My = (bp)m iff I,(0) becomes zero over Ry /(by)m = F®
iff 1 < dimpa K (L) < 2¢. Since by Proposition 3.4.3, K (L) is a finite direct sum of localized ones,

we are done. O

Lemma 3.4.7. Let I be an ideal such that dim R/I = d. We have
dimp, R/(I +by) < cL?

for all L > 1 and some constant ¢ independent of L.

Proof. We replace the ground field with its algebraic closure F®. Write Z; for the image of z; in
R/I. By Noether normalization theorem [76, Theorem 13.3], there exist yi,...,yqs € R/I such that
R/I is a finitely generated module over F[yq, ..., yq]. Moreover, one can choose y; = Zle M;;%;
for some rank d matrix M whose entries are in F®. Making M into the reduced row echelon form,

we may assume y; = T; + Y ai;T; for each 1 <4 < d.

j>d

Let S = F*[z,...,2p] be a polynomial ring in D variables. Let ¢ : S — R/(I + by) be the ring
homomorphism such that z; — y; for 1 <i < dand z; = Z; for d < j < D. By the choice of y;, ¢ is
clearly surjective. Consider the ideal J of S generated by the initial terms of ker ¢ with respect to
the lexicographical monomial order in which z; < --- < zp. Since Z; is integral over Fyq,...,yal,

the monomial ideal J contains z;-” for some positive n; for d < j < D. Here, n; is independent of

L. Since ZZL € J for 1 < i < d, we conclude that
dimpa R/(I 4 by) = dimga S/J < LY - ngy1mags - np

by Macaulay theorem [76, Theorem 15.3]. O

Corollary 3.4.8. If2{ L, and d = dim R/I,(0) is the characteristic dimension of a code Hamilto-
nian, then

dimg, K(L) < cL?
for some constant c independent of L.

Proof. If J = by, + I(0), N in Lemma 3.4.6 is equal to dimp. F* ® R/rad J. This is at most
dimp. F* ® R/J = dimg, R/J. O

Lemma 3.4.9. Let d be the characteristic dimension. There exists an infinite set of integers {L;}
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such that
dimp, K (L;) > L;*/2

Proof. We replace the ground field with its algebraic closure F*. Let p’ D I(o) be a prime of
R of codimension D — d. Let p be the contraction (pull-back) of p’ in the polynomial ring S =
F%[zq,...,2p]. Since the set of all primes of R is in one-to-one correspondence with the set of
primes in S that does not include monomials, it follows that p has codimension D — d and does not
contain any monomials. Let V' denote the affine variety defined by p = (g1,...,¢gn). Since p contains
no monomials, V' is not contained in any hyperplanes ; =0 (i = 1,...,D).

Let A; be a finite subfield of F® that contains all the coefficients of g;, so V' can be defined over
A;. Let A, C F? be the finite extension fields of A; of extension degree n. Put L, = |A,| — 1.
For any subfield A of F*, let us say a point of V is rational over A if its coordinates are in A. The
number N'(L,) of points (a;) € V satisfying aiL " =1 is precisely the number of the rational points
of V over A,, that are not contained in the hyperplanes x; = 0. Since I(¢) C p’, the number N in
Lemma 3.4.6 is at least N’(L,,). It remains to show N'(L,) > L2 /2 for all sufficiently large n.

This follows from the result by Lang and Weil [81], which states that the number of points of a
projective variety of dimension d that are rational over a finite field of m elements is m®+0O (md_%)
asymptotically in m. Since Lang-Weil theorem is for projective variety and we are with an affine
variety V', we need to subtract the number of points in the hyperplanes z; =0 (i = 0,1,..., D) from
the Zariski closure of V. The subvarieties in the hyperplanes, being closed, have strictly smaller

dimensions, and we are done. O

3.5 Fractal operators and topological charges

This section is to provide a characterization of topological charges, and their dynamical properties.
Before we turn to a general characterization and define fractal operators, let us review familiar

examples. Note that for two dimensions the base ring is R = Fa[z, T, y, 7).

Example 3.2 (Toric Code). Although the original two-dimensional toric code [3] has qubits on
edges, we put two qubits per site of the square lattice to fit it into our setting. Concretely, the first
qubit to each site represents the one on its east edge, and the second qubit the one on its north edge.

With this convention, the Hamiltonian is the negative sum of the following two types of interactions:

XI-XX ZI—-1I y—ay
I1-1IX ZZ-17Z 1
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where we used X, Z to abbreviate o,,0,, and omitted the tensor product symbol. Here, the third
square specifies the coordinate system of the square lattice. Since there are ¢ = 2 qubits per site, the

Pauli module is of rank 4. The corresponding generating map o : R? — R* is given by the matrix

y+ay 0 1+2 0
T+ Yy 0 1+y 0
O02D-toric — =
0 14y 0 1+y
0 1+ 0 1+

Here, the each column expresses each type of interaction. It is clear that

; 0 0 14z 14y

€2D-toric — O )\2 =
14y 1+2 0 0

and ker e = im o; the two-dimensional toric code satisfies our exactness condition. The associated

ideal is I(0) = ((1 +2)%, (1 + 2)(1 +y), (1 + y)?). The characteristic dimension is dim R/I(c) = 0.

Note also that anncokere = (z — 1,y — 1). The electric and magnetic charge are represented by

, € E\ ime, respectively.
0 1

The connection with cellular homology should be mentioned. ¢ can be viewed as the boundary
map from the free module of all 2-cells with Zs coefficients of the cell structure of 2-torus induced
from the tessellation by the square lattice. Then, € is interpreted as the boundary map from the free
module of all 1-cells to that of all O-cells. o or € is actually the direct sum of two boundary maps.
Indeed, the space K (L) = kerer,/im oy, of operators acting on the ground space (logical operators)

has four generators

l+y+-+y-? 0
0 l+az+--4ab!
ly(X): ) lw(X): )
0 0
0 0
0 0
0 0
l(2) = -1l ly(Z) = )
l1+z+---+2z 0
0 T+y+--+yt!

which correspond to the usual nontrivial first homology classes of 2-torus.
The description by the cellular homology might be advantageous for the toric code over our

description with pure Laurent polynomials; in this way, it is clear that the toric code can be defined
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on an arbitrary tessellation of compact orientable surfaces. However, it is unclear whether this

cellular homology description is possible after all for other topologically ordered code Hamiltonians.

O

Example 3.3 (2D Ising model on square lattice). The Ising model has nearest neighbor interactions

that are horizontal and vertical. In our formalism, they are represented as 1 + z and 1 4+ y. Thus,

0 0
02D Ising —
1+2z 14y
As it is not topologically ordered, the complex G — P — FE is not exact. Moreover, o is not
injective.
1+y
1+

02D Ising;1 =

02D Ising;1 G 02D Ising

generates the kernel of o. That is, the complex 0 — G4 P is exact. O

In both examples, there exist isolated excitations. In the toric code, the isolated excitation can be
(topologically) nontrivial since the electric charge is not in ime. On the contrary, in 2D Ising model,
any isolated excitation is actually created by an operator of finite support because any excitation
created by some Pauli operator appears as several connected loops. This difference motivates the
following definition for charges.

Let R be the set of all Fyo-valued functions on the translation group A, not necessarily finitely

supported. For instance, if A = Z,

f=tat+a?+1+2%+2"+. €R

represents a function whose value is 1 at even lattice points, and 0 at odd points. Note that R is
a R-module, since the multiplication is a convolution between an arbitrary function and a finitely

supported function. For example,

(1+x)-f:~~-+x72+xfl+1+x+x2+~-,

(1+2)*-f=0.

Let P = R2? be the module of Pauli operators of possibly infinite support. Similarly, let E be the
module of virtual excitations of possibly infinitely many terms. Formally, P is the module of all
2¢-tuples of functions on the translation group, and E is that of all ¢t-tuples. Clearly, P C P and
E C E. The containment is strict if and only if the translation group is infinite. Since the matrix e

consists of Laurent polynomials with finitely many terms, € : P — E extends to a map from P to E.
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Definition 3.9. A topological charge, or charge for short, e = €(p) € E is an excitation of finite
energy (an element of the virtual excitation module) created by a Pauli operator p € P of possibly

infinite support. A charge e is called trivial if e € €(P).

By definition, the set of all charges modulo trivial ones is in one-to-one correspondence with the
superselection sectors. According to the definition, any charge of 2D Ising model is trivial. A

nontrivial charge may appear due to the following fractal generators.

Definition 3.10. We call zero-divisors on coker € as fractal generators. In other words, an element

f € R\ {0} is a fractal generator if there exists v € E \ im € such that fv € ime.

There is a natural reason the fractal generator deserves its name. Consider a code Hamiltonian
with a single type of interaction: t = 1. So each configuration of excitations is described by one
Laurent polynomial. For example, in two dimensions, f = 1+ x + y = ¢(p) represents three
excitations, one at the origin of the lattice and the others at (1,0) and (0,1) created by a Pauli
operator represented by p. (This example is adopted from [48].) In order to avoid repeating phrase,
let us call each element of the Pauli module a Pauli operator, and instead of using multiplicative
notation we use module operation + to mean the product of the corresponding Pauli operators.

Consider the Pauli operator fp = p+ap+yp € P. It describes the Pauli operator p at the origin
multiplied by the translations of p at (1,0) and at (0,1). So fp consists of three copies of p. This
Pauli operator maps the ground state to the excited state f2 = 14+x2+y2. The number of excitations
is still three, but the excitations at (1,0), (0, 1) have been replaced by those at (2,0), (0,2). Similarly,
the Pauli operator f2+1p = f2(fp) consists of three copies of fp, or 32 copies of p. The excited state
created by f3pis f4 = (f?)? =1+ 22+ y22. Still it has three excitations, but they are further
apart. The Pauli operator f2"~!p consists of 3" copies of p in a self-similar way, and the excited
state caused by f2"~1p consists of a constant number of excitations. More generally, if there are
t > 1 types of terms in the Hamiltonian, the excitations are described by a ¢ x 1 matrix. If it happens
to be of form fv for some f € R consisted of two or more terms, there is a family of Pauli operators
f2"~1p with self-similar support such that it only creates a bounded number of excitations. An
obvious but uninteresting way to have such a situation is to put fv = e(fp’) for a Pauli operator p’
where v = €(p’). Our definition avoids this triviality by requiring v ¢ ime. The reader may wish to

compare the fractals with finite cellular automata [82].
Proposition 3.5.1. [83, 16.33] Suppose coker e # 0. Then, the following are equivalent:
e There does not exist a fractal generator.

e coker € is torsion-free.
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e There exists a free R-module E’ of finite rank such that

PSE—SFE

s exact.

Proof. The first two are equivalent by definition. The sequence above is exact if and only if 0 —
cokere — E’ is exact. Since cokere has a finite free resolution, the second is equivalent to the

third. O
The following theorem states that the fractal operators produces all nontrivial charges.

Theorem 3.1. Suppose A = ZP is the translation group of the underlying lattice. The set of all

charges modulo trivial ones is in one-to-one correspondence with the torsion submodule of coker e.

To illustrate the idea of the proof, consider a (classical) excitation map’

l+z+y O
¢: O 1+l‘ :R2_>R3.
0 1+y

T

A nonzero element f =1+ x +y € R is a fractal generator since (1 0 0) ¢im¢ and (14+z +
T T

y) (1 0 0) € im ¢; f is a zero-divisor on a torsion element (1 0 0) € cokere. It is indeed a

charge since gb(f (1 O)T) = (1 0 O)T where

f=lim 7' € Flz,y]]

n— oo

is a formal power series, which can be viewed as an element of R. The limit is well-defined since
anH_1 — 2"~ only contains terms of degree 2" or higher. That is to say, only higher order
‘corrections’ are added and lower order terms are not affected. Of course, there is no natural
notion of smallness in the ring F[x,y]. But one can formally call the members of the ideal power
(z,y)™ C Flz,y] small. Tt is legitimate to introduce a topology in R defined by the ever shrinking
ideal powers (x,y)™. They play a role analogous to the ball of radius 1/n in a metric topological
space. The completion of F[x,y] where every Cauchy sequence with respect to this topology is

promoted to a convergent sequence, is nothing but the formal power series ring F[[z,y]]. For a

detailed treatment, see Chapter 10 of [80].

7 It is classical because it is not derived from an interesting quantum commuting Pauli Hamiltonian. For a classical
Hamiltonian where all terms are tensor products of o, there is no need to keep a t X 2¢ matrix € since the right half
€ is zero. Just the left half suffices, which can be arbitrary since the commutativity equation eXef = 0 is automatic.
Nevertheless, the excitations and fractal operators are relevant. Our proof of the theorem is not contingent on the
commutativity equation.
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The completion and the limit only make sense in the polynomial ring F[x,y]. The reason f is
well-defined is that f € F[z*!, '] is accidentally expressed as a usual polynomial with lowest order
term 1. In the proof below we show that every fractal generator can be expressed in this way. Hence,

a torsion element of coker € is really a charge.

Proof. For a module M, let T(M) denote the torsion submodule of M:
T(M)={me M | 3r € R\ {0} such that rm = 0}

Suppose first that T'(cokere) = 0. We claim that in this case there is no nontrivial charge. Let
e = ¢(p) € E be a charge, where p € P. By Proposition 3.5.1 we have an exact sequence of finitely
generated free modules P < E <% F;. Since the matrix € is over R, the complex extends to a

complex of modules of tuples of functions on the translation group.
PSESE

(This extended sequence may not be exact.) Then, €;(e) = €1(e(p)) = 0 since €; o e = 0 identically.
But, e € E, and therefore, e € kere; N E = €(P). It means that e is a trivial charge, i.e., e maps to
zero in coker €, and proves the claim.®

Now, allow coker(P — E) to contain torsion elements. @ = (coker €)/T (coker¢) is torsion-free,
and is finitely presented as @ = coker(¢’ : P’ — E) where P’ is a finitely generated free module. In
fact, we may choose €’ by adding more columns representing the generators of the torsion submodule

of coker € to the matrix e.

# y #oA ok
# # #oAHF o x

Then, P can be regarded as a direct summand of P’.”

Let e = €(p) € E be any charge. Since the matrix € contains € as submatrix, we may write
e =€ (p) € E. Since T(cokere') = 0, we see by the first part of the proof that e = ¢/(p’) for some
p’ € P'. Then, e maps to zero in @, and it follows that e maps into T'(coker€) in cokere. In other
words, the equivalence class of e modulo trivial charges is a torsion element of coker e.

Conversely, we have to prove that for every element e € E such that fe = €(p) for some f € R\{0}
and p € P, there exists p € P such that e = e(p). Here, P is the module of all 2¢-tuples of Fy-

8 One may wish to consider € to consist of the second column of ¢ above. Then €; = (1 +y —-1- x)

9 If we take € = ¢ above, then
l+z+y 0 1
e = 0 14z 0.
0 1+y O

Note that P’ = P& R.
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valued functions on the translation group. Consider the lexicographic total order on Z” in which

x1 > 2 > -+ = xp. It induces a total order on the monomials of R. Choose the least term fy of f.

By multiplying f; ! we may assume fy = 1.10
We claim that the sequence
n n—1
f7 f2f7 f4f2f7 R f2 f2 "'f2f7 (34)

converges to f € R, where R is the set of all Fo-valued functions on A. Given the claim, since
fe=e+(f—1)2e=¢(f2" " - f2fp) where p € P, we conclude that e = ¢(fp) is a charge.

If f is of nonnegative exponents, and hence f € S = Fy[z1,...,zp], then the claim is clearly true.
Indeed, the positive degree terms of f2" =14 (f — 1)?" are in the ideal power (z1,...,2p)* C S.
Therefore, the sequence Eq. (3.4) converges in the formal power series ring Fa[[z1,...,zp]], which
can be regarded as a subset of R. If f is not of nonnegative exponents, one can introduce the
following change of basis of the lattice Z” such that f becomes of nonnegative exponents. In other
words, the sequence Eq. (3.4) is in fact contained in a ring that is isomorphic to the formal power

series ring, where the convergence is clear.

For any nonnegative integers my,...,mp—_1, define a linear transformation
1 0 0 0
ay al ay
m; 1 0 0
as al as b
Cm = C(mhmz’mefl) : ) — ) =lmy myg 1 0 ) on 7.
ap ap ap
mip Mo - mp-1 1

. a’ a’ .
(m induces the map z7' - -2 — x;' -2 on R. Let u = 27" ---z7¥ be an arbitrary term of f

other than 1, so u > 1. For the smallest ¢ € {1,..., D} such that a; # 0, one has a; > 0 due to the
lexicographic order. Hence, if we choose m; large enough and set m; = 0(j # %), then (;,(u) has
nonnegative exponents. Since any (,, maps a nonnegative exponent term to a nonnegative exponent
term, and there are only finitely many terms in f, it follows that there is a finite composition ¢ of

(m’s which maps f to a polynomial of nonnegative exponents.'! O

Since a nontrivial charge v has finite size anyway (the maximum exponent minus the minimum
exponent of the Laurent polynomials in the ¢ X 1 matrix v), we can say that the charge v is point-
like. Moreover, we shall have a description how the point-like charge can be separated from the

other by a local process. By the local process we mean a sequence of Pauli operators [[o1,. .., 0,]]

10 If D =1, f would be a polynomial of nonnegative exponents with the lowest order term being 1. If D = 2 and
f =y +y? + x, then the least term is y. After multiplying le, it becomes 1+ y + zy~ L.
11 For our previous example f =1+ y + axy !, one takes ¢ : z'y? — ziy’TI, so f)=1+y+a.
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such that 0,41 — 0; is a monomial. The number of excitations, i.e., energy, at an instant ¢ will be

the number of terms in €(o;).

Theorem 3.2. [/8] If there is a fractal generator of a code Hamiltonian, then for all sufficiently
large r, there is a local process starting from the identity by which a point-like charge is separated
from the other excitations by distance at least 2. One can choose the local process in such a way

that at any intermediate step there are at most cr excitations for some constant ¢ independent of r.

For notational simplicity, we denote the local process [[o1,. .., 0,]] by
s=[o1, 02 — 01, 03 — 09,...,0, — Op_1].
It is a recipe to construct oy, consisted of single-qubit operators. o, can be expressed as “o, = [ s”,

the sum of all elements in the recipe.

Proof. Let f be a fractal generator, and put fv = €(p) where v ¢ ime. We already know v is a

point-like nontrivial charge. Write

n l
p= szw f= Z fi
i=1 i=1

where each of p; and f; is a monomial. Let sy = [0, p1,p2,...,Pn] be a recipe for constructing p;

| so = p. Given s;, define inductively

s =(fF - s)o(f2 -si) oo (fF - s)

where o denotes the concatenation and f; - [u1,...,un/] = [fiu,..., fiun]. It is clear that s;4q

constructs the Pauli operator

r—1 r—1 or—2 r—1, or—2 r_
/sr:fz /sH:f? & /sr_zzﬂ i “/SO:F .

whose image under ¢ is f2 v. Thus, if 7 is large enough so that 2" is greater than the size of v, the
configuration of excitations is precisely I copies of v. The distance between v’s is at least 2" minus
twice the size of v.

Therefore, there is a constant e > 0 such that for any r > 0 the energy of f2 v € E is < e. Let

A(r) be the maximum energy during the process s,.. We prove by induction on 7 that

A(r) <el(r+1).
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When r = 0, it is trivial. In s,;;, the energy is < A(r) until f# s, is finished. At the end of
f?"s,, the energy is < e. During the subsequent f3 s, the energy is < A(r) + e, and at the end
of (f%"s.) o (f3 s,), the energy is < 2e. During the subsequent ijTsr, the energy is < A(r) + je.
Therefore,

Alr+1) <A(r)+el <el(r+2)
by the induction hypothesis. O

Fractal operators appear in Newman-Moore model [48] where classical spin glass is discussed.
Their model has generating matrix o = (0 1+z+ y)T. The theorem is a simple generalization
of Newman and Moore’s construction. Another explicit example of fractal operators in a quantum
model can be found in Section 8.7.

Note that the notion of fractal generators includes that of “string operators.” In fact, a fractal
generator that contains exactly two terms gives a family of nontrivial string segments of unbounded
length, as defined in Chapter 5.

Below, we point out a couple of sufficient conditions for nontrivial charges, or equivalently, fractal

generators to exist.

Proposition 3.5.2. For code Hamiltonians, the existence of a fractal generator is a property of an

equivalence class of Hamiltonians in the sense of Definition 3.2.

Proof. Suppose imo = im¢’. Each column of ¢’ is a R-linear combination of those of o, and vice
versa. Thus, there is a matrix B and B’ such that ¢ = Be and ¢ = B’¢’. BB’ and B’B are identity
on im €’ and im e, respectively. In particular, B’ and B are injective on im € and im €, respectively.
Suppose f is a fractal generator for €, i.e., fv = ep # 0. Then, 0 # Bfv = fBv = Be(p) = €(p). If
Bv € im¢€, then v = B’Bv € ime, a contradiction. Therefore, f is also a fractal generator for €.
By symmetry, a fractal generator for €’ is a fractal generator for ¢, too.

Suppose R’ C R is a coarse-grained base ring. If coker e is torsion-free as an R-module, then so
it is as an R’-module. If f € R is a fractal generator, the determinant of f as a matrix over R’ is a
fractal generator.

A symplectic transformation or tensoring ancillas does not change coker e. O

Proposition 3.5.3. For any ring S and t > 1, if 0 — S* — 52 2y 8t is exact and I(p) # S, then
coker ¢ is not torsion-free. In particular, for a degenerate exact code Hamiltonian, if o is injective,

then there exists a fractal generator.

Proof. By Proposition 3.3.2, rank¢ = ¢. Since 0 C I;(¢) C S is the initial Fitting ideal, we have

0 # ann coker ¢ # S. That is, coker ¢ is not torsion-free.
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For the second statement, set S = R. If ¢ is injective, we have an exact sequence
0G5 PSE.

By Remark 3.2, t = rank G = rank 0 = ranke = gq. O

Proposition 3.5.4. Suppose the characteristic dimension is D — 2 for a degenerate exact code

Hamiltonian. Then, there exists a fractal generator.

Proof. Suppose on the contrary there are no fractal generators. Then, by Proposition 3.5.1,
GHPSE—E

is exact for some finitely generated free module E’. Together with Hilbert syzygy theorem [76,
Corollary 15.11],*2 Proposition 3.3.2 implies codim (o) > 3 unless I(c) = R. But, codim I(o) = 2
and I(o) # R by Corollary 3.4.2. This is a contradiction. O

12We will prove a stronger version in Lemma, 4.2.1.
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Chapter 4

Structure of exact Hamiltonians on
lattices

One of the goals of the formalism in the previous chapter is to classify all code Hamiltonians that
are translationally invariant. A satisfactory classification should be comprised of a complete set of
invariants, and a table of inequivalent code Hamiltonians or a machinery to obtain them. In this
chapter we present preliminary results towards this goal.

In one dimension, the classification problem is completely solved. A particularly nice property
of one dimension is that its translation group algebra Fa[z, 27 !] is a Euclidean domain, over which
any matrix is diagonal up to multiplications on the left and right by invertible matrices. We show
that this diagonalization is possible even if the left multiplications are restricted to symplectic
transformations. Exploiting the finiteness of the ground field Fs, we conclude that there are only
Ising models [84]. An almost identical treatment appears in quantum convolutional codes [71, 72].
(A more general statement is proved by Beigi [85].)

In two dimensions, we find that any excitation of an exact code Hamiltonian is described by a
collection of point-like ones, each of which is attached to a string operator. Furthermore, it seems
that one can prove a stronger statement that there are only toric codes [84, 86], although we do not
complete the proof. In three dimensions, we show that there must be point-like excitations for exact
code Hamiltonians. This implies that it is unavoidable in the translation-invariant case to have a
topological charge penetrating through the system, for which the energy penalty is only logarithmic
in the displacement. If we assume that the degeneracy under periodic boundary conditions should
be constant independent of system size, then the energy penalty is upper bounded by a constant,
reproducing the result of Yoshida [47].

Note that all the lemmas and theorems in this chapter are valid over qudits with prime dimen-

sions. We conclude this chapter with several examples.
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4.1 One dimension

The group algebra R = Fy[x, Z] for the one-dimensional lattice Z is a Euclidean domain where the
degree of a polynomial is defined to be the maximum exponent minus the minimum exponent. (In
particular, any monomial has degree 0.) Given two polynomials f,g in R, one can find their ged
by the Euclid’s algorithm. It can be viewed as a column operation on the 1 X 2 matrix ( f g).

Similarly, one can find ged of n polynomials by column operations on 1 X n matrix

(n 2 5)

The resulting matrix after the Euclid’s algorithm will be

(scd(fii-nfi) 0 - 0).

Given a matrix M of univariate polynomials, we can apply Euclid’s algorithm to the first row and
first column by elementary row and column operations in such a way that the degree of (1, 1)-entry
M; decreases unless all other entries in the first row and column are divisible by M7;. Since the
degree cannot decrease forever, this process must end with all entries in the first row and column
being zero except Mj;. By induction on the number of rows or columns, we conclude that M can
be transformed to a diagonal matrix by the elementary row and column operations. This is known
as the Smith’s algorithm.

The following is a consequence of the finiteness of the ground field.

Lemma 4.1.1. Let F be a finite field and S = F[z] be a polynomial ring. Let ¢ : S M S be a

1 x 1 matriz such that f(0) # 0. ¢ can be viewed as an n X n matriz acting on the free S'-module
S where S = Fla'] and ' = x™. Then, for some n > 1, the matriz ¢ is transformed by elementary
row and column operations into a diagonal matriz with entries 1 or x’ — 1. The number of ' — 1

entries in the transformed ¢ is equal to the degree of f.

Proof. The splitting field F of f(x) is a finite extension of F. Since F is finite, every root of flx)
is a root of 2" — 1 for some n’ > 1. Choose an integer p > 1 such that 2P is greater than any
multiplicity of the roots of f(x). Then, clearly f(z) divides (z" —1)% = 22"® — 1. Let n be the
smallest positive integer such that f(z) divides 2™ — 1.1

Consider the coarse-graining by S’ = F[z'] where 2’ = 2™. S is a free S’-module of rank n, and
(f) is now an endomorphism of the module S represented as an nxn matrix. Since f(x)g(z) = 2" —1
for some g(x) € F[z], we have

AB = (z' - 1)id,

I This part is well known, at least in the linear cyclic coding theory [68].
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where 2/ = 2™, and A, B are the matrix representation of f(x) and g(z), respectively, as endomor-
phisms. A and B have polynomial entries in variable x’. The determinants of A, B are nonzero for
their product is (2’ — 1)™ # 0. Let E; and E, be the products of elementary matrices such that
A’ = E1AE, is diagonal. Such matrices exist by the Smith’s algorithm. Put B’ = E;lBEfl. Then,

A'B' = By AE,E; 'BE; = E{ABE; ! = (2 — 1)id,,.

Since A’ and I, are diagonal of non-vanishing entries, B’ must be diagonal, too. It follows that the
diagonal entries of A’ divides (' — 1); that is, they are 1 or 2’ — 1.

The number of entries 2’ — 1 can be counted by considering S/(f(z)) as an F-vector space. It
is clear that dimp S/(f(z)) = deg f(z). S/(f(z)) = coker ¢ viewed as a S’-module is isomorphic to

S’ /im A’ the vector space dimension of which is precisely the number of 2’ — 1 entries in A’. O

For example, consider f(x) = 22+ x + 1 € S = Fa[z]. It is the primitive polynomial of the field
Fy4 of four elements over Fo. Any element in F, is a solution of 2% — 2 = 0. Since f(0) = 1, we see
that n = 3 is the smallest integer such that f(z) divides 2 — 1. As a module over S’ = Fa[z?], the
original ring S is free with (ordered) basis {1,z,2?}. The multiplication by 2 on S viewed as an

endomorphism has a matrix representation

0 0 z°
z=11 0 0
01 0

Thus, f(z) as an endomorphism of S’-module S has a matrix representation as follows.

1 23 23 1 0 0
f@y=11 1 22120 23+1 0
1 1 1 0 0 23 +1

Here, the second matrix is obtained by row and column operations. There are 2 diagonal entries

23+ 1 as f(z) is of degree 2.

Theorem 4.1. If A = 7Z, any system governed by a code Hamiltonian is equivalent to finitely many
copies of Ising models, plus some non-interacting qubits. In particular, the topological order condition

is never satisfied.

Yoshida [84] arrived at a similar conclusion assuming that the ground space degeneracy when the
Hamiltonian is defined on a ring should be independent of the length of the ring. If translation
group is trivial, the proof below reduces to a well-known fact that the Clifford group is generated by

controlled-NOT, Hadamard, and Phase gates [61, Proposition 15.7]. The proof in fact implies that
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the group of all symplectic transformations in one dimension is generated by elementary symplectic
transformations of Section 3.2.1.

We will make use of the elementary symplectic transformations and coarse-graining to deform o
to a familiar form. Recall that for any elementary row-addition E on the upper block of o there is

a unique symplectic transformation that restricts to E.

Proof. Applying Smith’s algorithm to the first row and the first column of 2¢ x ¢ matrix o, one gets

fi 0
0 A
g1 92

B

by elementary symplectic transformations. Let 1 < i < j < ¢ be integers. If some (1, ¢ + j)-entry is
not divisible by f1, apply Hadamard on j** qubit to bring (¢+ 7)™ row to the upper block, and then
run Euclid’s algorithm again to reduce the degree of (1,1)-entry. The degree is a positive integer,
so this process must end after a finite number of iteration. Now every (g + j, 1)-entry is divisible by

f1 and hence can be made to be 0 by the controlled-NOT-Hadamard:

fi 0
0 A
g1 92
0 B

Further we may assume deg f; < deg g;. Since O’T)\qa' = 0, we have a commutativity condition
figr —g1f1 = 0.

Write fi = az®+---+ B2 and g1 = y&¢+-- -+ 2% where a < band ¢ < d and «, 8,7, # 0. Then,
figr = ByxcP 4 -+ adz?®. Since f1§1 = f1g1, it must hold that —(c —b) =d — a and o = 3.
Since deg f1 < deg g1, we have d—b = —(c—a) > 0. The controlled-Phase E1 4 1(—(z¢+2°7%)5/p)
will decrease the degree of g; by two, which eventually becomes smaller than deg f;. One may then
apply Hadamard to swap f; and g;. Since the degree of (1,1)-entry cannot decrease forever, the

process must end with g; = 0.

The commutativity condition between i*" (i > 1) column and the first is fg; = 0. Since f; # 0,
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we get g; = O:
f1
0

0

A
0 0
0 B
Continuing, we transform o into a diagonal matrix. (We have shown that o can be transformed via
elementary symplectic transformations to the Smith normal form.)

Now the Hamiltonian is a sum of non-interacting purely classical spin chains plus some non-

interacting qubits (f; = 0). It remains to classify classical spin chains whose stabilizer module is

9

where we omitted the lower half block. We can always choose f = f(z) such that f(x) has only

generated by

nonnegative exponents and f(0) # 0 since z is a unit in R. Lemma 4.1.1 says that (f) becomes
a diagonal matrix of entries 1 or 2’ — 1 after a suitable coarse-graining followed by a symplectic
transformation and column operations. 1 describes the ancilla qubits, and 2’ — 1 = 2’ + 1 does the

Ising model. O

Note that an almost identical treatment appears in [72].

4.2 Two dimensions

If D = 2, the lattice is A = Z?2, and our base ring is R = Fa[z, Z, y, 7).

The following asserts that the local relations — a few terms in the Hamiltonian that multiply to
identity in a nontrivial way as in 2D Ising model, or the kernel of 0 — among the terms in a code
Hamiltonian, can be completely removed for exact Hamiltonians in two dimensions [87]. We prove

a more general version.
Lemma 4.2.1. If G & P 5 E is exvact over R = Fylx1,%1,...,%p,Zp|, There exists o’ : G' — P
such that imo’ = imo and

05 GCGpo—s- G =G SPSE

is an exact sequence of free R-modules. If D = 2, one can choose o’ to be injective.

The lemma is almost the same as the Hilbert syzygy theorem [76, Corollary 15.11] applied to coker e,
which states that any finitely generated module over a polynomial ring with n variables has a finite

free resolution of length < n, by finitely generated free modules. A difference is that our two maps
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on the far right in the resolution has to be related as ¢ = ofA. To this end, we make use of a

constructive version of Hilbert syzygy theorem via Groébner basis.

Proposition 4.2.2. [76, Theorem 15.10, Corollary 15.11] Let {g1,...,g,} be a Grébner basis of a
submodule of a free module My over a polynomial ring. Then, the S-polynomials T;; of {g;} in the

free module My = @), Se; generate the syzygies for {g;}. If the variable x1, ..., x5 are absent from

the initial terms of g;, one can define a monomial order on M; such that x1,...,xs41 is absent from
the initial terms of 7;;. If all variables are absent from the initial terms of g;, then Mo/(g1,- .-, gn)
is free.

Proof of 4.2.1. Without loss of generality assume that the ¢ x 2¢ matrix e have entries with nonneg-
ative exponents, so € has entries in S = Fa[x1,...,2p]. Below, every module is over the polynomial
ring S unless otherwise noted. Let E be the free S-module of rank equal to rankp E.

If g1,---, 924 are the columns of €, apply Buchberger’s algorithm to obtain a Grébner basis
g1, »92gs- - -, gn Of ime. Let € be the matrix whose columns are g1, ..., g,. We regard € as a map
My — E.. By Proposition 4.2.2, the initial terms of the syzygy generators (S-polynomials) 7;; for
{g:} lacks the variable x;. Writing each 7;; in a column of a matrix 71, we have a map 7 : My — M.

By induction on D, we have an exact sequence
T _ ’
Mp 22 Mp_, = .- 5 My S By

of free S-modules, where the initial terms of columns of 7 lack all the variables. By Proposition 4.2.2

again, M, _, = Mp_q/im,, is free. Since ker7p_; = im7p, we have
Tp-1 !
0—Mp | —---5% My = E;

Since gag4+1,---,9gn are S-linear combinations of gi,..., g2, there is a basis change of My so that

the matrix representation of ¢ becomes

With respect to this basis of My, the matrix of 7y is

~ Tiu
™ =
T1d
where 71, is the upper 2¢ x t' submatrix. Since kere¢’ = im7, The first row r of 714 should

generate 1 € S. (This property is called unimodularity.) Quillen-Suslin theorem [60, Chapter XXI
Theorem 3.5] states that there exists a basis change of M; such that r becomes (1 o --- 0).
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Then, by some basis change of M, one can make

, 1 0
€= (E O) 9 T1d =
0 7,

where 7], is a submatrix. By induction on the number of rows in 714, we deduce that the matrix of

71 can be brought to

o
The kernel of determines ker 71 = im 5. Let M/ denote the projection of M; such that the

sequence

TD-1

0— Mp_; —— -+ — My — M] = M| > E,
of free S-modules is exact.
Taking the ring of fractions with respect to the multiplicatively closed set
U={z}" - 2Pliy,...,ip >0},
we finally obtain the desired exact sequence over U~1S = R with P = U"'M/} and E = U 'E,.
Since im o = ker ¢, we have im¢’ = imo. O

Lemma 4.2.3. Let R be a Laurent polynomial ring in D variables over a finite field F, and N be a
module over R. Suppose J = anng N is a proper ideal such that dim R/J = 0. Then, there exists
an integer L > 1 such that

annp N = (L' —1,...,25 -~ 1) C R

where R = Flzi ... atF] is a subring of R.

This is a variant of Lemma 4.1.1. The annihilator J = anng N is the set of all elements r € R
such that rn = 0 for any n € N. It is an ideal; if r1, 7o € anng N, then r +r5 is an annihilator since

(ri+ro)n=rin+ren =0, and ary € anng N for any a € R since (ary)n = a(rin) =0. f R C Ris
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a subring and N is an R-module, N is an R’-module naturally. Clearly, J' = anng/ N is by definition
equal to (anng N) N R’. Note that J’ is the kernel of the composite map R’ — R — R/J. Hence,
we have an algebra homomorphism ¢’ : R'/J" — R/J. Although R’ is a subring, it is isomorphic
to R via the correspondence z¥ «+ x;. Therefore, we may view ¢’ as a map ¢ : R/I — R/J for
some ideal I C R. Tt is a homomorphism such that ¢(z;) = X. Considering the algebras as the set
of all functions on the algebraic sets V(I) and V(J) defined by I and J, respectively, we obtain a
map ¢ : V(J) — V(I). Intuitively, » maps each point (ay,...,ap) € FP to (af,... ak) € FP. In
a finite field, any nonzero element is a root of unity. Since dim R/J = 0, which means that V(J)
is a finite set, we can find a certain L so V(I) would consist of a single point. A formal proof is as

follows.

Proof. Since R is a finitely generated algebra over a field, for any maximal ideal m of R, the field
R/m is a finite extension of F (Nullstellensatz [76, Theorem 4.19]). Hence, R/m is a finite field.
Since x; is a unit in R, the image a; € R/m of z; is nonzero. a; being an element of finite field, a
power of a; is 1. Therefore, there is a positive integer n such that b, = (7 —1,...,2% — 1) C m.
Since z" — 1 divides 2™ — 1, we see that there exists n > 1 such that b,, C m; Nmy for any two
maximal ideals my, my. One extends this by induction to any finite number of maximal ideals.
Since dim R/J = 0, any prime ideal of R/J is maximal and the Artinian ring R/J has only
finitely many maximal ideals. rad J is then the intersection of the contractions (pull-backs) of these

finitely many maximal ideals. Therefore, there is n > 1 such that
b, Crad J.

Since R is Noetherian, (rad J )pT C J for some r > 0 where p is the characteristic of F. Hence, we
have

bpr C b2 C (rad J)P' C J.

Let L =np". If R =Flal 2zl ... 2k zL] anng N is nothing but J N R’. We have just shown
b, "R’ C JNR'. Since J is a proper ideal, we have 1 ¢ JNR'. Thus, by "R’ = JN R’ since by, N R’

is maximal in R'. O

Theorem 4.2. For any two-dimensional degenerate exact code Hamiltonian, there exists an equiv-
alent Hamiltonian such that

anncokere = (z — 1,y — 1).
Thus, coker € is a torsion module.

The content of Theorem 4.2 is presented in [87]. We will comment on it after the proof.
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Proof. By Lemma 4.2.1, we can find an equivalent Hamiltonian such that the generating map o for
its stabilizer module is injective:

0G5 P

Let ¢ be the rank of G. The exactness condition says

0G5S PSE

is exact where € = o\, and F has rank ¢t. Applying Proposition 3.3.2, since I(0) = I(€) and hence
(

in particular codim I(c) = codim I(e), we have that ¢ = ¢t and codim I(e) > 2 if I(e) # R. But,
I(e) # R by Corollary 3.4.2.

Since ¢ = t, I(€) is equal to the initial Fitting ideal, and therefore has the same radical as the
annihilator of cokere = E/ime. (See [76, Proposition 20.7] or [60, Chapter XIX Proposition 2.5].)

In particular, dim R/(ann coker €) = 0. Apply Lemma 4.2.3 to conclude the proof. O

An interpretation of the theorem is the following. For systems of qubits, Theorem 4.2 says that
x+ 1 and y + 1 are in ann coker e. In other words, any element v of E is a charge, and a pair of v’s
of distance 1 apart can be created by a local operator. Equivalently, v can be translated by distance
1 by the local operator. Since translation by distance 1 generates all translations of the lattice, we
see that any excitation can be moved through the system by some sequence of local operators. This
is exactly what happens in the 2D toric code: Any excited state is described by a configuration of
magnetic and electric charge, which can be moved to a different position by a string operator.

Moreover, since (z — 1,y — 1) = anncokere, the action of 2,y € R on cokere is the same as
the identity action. Therefore, the R-module coker € is completely determined up to isomorphism
by its dimension k£ as an Fy-vector space. In particular, cokere is a finite set, which means there
are finitely many charges. The module K (L) of Pauli operators acting on the ground space (logical
operators), can be viewed as K(L) = Torj(cokere, R/by). Thus, K(L) is determined by k& up to
R-module isomorphisms. This implies that the translations of a logical operator are all equivalent.
It is not too obvious at this moment whether the symplectic structure, or the commutation relations
among the logical operators, of K (L) is also completely determined.

Yoshida [84] argued a similar result assuming that the ground-state degeneracy should be inde-
pendent of system size. Bombin [87] later claimed without the constant degeneracy assumption that
one can choose locally independent stabilizer generators in a ‘translationally invariant way’ in two
dimensions, for which Lemma 4.2.1 is a generalization, and that there are finitely many topological
charges, which is immediate from Theorem 4.2 since cokere is a finite set. The claim is further
strengthened assuming extra conditions by Bombin et al. [86], which can be summarized by saying

that o is a finite direct sum of gop_toric in Example 3.2.
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Remark 4.1. Although the strings are capable of moving charges on the lattice, it could be very

long compared to the interaction range. Consider

0 0 p -pE)

where p is any polynomial. It defines an exact code Hamiltonian. For instance, the choice p(t) =
t — 1 reproduces the 2D toric code of Example 3.2. Now let p(¢) be a primitive polynomial of
the extension field Fow over Fo. p(t) has coefficients in the base field Fy and factorizes in Fow as
p(t) = (t —0)(t — 62)(t — 62°) - (t — 62°"). (See [60, Chapter V Section 5].) The multiplicative
order of # is N = 2 — 1. The degree w of p(t) may be called the interaction range. If the charge
e= (1 ())T at (0,0) € Z? is transported to (a,b) € Z?\{(0,0)} by some finitely supported operator,
we have (z%® — 1)e € ime. That is, 2%y® — 1 € (p(x),p(y)). Substituting = +— 6 and y — 62",
we see that §412"% = 1 or a 4+ 2™b = 0 (mod N) for any m € Z. In other words, a = —b = —2b
(mod N). It follows that |a| + |b] > N.? Therefore, the length of the string segment transporting a

charge is exponential in the interaction range w.

Example 4.1 (Wen plaquette [88]). This model consists of a single type of interaction (t = ¢ = 1)

B _(1+:1:+y+xy\
)

where X, Y are abbreviations of o, 0,. It is known to be equivalent to the 2D toric code. Take the

coarse-graining given by R’ = Fq[2’,y', 7', '] where

(The coarse-graining considered in this example is intended to demonstrate a non-square blocking
of the old lattice to obtain a ‘tilted’ new lattice, and is by no means special.) As an R’-module, R is
free with basis {1, y}. With the identification R = (R'-1)® (R’ y), we have x-1 = 2’ -y, z-y = 2’y - 1,
andy-1=1-y,y-y =1y -1. Hence, z and y act on R’-modules as the matrix-multiplications on

the left:

Identifying
R'=(R - @R ylo (R e y),

2In case of qudits with prime dimensions p, the lower bound will be N/(p — 1).
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our new ¢ on the coarse-grained lattice becomes

1 +x/y/ y/+$/y/
1+2" 142y

142"y 0
0 1+ 2y

By a sequence of elementary symplectic transformations, we have

0 y/ +x/yl 0 y/ +$/y/
, Eaa(1) 1+ 0 Eiag) | 1+7 0
o —= 5
Bis() |1+ a2’y 0 Bsa() | 149/ 0
0 1+ 2"y 0 2y + o
0 1+ 1+ 0
col2 |1+ 0 163 | 1+2 0
=1 b
Y14y 0 0 1+
0 1+9 0 1+
which is exactly the 2D toric code. O

4.3 Three dimensions

In the previous section, we derived a consequence of the exactness of code Hamiltonians. The two-
dimensional Hamiltonian was special so we were able to characterize the behavior of the charges
more or less completely. Here, we prove a weaker property of three dimensions that there must exist
a nontrivial charge for any exact code Hamiltonian. It follows from Theorems 3.1,3.2 that such a

charge can spread through the system by surmounting the logarithmic energy barrier.
Lemma 4.3.1. Suppose D = 3,

TAq

06 aLp =2

is exact, and I(0) Cm = (x — 1,y — 1,2 —1). Then, cokere is not torsion-free.

Proof. Suppose on the contrary coker € is torsion-free. We have an exact sequence
0-G 5G5S PSE—FE.

If G1 = 0, Proposition 3.5.3 implies the conclusion. So we assume G; # 0, and therefore we have
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I(01) = R by Proposition 3.3.2.
Let us localize the sequence at m, so I(01)m = Rn. Since rank(G1)y, = rank(oq )y, the matrix

of (01)m becomes
0

1

(Ul)m =

for some basis of (G1)m and Gy,. See the proof of Lemma 3.4.1. In other words, there is an invertible

matrix B € GL;x¢(Rw) such that
onB = (5 0)

where & is the 2¢ x t’ submatrix. Note that the antipode map is a well-defined automorphism of R,
since m = m.

Since € = o ),, we have

Bley = Ay = : (4.1)
0
Therefore, we get a new exact sequence
, & =T
0=-G = Phn— R,

where G = G /im(o1)m is a free Ry-module and ¢’ = rank G’. Tt is clear that rank é = rankg.
Setting S = Ry, in Proposition 3.5.3 implies that coker € is not torsion-free. But, since we are
assuming coker ¢,, is torsion-free, coker 1 is also torsion-free by Eq. (4.1). This is a contradiction.

O

Theorem 4.3. For any three-dimensional, degenerate and exact code Hamiltonian, there exists a

fractal generator.
Proof. By Lemma 4.2.1, there exists an equivalent Hamiltonian such that

Aq

E:G'T
0GB p—/—"4%F

is exact. The existence of a fractal generator is a property of the equivalence class by Proposi-
tion 3.5.2. If we can find a coarse-graining such that I(¢’) C (2’ —1,y' — 1,2’ —1), then Lemma 4.3.1
shall imply the conclusion.

Recall that €7, and o7, denote the induced maps by factoring out by, = (2 —1,y* —1, 2 —1). See
Sec. 3.4. There exists L such that K (L) = kerer/imoy, # 0 by Corollary 3.4.2. Consider the coarse-

1l 1
/=1 , 2"+

grain by 2’ = 2l o = yF, 2 = 2F. Let R = Fy Yy denote the coarse-grained base

ring. If K'(L') denotes kere€},/imo?}, as R’-module, we see that K'(1) = K(L) as Fa-vector space.
In particular, K'(1) #0. Put m = ('’ — 1,9 — 1,2’ — 1) = b} C R’. Then, K'(1)m = K'(1) # 0. By
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Lemma 3.4.1, we have I(¢’) C m. O

Yoshida argued that when the ground-state degeneracy is constant independent of system size

there exists a string operator [47]. To prove it, we need an algebraic fact.

Proposition 4.3.2. Let M be a finitely presented R-module, and T be its torsion submodule. Let I
be the first non-vanishing Fitting ideal of M. Then,

radI CradannT.

Proof. Let p be any prime ideal of R such that I € p. By the calculation of the proof of Lemma 3.4.1,
M, is a free Rp-module, and hence is torsion-free. Since 1" is embedded in M, it follows that T, = 0,
or equivalently, annT ¢ p. Since the radical of an ideal is the intersection of all primes containing

it [80, Proposition 1.8], the claim is proved. O

Corollary 4.3.3. Let T be the set of all point-like charges modulo locally created ones of a degenerate
and exact code Hamiltonian in three dimensions of characteristic dimension zero. Then, one can

coarse-grain the lattice such that

annT = (x — L,y —1,2—1).

The corollary says that any point-like charge is attached to strings and is able to move freely
through the lattice. The condition is implied by Lemma 3.4.9 if the ground-state degeneracy is

constant independent of the system size when defined on a periodic lattice.

Proof. By Theorem 3.1, T is the torsion submodule of cokere. By Theorem 4.3, T is nonzero.
Setting M = coker € in Proposition 4.3.2, the associated ideal I, () is the first non-vanishing Fitting
ideal of M. Since dim R/I,(e) = 0 by assumption, we have dim R/ annT = 0. Lemma 4.2.3 implies
the claim. O

Example 4.2 (Toric codes in higher dimensions). Any higher-dimensional toric code can be treated

similarly as for the two-dimensional case. In three dimensions one associates each site with ¢ = 3
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qubits. It is easily checked that

1+z 0 0 0

149 0 0 0

1+2 0 0 0
03D-toric =

0 0 14z 14y

0 142 0 1+

0 1+y 1+2 0

Both two- and three-dimensional toric codes have the property that coker e is not torsion-free.
However, in two dimensions any element of E is a physical charge, whereas in three dimensions E
contains physically irrelevant elements. Note that in both cases, 1+x and 14y are fractal generators.
Being consisted of two terms, they generate the ‘string operators.’

The 4D toric code [7] has o,-type interaction and o,-type interaction. Originally the qubits are
placed on every plaquette of 4D hypercubic lattice; instead we place ¢ = 6 qubits on each site. The

generating map o for the stabilizer module is written as a 12 x 8-matrix (t = 8)

ox 0
04D-toric —
0 (o34
where
14y 1+=x 0 0
1+w 0 0 1+
1+=2 0 1+ 0
ox = ’
0 1+2z 14y 0
0 1+w 0 1+y
0 0 1+w 142z
0 0 1+w 14z
0 1+2z 14y 0
B 0 1+w 0 1+y
Oy =

1+w 0 0 1+z
142 0 14z 0

l+y 14z 0 0

Note the bar on oz.
Theorem 4.3 does not prevent the absence of a fractal generator in four or higher dimensions.

Indeed, this 4D toric code lacks any fractal generator. To see this, it is enough to consider oz since
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coker O'} 2 coker O'TZ as Ry-modules, where Ry = Fo[z®! y*! 2+ w*l) If

61=(1+x 1+y 1+2 1+w>lRi—>R4,

then

.
g €
RS % R} 5 Ry

is exact. (A direct way to check it is to compute S-polynomials [76, Chapter 15] of the entries of €,
and to verify that they all are in the rows of 0z.) Hence, coker O’TZ is torsion-free by Proposition 3.5.1.

For the toric codes in any dimensions, o has nonzero entries of form x; — 1. The radical of the
associated ideal I(o) is equal tom = (x; — 1,...,zp — 1). So m is the only maximal ideal of R that
contains I(0). The characteristic dimension is zero. If 2 4 L, since (bp)m = Mu, (0L)m is a zero
matrix. Any other localization of oz, does not contribute to dimg, K (L) by Lemma 3.4.1. Therefore,
if 2+ L, K(L) has constant vector space dimension independent of L.

There is a more direct way to compute the R-module K(L). For the three-dimensional case,

consider a free resolution of Rs/m, where Ry = Fo[zt!, y*! 2% as
a 0 —c b
9=|b 9=l c 0 -—a
c -b a 0 91*(@ b c)
0 — R} R} RS R = R3/m — 0
where a =2 — 1, b=y — 1, and ¢ = z — 1. We see that
03D-toric — 53 S 827 and €3D-toric — 32 S3) al' (42)

Therefore,
K (L)3p-toric = Tory (coker esp_toric, R3/br) = Tore(Rs/m, Rs/by) @ Tor1(Rs/m, Rs/by).

Using Tor(M,N) = Tor(N,M) and the fact that a resolution of R3/br is Eq. (4.2) with a,b,c

replaced by «¥ — 1,y" — 1, 2% — 1, respectively, we have
TOI'i(Rg,/m, Rg/bL) = TOI‘i(Rg/m, Rg/m) = (FQ)SCi

for each 0 < i < 3. Therefore, K(L)3p_toric = (F2)?“? @ (F2)?t = (F3)%. The four-dimensional case

is similar:

_—F 2
K(L)4D—toric = TOI‘Q(}%4/I'I17 R4/bL) D Torg(R4/m, R4/bL) = ((F2)4C2) .
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The calculation here is closely related to the cellular homology interpretation of toric codes. %

Example 4.3 (Chamon model [89, 90]). This three-dimensional model consists of single type of

term in the Hamiltonian. The generating map is

O0Chamon =

Since
i 0 B 0
o'\ = (1 + ) ,
1 T+y
1+ z7y is a fractal generator. Consisted of two terms, it generates a string operator. The degeneracy
can be calculated using Corollary 3.4.5. Assume all the three linear dimensions of the system are

even. Put

S=R/(x+Z+y+y,z+z2+y+7y2> -1y 12" -1).

Then, the log, of the degeneracy is k = dimg, S. In S, we have x + % =y + y = 2z + Z. Since S has
characteristic 2, it holds that

WP 4w = (ww (WP FwP R wTP)
for p > 1 and w = z,y, 2. By induction on p, we see that w” + w~P is a polynomial in w + w™!.
Therefore,

xP_Ar_:fP:yP_’_gP:ZP_’_Zp

for all p>1in S. Put g = ged(l,m,n). Since 2! + 2! =y™ +y™™ = 2" + 27" =0 in S, we have
I+ 9=y +y I=2942"9=0.
Applying Buchberger’s criterion with respect to the lexicographic order in which x < y < z, we
see that
S =TFolx,y, 2]/(2% + 22?7V + 22+ 1,92 + g2~ fyz +1,2%9 +1)

is expressed with a Grébner basis. Therefore,
k = dimg, S = 8gcd(l, m,n).

O

Example 4.4 (Levin-Wen fermion model [33]). The 3-dimensional model is originally defined in

terms of Hermitian bosonic operators {W“b}a,b:17,,,,6, squaring to identity if nonzero, such that

et = —qba [y yed] = O if a,b,c,d are distinct, and y**y%¢ = i79¢ if a # c. An irreducible
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representation is given by Pauli matrices acting on C? ® C2, and their commuting Hamiltonian fits
nicely into our formalism. The model was proposed to demonstrate that the point-like excitations

may actually be fermions.

142z 142z x4y

Yy+yz T+rz T+Y
OLevin-Wen =

y+z 14z 14z

yt+z z+xz2 y+xy

y+z y+z y+yz 1+=z
€Levin-Wen = | 2 +2z2 14+2 xz4+22 142

y+xy 142 x4y x4y

Here we multiplied the rows of €pevin-wen by suitable monomials to avoid negative exponents. One
readily verifies that ker €oyin-Wen = 1M OLevin-wen- 1 he model is symmetric under the spatial rotation
by /3 about (1,1,1) axis. Indeed, if one changes the variables as z — y +— 2z — x and apply a

symplectic transformation

101 0 XI—YI
010 1 IX — IY

w= , (4.3)
L 000 ZI— X1
0100 17— IX

then orevin-wen remains the same up to permutations of columns.
The torsion submodule T of C' = coker €1 eyin-wen, Which describes the point-like charges according
to Theorem 3.1, is
1+y
T=R-|14+x]|- (4.4)
0

In order to see this, first shift the variablesa =x+1,b =y +1,c = z+ 1. Then, €1cyin-wen becomes

b+c b+c c+be c
€LevinWen = | a+ac a c+ac c =:¢

a+ab a a+b a+bd

We will verify that N = C/T is torsion-free. A presentation of N = coker ¢’ is obtained by joining
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the generator of T' to the matrix ¢.

b+c b+4+c c+be c b
¢ =latac a c+ac c a

a+ ab a a+b a+b 0

Column operations of ¢’ give

0 ¢ b 0 O
!~ _
@=|lec 0 a 0 0l=(3 0 0
b a 0 0 0

where 0y is from Eq. (4.2). Therefore, ¢’ generates the kernel of 9, and by Proposition 3.5.1,

N = coker ¢’ = coker 9, is torsion-free.

The torsion submodule T' of C' = coker ¢ is annihilated by a, b, or ¢ (See Corollary 4.3.3):

1 1 0
b b ) b 0
14+a 1+
alal|= : al|l=¢ , clal=¢
0 1 1
0 0
a 1 1

Therefore, T' is isomorphic to coker9; = Fy of Eq. (4.2). The arguments hg, hy, h, of ¢ can be
thought of as hopping operators for the charge. According to [33], one can check that the charge is
actually a fermion from the commutation values among, for example, hz, hy, jhy.

Consider a short exact sequence
0—-7T—C—N-—=0.

The corresponding sequence for 3D toric code splits, i.e., C = T @ N, while this does not. It implies

that this model is not the same as the 3D toric code.

Now we can compute the ground-state degeneracy, or dimg, K (L). Tensoring the boundary

condition
B=R/br, = R/(z" —1,y* — 1,25 - 1)

to the short exact sequence, we have a long exact sequence
-+« — Tory1 (T, B) 6—,>T01"1(C7B) LN Tor1(N,B) > T®B —+C®B—-N®B—0.

Hence, K(L) = Tor;(C, B) has vector space dimension dimpg, im § 4+ dimg, ker 6. Since the sequence
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is exact, dimp, ker 6 = dimy, im §’. As we have seen in Example 4.2,

Tory (T, B) = Tor; (R/m, B) = (F1)?, and

Tory (N, B) = Tory(R/m, B) = (Fy)3.

It follows that dimy, K (L) < dimp, Tory (N, B) + dimg, Tor, (T, B) = 6.

Tt is routine to verify that by C Is(¢p) C m := (z + 1,y + 1,2+ 1). Recall the decomposition
K(L) = @, K(L), where p runs over all maximal ideals of R/by. Due to Lemma 3.4.1, this
decomposition consists of only one summand K (L)n. When L is odd, since (bz)m = My, we know
K(L)yw = K(1)y. Since ¢ — 0 under a = b = ¢ = 0, we see dimp, K (1) = 4. The logical operators

in this case are

0 0 z 1
0 |1 T |1
— T-yYz ; — 2.2y
z 0 0 1
z 0 0 0

where I = Zﬁ;& u™ so u- i = 11, and symplectic pairs are tied. The left elements are string-like,
and the right surface-like.

When L is even, the following are Fy-independent elements of K(L). As there are 6 in total, the
largest possible number, we conclude that K (L) is 6-dimensional, i.e., the number of encoded qubits

is 3 when linear dimensions are even.

0 14y 7 142 7 0

0 — 7y T+ xy ; x _g7 1+ 2 ; v o l1+x+2+22
2 0 0 142 7 1+

z 14+z+y+ay 0 Y+ yz U 1+

where 1’ = ZiL:/g*l u? so (1+ p)i’ = fi. The pairs are transformed cyclically by z + y +— 2z +— @

together with the symplectic transformation w of Eq. (4.3). O

4.4 Discussion

There are many natural questions left unanswered. Perhaps, it would be the most interesting to
answer how much the associated ideal I(co) determines about the Hamiltonian. Note that the very
algebraic set defined by the associated ideal is not invariant under coarse-graining. For instance, in
the characteristic dimension zero case, the algebraic set can be a several points in the affine space,
but becomes a single point under a suitable coarse-graining. However, the geometry of the algebraic

set seems to be crucial to prove, for example, “no-strings rule.” See Chapter 5.
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It is interesting on its own to prove or disprove that the elementary symplectic transformations
generate the whole symplectic transformation group. In the zero-dimensional case where A is the
trivial group, it is true as we have already seen in Proposition 2.1. The one-dimensional case
is also true because it is implied by the computation in the proof of Theorem 4.1. A classical
problem answered affirmatively by Suslin [91] is that any sufficiently large invertible matrix over
a polynomial ring is a finite product of elementary matrices such as row operations and scalar
multiplications. Later, an algorithmic proof is given by Park and Woodburn [92]. A similar problem
under a confusingly similar name ‘symplectic group’ over polynomial rings is solved by Grunewald et
al. [93], who defined the ‘symplectic group’ as {S € Mat (n,Flz1,...,z,]) | STAS = A} where T is
the transpose. Kopeyko [94] generalized it to include Laurent polynomials, but still the ‘symplectic

group’ is different from ours since the antipode map is absent from the definition
{S € Mat (n,IF[xlil, ) | STAS =A}.

The characteristic dimension is not proven to be invariant under coarse-graining. It suffices to
have an upper bound on dimg, K (L) in Corollary 3.4.8. without the condition that 21 L. A closely
related object is the Hilbert function. Given a graded module M = @:io M over a polynomial ring
with coefficients in a field IF, the Hilbert function fj; is a numerical function defined by fa(s) =
dimy M. Since K (L) = dimy, Tor;(cokere, R/br), the Hilbert function might be useful if we could
make coker e graded. A technical difficulty would be that the ideal by, = (zf —1,..., 2% — 1) is not
a power of m = (z; — 1,...,2p — 1). See [76, Chapter 12] and [95].

Lastly, an important problem is to give a criterion to a module M that can be realized as coker o'
for an exact code Hamiltonian described by o. In the two-dimensional case, we know the answer —

ann M = (z — 1,y — 1) by Theorem 4.2.
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Chapter 5

Cubic code

The toric code [3] is usually defined on a planar graph with qubits residing on edges. The star
operator and plaquette operators are defined according to the data of the graph. The model is thus
a priori lattice dependent. However, a certain set of important properties of the model turns out
to be lattice independent. Particularly the ground-state subspace conveys a structure that depends
only on the topology of the underlying space, insensitive to the microscopic detail. If the underlying
space is a genus g (oriented) surface, the degeneracy is 49. Even if the Hamiltonian is perturbed,
the energy splitting of lowest 49 states is exponentially small in the system size as long as the
perturbation is small enough [5, 3, 6]. It is a signature of topological order.

Authors have used the term ‘topological quantum order’ to mean all or a part of the following
properties: Ground-state degeneracy as a function of topology, no spontaneous symmetry breaking,
anyonic particle content [24, 96, 97, 5, 26, 25], robust edge modes against perturbations [98, 99, 37],
locally indistinguishable ground states [6, 75, 74], and topological entanglement entropy [27, 28].
Here, we take the local indistinguishability of ground states as a definition of topological quantum
order. The local indistinguishability is precisely the one used in Chapter 3, as well as in the proof
of gap stability results [75, 74]. See Lemma 3.3.1. We ask what quantum phases are possible in the
class of code Hamiltonians.

An important example of topological quantum order presented in this thesis is cubic code. In this
chapter we explain how the model is found, and study its consequences. The cubic code is an exact
local additive code with translation symmetry on the simple cubic lattice, where the exactness is as
in Chapter 3. This model is a gapped unfrustrated spin Hamiltonian, and is topologically ordered in
the very sense we just defined, but breaks many aspects of conventional models of topological order.
Most prominently, the excitations or charges of the cubic code cannot be interpreted as particles
since they are immobile; the hopping term appears only after L-th or higher order perturbation
theory, where L is the linear system size. The immobility implies that the system spends quite a
long time to reach its thermal equilibrium in response to environment’s change. (Later, we will

give quantitative statements regarding this.) Moreover, due to the topological quantum order, the
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phase is stable with respect to arbitrary but small perturbations; the immobility of excitations is
also protected [6].

The immobility of the charges translates into the theory of quantum error correcting codes as
the absence of string logical operators. We call this property by no-strings rule. The notion of string
logical operators might be intuitive if one imagines the toric codes in two or three dimensions [7].
However, this intuition is too model specific; the strings in discrete lattices are not well-defined
objects since a set of points in the lattice does not in general have a well-defined dimensionality. We
overcome this issue by defining string segments that capture characteristics that are responsible for
the mobility of charges.

We proceed by translating conditions for the absence of the logical string segments into our
algebraic framework, in order to systematically search for codes without logical strings; the cubic
code is not an ad hoc model. By Corollary 4.3.3 [47], the characteristic dimension of the cubic code
must be 1 and the degeneracy must generally grow with the system size. An explicit formula for
the degeneracy is given. Additionally, a real-space renormalization computation is presented. It
seems that the cubic code is a fixed point of a certain unconventional kind. Namely, the model is a
direct sum of two daughter models A and B at a coarse-grained lattice where one daughter model
A is the same as the original model, but the other B is not. The model B produces two copies of
itself at a further coarse-grained lattice. The renormalization group flow continues to branch. Next,
we compute the thermal partition function, and show that there is no finite temperature phase

transition.

5.1 String segments and no-strings rule

The most important property of one-dimensional objects is that a finite part of it has two disjoint
boundary points. An intuitive role of string operator is to move an excitation at its one boundary
point to another boundary point. Essentially, it is a concatenation or juxtaposition of hopping
operators. The hopping operator is, as a whole, a finitely supported operator. Therefore, if the
hopping operator acts on the vacuum (ground state), the overall effect is to create a trivial or
neutral charge, which consists of two spatially separated charges. When either of the two charges
is neutral by itself, the hopping is meaningless because trivial charges can be annihilated locally
and created anywhere arbitrarily; only the hopping of nontrivial charges is important. Now we can

define string segments and their absence.

Definition 5.1. [50, 51] A string segment is a finitely supported Pauli operator that creates
excitations contained in the union of two finite boxes of width w. The string segment is nontrivial
if the charge contained in one of the boxes is nontrivial. The distance between the boxes is the

length of the string segment. We say a model obeys no-strings rule if the length of any nontrivial
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string segment of width w is bounded by aw for some constant o > 1.

The no-strings rule may seem too strong than necessary; why do we need an upper bound by a linear
function? It is rather a technicality that is necessary to prove a logarithmic energy barrier theorem
in Section 6.1. However, our definition seems sharp yet broad enough to derive further results.

An immediate consequence of the no-strings rule in the case of a translation-invariant code
Hamiltonian is that there are infinitely many charges. If there were only finitely many, then in the
sequence of all translations of a charge ¢ there would be an equivalent charge ¢’. It means ¢ — ¢’ is
neutral and therefore ¢ — ¢’ is created by a finitely supported operator, which is a nontrivial string
segment. This string segment can be juxtaposed many times to give arbitrarily long string segments
with fixed width. This is a contradiction to the no-strings rule. Also, in view of Corollary 4.3.3 and
Lemma 3.4.9, a translationally invariant three-dimensional exact code Hamiltonian that obeys the
no-strings rule, must have a growing ground-state degeneracy with respect to the system size when

defined on lattices with periodic boundary conditions.

5.2 Search for models

We wish to find an interesting class of models that are relatively handy to deal with. The following

lemma shows such a family. Recall that for an exact code Hamiltonian, we have ker 6T\ = imo.

Lemma 5.2.1. The generating matriz of a code Hamiltonian

where f,g, f', 9" € R, elements of group algebra of Z7, is exact if and only if

ged(f9)=1, g'=g, f'=-f

up to units of R.
It is a generalization of ¢ in Remark 4.1. The 2D toric code of Example 3.2 falls into this form.

Proof. Observe that there is no mixing between the o part (the upper two rows of ¢) and the o*

part (the lower two rows of o). So kero'A = imo can be checked separately. That is, we need to

= (7 9)

verify whether the kernel of
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is generated by g , and whether the kernel of
f/

“\EI
N—

€ = (g’

is generated by ! . If f = fih and g = g1h where ged(f, g) = h, then 91_ € kere,. We have
g —h
(?]1 —f1) =r (g’ f’) for some r € R. Since ged(gi, fi) = 1, » must be a unit. Hence, we may

set ¢ = g1 and f' = —f;. Then, h € kere,, so h is a unit. The converse is straightforward. [
g1

We stay with the form of ¢ as in Lemma 5.2.1 for its simplicity. Now we consider the no-strings
rule. The equivalence classes of topologically nontrivial charges is coker e by Theorem 3.1, which
decomposes as coker e, @ cokere,. Since the two summands are related by the antipode map, it
suffices to consider cokere, = R/(f,g) only. A necessary condition for the no-strings rule is that
any fractal generator should not consist of two terms. For Theorem 4.2, the minimal dimension we
should be interested in is 3; R = Fo[a™!, y*1 2*1]. Let I = (f,g), the ideal of R generated by f and
g. If, for example, f factorizes as f = (1 +z)f; and f; ¢ I, then (1 + ) is a string generator. So
it is necessary that the Grobuner basis of the ideal (f, g) does not have any two-term factor such as
x+1,y+1, or z+ 1. In order to have a degenerate code Hamiltonian (Corollary 3.4.2), we have to
have a non-unit associated ideal. For simplicity, we demand that z =y = z = 1 is a root of f and g
so that the associated ideal is contained in a maximal ideal (z + 1,y + 1,2z + 1).

We further assume that f and g have exponents 0 or 1 in each variable. Thus, f and g are

216 possibilities, but they

linear combinations of 1,x,y, z, xy, yz, zx, xyz over Fy. Naively there are
are not all different. For example, three choices (f(x,y, 2), g(x,y, 2)), (xf(%),y, z),xg(%, y,2)), and
(f(y,z,x),9(y, z,x)) define the same models because they are related by the reflection about yz-
plane or the 7/3 rotation about (1, 1, 1)-axis. Up to these symmetries of the unit cube, there are 392

pairs of f,g. An exhaustive search gives 10 models in Table 5.1 that satisfy all our requirements.

The most symmetric model defined by
f=14+z+y+z g=1l+zy+yz+zx

will be called cubic code.
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f g
1 l+z+y+ =2 14+z2y+zz+yz
2 |lz4+y+z+yz | 1+y+zy+z2+22+2Yy2
3 l1+24+y+=2 14+ 224+yz+2yz
4 | 14+x+2+yz 1+y+ay+ 22
5 | 1+x+2+yz y+z+rz+yz
6 l+z+y+=2 14+y+az+yz
7 l+z+y+=2 14+ z+yz+2yz
8 | 14+x+2z+yz l1+y+ay+z+axz+yz
9 l1+24+y+=2 zy+ 2+ x2+ Y2
10| 14+xz4+24+yz | 1l+y+oy+zz+yz+ayz

Table 5.1: Complete list of cubic codes. Each pair of polynomials defines an exact degenerate code
Hamiltonian according to Lemma 5.2.1. They potentially obey the no-strings rule. Especially, code
1 indeed obeys the no-strings rule as proven in Section 5.3. The table is exhaustive, up to symmetries
of simple cubic lattice and local symplectic transformations, under the following criteria: (i) f and
g have exponents 0 or 1 for each variable, (ii) any member of the Grobner basis of the ideal (f,g)
is not divided by any two-term factor, and (iii) f and g become zero when = y = z = 1. In the
main text, the cubic code refers specifically to the code 1 in the table. The numbering is consistent
with a table in [50].

5.3 Cubic code

Written out explicitly, cubic code is the translation-invariant negative sum of two types of interaction
terms as in Figure 5.1. There are two qubits per site, and the two-letter notation stands for tensor
product of Pauli matrices. For example, XI =0 ® 1, ZZ = 0* ® 07, etc. The third cube specifies

the coordinate system of the simple cubic lattice. The generating map for the stabilizer module is

l+z+y+z 0
14+zy+yz+2zx 0
O cubic-code =
0 1+ 2§ + 2 + 2%
0 1+2+7+2
1z Z1 IX —— XI gz
a / / / e /
21 —— 27 XTI I v ——— ayz
I oo TZ XX |- IX L /y
1z 71 IX —— X1 U

Figure 5.1: Stabilizer generators of the 3D cubic code. Here X = ¢* and Z = ¢” represent single-
qubit Pauli operators, while I is the identity operator. Double-letter indices represent two-qubit
Pauli operators, for example, IZ=I1Q Z, ZZ=72 Z, Il =1® I, etc.
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where one has to interchange the first and second qubit. The associated ideal is contained in a prime

ideal of codimension 2 in Fy[z®!, ¢+t 2+1]:

Io)C(1+z+y+z l+ay+yz+2x) = Pays.

Since codim I(o) > 2, the characteristic dimension is 1. Since coker ecubic-code = R/Pay> B R/Pzyz,
any nonzero element of p,,. is a fractal generator. Since the conditions used in the search for the
model were only necessary conditions for the no-strings rule. A rigorous treatments is as follows.
We prove a purely algebraic statement, of which the no-strings rule is an interpretation. A more

elementary method can be found in [50].

Lemma 5.3.1. Let S = Fa[z,y, 2] be a polynomial ring, and p = (1+z+y+z, 1+zy+yz+zx) C S an
ideal. If myer +moeq € p for polynomials e1, ea and monomials my, mo such that ged(my, mg) =1,

then only one of the following is true:
e e €Epandes €p.
e max(deger, deges) > max(degmy,degms).

Proof. Put Fy = {0,1,w,w?}, ie., w is the primitive third root of unity over the binary field.
Consider a ring homomorphism ¢ : S — U := F4[t] defined by

bprx—=1+t, y—l4+wt, ze 14wt
It maps the two generators of p to zero in U.

dl+ax+y+z2)=4+1+w+uw)t=0,

d(l+ay+yz+z22) =4+21+w+w?)t+ (1 +w+w?)t? =0.

Moreover, ker ¢ is precisely p. (This can be verified by eliminating the variable z and computing the
Grobner basis of ((y+1)+w(z+1),w?+w+1) in an elimination monomial order.) If mje; +maeq € p,
then ¢(mq)p(e1) = ¢(mz)@(ez). Since my and mgy are co-prime monomials and ¢(x), ¢(y), $(z) are
pairwise co-prime, it follows that ¢(m;) and ¢(mz) are nonzero and co-prime. Therefore, ¢(e;) =0
if and only if ¢(e2) = 0 if and only if e1,es € p, which is the first case. If ¢(e1) # 0, then ¢(m;)
must divide ¢(ez) and ¢(ms) must divide ¢(e1). Since ¢ is degree-preserving, we have the second

case. O

Theorem 5.1. The cubic code obeys the no-strings rule with the constant o = 1 under {~,-metric.

Proof. Since the cubic code is translationally invariant, we may use the formalism of Chapter 3.

Since the cubic code is of CSS type, where coker € is a direct sum of isomorphic summands, we only
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have to consider o*-type charges. The set of all virtual charges is R! = R = Fy[zT!, y*!, 2*1] and the
set of all trivial charges are given by a submodule (ideal) pg,. = (1+2+y+2,1+zy+yz+22) C R.
Note that R is the localization of S =[x, y, 2] by a single element zyz, and g, is the localization
ofp=(1+z+y+z2 1+ay+yz+ zzx) by the same single element xyz.

Let e; and es be the charges contained in two boxes of a string segment. Since they are overall
trivial, we have e; + z'y/z"e; € p where 4,7,k € Z. Equivalently, we may write mie; + moes € p
where e; and es have nonnegative exponents, and mq,my are monomials such that each variable (z,
y, or z) appears only in one of m; or my. Since pgy. NS = p, which can be verified using Grobner
basis techniques, we are in the situation of Lemma 5.3.1. The width of the string segment is the
maximum of the degrees of e; and e, and the ¢;-distance between the boxes enclosing e; and es is

< max(deg m,deg mso). If we use ¢-distance, the constant « in the no-strings rule is 1. O

Let us explicitly calculate the ground-state degeneracy when the Hamiltonian is defined on

L x L x L cubic lattice with periodic boundary conditions. By Corollary 3.4.5,

k= dim]F2 R/(pLyz + bL) @ R/(puLyz + bL) =2 disz R/(pxyz + bL),

L —1). So the calculation of ground-state degeneracy comes down to

where by, = (2 -1, y¥ —1, 2
the calculation of

d = dimg, T’ /p

where T' = Fylz,y, 2] /(2™ — 1,y"2 — 1,2 — 1).
We may extend the scalar field to any extension field without changing d. Let F be the algebraic
closure of Fy and let

T= F[l’,y,z]/(l’nl - 1ayn2 - ]-72”3 - 1)

be an Artinian ring. By Proposition 3.4.3, it suffices to calculate for each maximal ideal m of T" the
vector space dimension

A = dim]F<T/p)m

of the localized rings, and sum them up.

Suppose n1,ng,n3 > 1. By Nullstellensatz, any maximal ideal of T is of form m = (z — xg,y —
Yo, 2 — 2p) where x' = y* = z(® = 1. (If ny = ny = ng =1, then T becomes a field, and there is no
maximal ideal other than zero.) Put n; = Qlin; where n/ is not divisible by 2. Since the polynomial

2™ — 1 contains the factor & — x¢ with multiplicity 2", it follows that

T = I[?[av,y,z]m/(aczl1 +ad, y2l2 + b, 220y )
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where a’ = x%ll,b' = yglz,c’ = zgls. Hence, (T'/p)m = Flz,y, z]/I’ where

I'=(x+y+z+Lzy+rzt+yz+1, 22" ral, y?? Y, 220 +).

If I’ =F|x,y, z], then d, = 0.

Without loss of generality, we assume that I; < [y < l3. By powering the first two generators
of I', we see that (zg, o, 20) must be a solution of them in order for I’ not to be a unit ideal.
Eliminating z and shifting * — x + 1, y — y + 1, our objective is to calculate the Grobner basis for
the proper ideal

I=(2®+ay+ y2,x211 + a, le2 +b)

wherea =a'+1and b=¥b +1. So
dy = dimy Flz, y] /1.

One can easily deduce by induction that y?~ + a:Qm_l(ma: +y) € I for any integer m > 0. And

b=wa??"" for a primitive third root of unity w. So we arrive at
I=(y*+yzx+ a2, yx2l271 + b(1 + lpw?), 22"+ a)

We apply the Buchberger criterion. If a # 0, i.e., mg # 1, then b # 0 and I = (z+(w?+12)y, 22" +a),
S0 dy = 21

If a=0b=0, then I = (v + yx + 22, yleQ_l, 22" ). The three generators form Grobner basis if
lo = ly. Thus, in this case, dym = 21211 — 1. If Iy > [y, then dp = 2011,

To summarize, except for the special point (1,1,1) € F? of the affine space, each point in the

algebraic set
r+y+z+l=ay+az4+yz+1=0

V=< (z,y,2) € F? ) ) ,
" —1l=y" —-1=2"-1=0

contribute 2! to d. The contribution of (1,1, 1) is either 2171 or 26+ — 1. The latter occurs if and
only if /; and ls, the two smallest numbers of factors of 2 in nq,ne, ng, are equal. Let dy = #V be

the number of points in V. The desired answer is

ohtl 1 ifly =1
d=2"(dy— 1)+
Qlit+1 otherwise

where [; <l <3 are the number of factors of 2 in n;.

The algebraic set defined by (x +y+ z 4+ 1, 2y + 2z + yz + 1) is the union of two isomorphic
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lines intersecting only at * = y = z = 1, one of which is parametrized by x € F as
(1+2,1+wr, 1 +ws) e F3,

and another is parametrized as
(1+2,1+wz, 1 +wr) € F3.

where w is a primitive third root of unity. Therefore, the purely geometric number dy = 2d; — 1 can

be calculated by
dy = deg, ged ((1 +2)" + 1, (14 wz)™ + 1, (1 +w?z)" + 1) .

Using (« + B)Qp = o + 5% and w? + w+ 1 = 0, one can easily compute some special cases as

summarized in the following corollary. Some values of k for small L are presented in Table 5.2 and

Figure 5.2.
k k
400 4000+
.
300 3000 -
200 2000 - t4
100 . . 1000 K L
s B . . o %
. [ rd A 0%, o % o o o °
L P e L SR Oy B RS O S SO S
20 0 60 8 100 200 400 600 800 1000

Figure 5.2: Number of encoded qubits & of the cubic code defined on L x L x L periodic lattice

Corollary 5.3.2. Let 2% be the ground-state degeneracy of the cubic code on the cubic lattice of size
L3 with periodic boundary conditions. (k= k(L) is the number of encoded qubits.) Then

# =deg, ged (1 +2)" +1, 1+wz)l +1, (1+w’z)" + 1)F4
1 ifL =20 41,
L if L= op,
o2 L1
1 if [ =221 1,

where w? + w+1=0 and p > 1 is any integer. If L =2"L', then k(L) +2 = 2"(k(L') + 2).
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G A= 17125, (D)
¢n (L) is nonzero only if n|L.

gn (L) n
1 15 =211 =35
5 63 =20-1 =327
20 255 =28—1 =3-5-17
80 | 1023 =219-1 =3-11-31
322 | 4095 =221 =32.5.7-13
5 341 =20 -1)/(22-1) =11-31
6| 1365 =(212-1)/(22-1) =3-5-7-13
49 | 5461 = (2™ —-1)/(22-1) =43-127
4 455 =22 -1)/(2°+1) =5-7-13
3 585 = (212 -1)/(2% - 1) =3%2.5-13
9] 9709 =(2¥-1)/(3(2%+1)) =7-19-73
51 11275 =11(210+1) =52.11-41

Table 5.2: Numerical values of k for odd linear size L computed from Corollary 5.3.2. The list is
complete if 2 < L < 20000. For example, if L = 945 = 15 - 63, then % =1+12-(1+5)="173.

5.4 Real-space renormalization of the cubic code

Renormalization group refers to a machinery to extract essential properties of the system at long
distances. For lattice spin models, the so-called “block spin” method amounts to considering a
sequence of coarse-grained lattices and finding effective Hamiltonians pertaining to the coarse-grained
lattices [100, 101]. In the sequence of coarse-graining, short-ranged correlations will disappear, and
long-ranged essential correlations will remain. Thus, if a generic Hamiltonian retains its form under
the renormalization group flow, we expect that the Hamiltonian should represent a proper phase of
matter, and can wonder about universal aspects of the phase.

For topologically ordered systems, it is interesting to look at entanglement structure instead of
correlation functions, since, as they are gapped, the correlation functions of local operators would
decay exponentially with the distance between the regions the operators act on [102], and hence,
if they are renormalization group fixed points, they will have zero correlation length. As we wish
to ignore local deformations of the system, it is legitimate to apply a finite depth quantum circuit
(local unitary) to the system so as to remove some local entanglement [103, 104, 105, 106, 107]. More
precisely, one applies a finite composition of unitary operators on a ground state, each of which can
be written as a product of local unitary operators of disjoint supports, and then try to identify spins
in a product state.

Code Hamiltonians admit an even simpler renormalization scheme. Under the local unitaries the
Hamiltonian is conjugated, and spins in product states is readily identified by single-spin operators
such as 0* acting on unentangled spins. If we restrict ourselves to translationally invariant case, we
may also assume that the local unitaries obey the translation invariance. For example, it is well-

known that the 2D toric code model is a renormalization group fixed point under this scheme [105].
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In Chapter 3, we have developed enough tools for the simplified renormalization group flow
computation. In fact, we have done a computation in Example 4.1. To warm up, let us compute

the renormalization of the 2D toric code. The generating matrix is

1+zx 0

1+y 0
o =

0 141

0 1+1

If we coarse-grain the lattice by blocking two sites in z-direction, then every module is now viewed

as a module over Fy[z*2, y*1], and each entry of o is replaced by a 2 x 2 matrix, since o is a map

between free modules G and P. Concretely,

o O O O
o O O O

<=

Q|

1
1
0
1+y
0
0
0
0

o o o oo +
= = o -+

[t

+ o

— 8|~

where the double line distinguishes o®-part and o*-part. Here, the variable x really means the

translation along x-direction by two units of the original lattice. Applying local unitaries, we see

1 1 0 0 1 1 0 0 1/ 0 0| ©
0 1+2 0 0 0 14+2 0 0 0|1+z[0] 0
0 1+y 0 0 0 1+y 0 0 0|1+y|0] 0
L 0 1+y 0 0 . 0 0 0 0 . 0o 0 [0] 0
0 0 0 0 0 0 0 0 0| 0 [0] 0
0 0 0 1+12 0 0 0 1+2 0/ 0 [0]1+3
o o 1 1 0 0 0 141 0| 0o |o|1+1
0o 0 1 1 o 0 1 1 0o 0 [1] 0

In the last matrix, it is evident that the first qubit (all the first qubits on every site) and the fourth
qubit are disentangled. Ignoring those, we see that the generating matrix and also the Hamiltonian
retain the original form. A drawback of this computation is that it is hard to understand why this

should happen. Fortunately, there is a better understanding for two-dimensional quantum double



95

models [3], which includes the 2D toric code model, using so-called G-injective PEPS by Schuch,
Cirac, and Pérez-Garcia [108]. Their conclusion is that the quantum double model is constructed
with the regular representation of a finite symmetry group G, and it is a renormalization group fixed
point because of the plethysm CG ® CG = CG ® (C1)®I¢! of the regular representation.

Now we return to the cubic code. We perform a similar computation as above, and find that
under blocking of 2 x 2 x 2 sites (16 spins in total) the cubic code model A decomposes into two
non-interacting Hamiltonians A and B living in the coarse-grained lattice, one of which is the same
as the original A, but the other B looks different. Detailed calculation will be given below. The

generating matrices are as follows.

r+z 14z
1+2 14z
l+z+y+z 0 z+y 1+y
1+oy+yz+ 2z 0 1+y 142
OA = y OB =
0 T4+ o+ s+ o 1+ 2+
0 L+ 245 +2 1+1 1+1
el Ll
1+1 141

We can repeat the renormalization group flow computation for the model B only. We find that after
blocking of 2 x 2 x 2 sites, B is renormalized to the identical two copies of B itself. (Calculation will

be given below.)
2X2x2

AZZ2 AeB, and BZ*%BeB.

The renormalization group yields an explicit method to produce the ground states of the cubic
code, Start with a state one wish to encode, put auxiliary qubits in the trivial state, apply the
inverse local unitaries, and iterate the overall process on the refined lattice with more auxiliary
qubits. Tt is slightly different from the MERA (Multiscale Entanglement Renormalization Ansatz)
prescription of 2D toric code state developed in [105]. Rather a so-called branching MERA [109] is
more appropriate.

We do not have a deeper understanding why this should happen. However, there are some
consistency checks from the degeneracy formula and the annihilator of the module of topological

charges. Corollary 5.3.2 says that the number of encoded qubits k is

-a- (4 ()
() 0
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when the linear system size L is a power of 2. The expression is decomposed to display contributions
from the model A and the model B explicitly. It suggests that the model A, the original cubic code,
cannot give rise to an identical pair of models at coarse-grained lattice, whereas B can. It is not too
clear whether the two models A and B are really non-isomorphic.

On the other hand, the annihilator of the topological charge module tells us there is something
special about 2 x 2 x 2 blocking. The topological charge module is the torsion part of the virtual
excitation module factored by trivial charge module, i.e., the torsion submodule of cokere. As for

the cubic code, coker € is a torsion module, which is a direct sum of two isomorphic summands.

coker e = R/pmyz D R/@’
R = Fo[z¥!, y*L, 2%,

Poy: = (1+24+y+21+2y+yz+2z) CR.

where the bar denotes antipode map. We focus on the first summand R/p,,.. If we replace Fy with
its algebraic closure I for convenience, R/pzy. = (F[z,y, 2]/p)2y- is the coordinate ring of an affine
variety defined by p localized on the complement of the union of three planes xyz = 0. The variety
is a union of two isomorphic lines, as we have seen in the degeneracy calculation of Section 5.3. One
line is parameterized as

r=14+t y=1+ wt, z=1+w?t

and the other is
r=14+t y=14+w, z=1+uwt

where w is the primitive third root of unity. The ideal p,,. is the annihilator of a module M =
R/pay-. Under coarse-graining M is promoted to a module over the coarse-grained translation group
algebra, which is R’ = Fy[z®2,y*2, 2%2] in our 2 x 2 x 2 blocking. Then, the annihilator of M in the
new ring R’ is just R'N1I. It is easy to verify that R’ Npgy. = (1+2?+y? 422, 1+2%y? +y22% +2222) =
p’ using Grébner basis. As rings, R'/p" and R/pg,. are isomorphic. Thus, it is consistent that A
renormalizes to something similar to itself. Further, we see that the charge annihilator of B must
be the same as that of A.

This observation tells us that 23 blocking is special. If we had blocked 3 sites, we would not see

the self-reproducing behavior, since the charge annihilator would be different:

Fg[xi37yi37 Z:I:B] n pxyz — (1 + y/ + y/2 + y/S + Z/ + y/zl + y/QZ/ + Z/Q + y/Z/Z + Z/S,

1+x'+x'2+y'+x'y’+y’2+z’+xlz’+y'z’+z'2)



97

where 2/ = 23,y = y3,2' = 2.

Calculation

The generating matrix o4 for the stabilizer module of the cubic code transforms under the coarse-

graining by blocking two sites along x-direction as

coarse-grain z%—x o1x 0
gA g1 =
0 g1z
1 1 1
x l4+y+z 141 1+ 2L
o1x = Y y 01z = ylzl 1yz
1+yz y+z I+ +3 >
1 1
Ty + T2 14+ yz 1 1+§+;

We apply elementary symplectic transformations. Recall T is the transpose followed by entry-wise

1 1

antipode map = +> x_l, Y=y S,z z .
oox O r 0 oix O cg 0
09 = =
0 027 0 T]IL 0 017 0 C]{
where
0 1 0 0
1+ +y%+ 22 0 0|1+H+2+L+1+2
O2x = ) 02z = Y oz = )
l+y+y?+z+yz+22|0 0 I+ 2+5+5
0 0 1 0
1 0 0 0
1+y+z2 1 0 0 1 0
r= ) =
y+z 0 1 0 I+y+2z 1
1+yz y+z2z 14+y+z 1

The first and fourth qubit may be factored out from o5. A subsequent coarse-graining by blocking

two sites in each y- and z-direction gives
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l+z+y+z 0 0 0
0 l+z+y+z 0 0
0 0 l+z+y+z 0
0 0 0 l+z+y+z
03x =
I+y+=z 1 1 1
z l+y+=2 z 1
Y Y 1+y+z2 1
Yz Y z 1+y+=2
1,1 1 1 1
T4y +s E v E
1,1 1 1
1 I+y+z Yy Yy
! 1 14141 1
1 1 1 1+14+1
03z = vz
T+ o+, + 3 0 0 0
0 4345+ 0 0
1,11
0 0 I+ 2+ +3 0
0 0 0 L+ 245+
We keep applying elementary symplectic transformations.
04X 0 Tox 0 J3x 0 Cox 0
04 = =
0 047 0 T2z 0 037 0 Coz
where
0 1 0 0
0 0 0 0
0 O|ll+x+y+=2 0
0 0 0 l+z+y+=2
04X = )
l+2z+y+z |0 0 0
c+rzy+z+zz|0 14y y+z
y+xy 0 142 1+y
zy + yz 0 y+z 1+2

W=
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—| N

>

=N >

1+
1+

> =R

>

1
y

1
T

1
z

1
y

+

1
T

1+ 2

0 0 0

111 l4a4+y+z

1+y+z

0

000 1+y+z 1

1+y+z

0

047 =

T2x

1
z

+

1
y

+

1
T

0 1+

0

=8

oz

1

0 010
0 0 0 1

1 0 0 O
x 1 1

Cox
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Factoring out the first and second qubit from ¢4 and applying elementary symplectic transformations,

we arrive at

osx O r3x 0 osx O c3x 0
05 = = |{1,2}c
0 o352 0 713z 0 o4z c3z
where
1 1 1
1+zy+z2+yz 0 0 0 0 1+%+%+%
0 r4+z 14z 1+ 1412 0
O5x = y 052 = Y i )
0 l+z 1+2 1+3 1+ 0
0 z+y 14y 1+1 141 0
0 l1+y l1+=z 1+1 141 0
00 1 000 111111
0 0 1 1 11 0 000 01
1 1 x 1 0 0 1 0 00 11
T3 = 5 T3z = 5
10 1 110 01 0101
10 0 010 01 0110
01 I+2 1 0 O 1 1.0 0 1 1
1 00 1 0 1
cz=|(1 1 0|, ez=1]0 11
z 0 1 0 0 1

It is clear that o4, 01, 09, 03, 04, and o5 are all equivalent because we applied only elementary
symplectic transformations. o5 shows a decomposition of ¢ into two non-interacting two models,

one of which is o4 at 2 x 2 x 2 coarse-grained lattice and another is op. We perform a similar
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renormalization for og. The coarse-graining by blocking two sites in z-direction gives

< |

— 8= wl= 8=

22z OB1X 0
op —— ORB1 =
0 oBiz
1 1 1
1 1
T z T 1 0 1+§ 1 m
1 1
1 1 142 0 1 - 1+§ 0
T 1 0 142 1 1 0 14
OB1X = y 0B1Z = 1 1
x Y 0 1+y 1 1 1
1
14y 0 1 1 1+ 0 1
1
0 14y x 1 0 1+ 1
Apply elementary symplectic transformations to factor out trivial qubits.
opax 0 rax 0 opix 0 ax 0
0B2 = =
0 opz 0 71z 0  oBiz 0 caz
where
OB2X — oB2z =
0 0 0 1 0 0 0 0
0 0 0 0 0 0 1 0
1 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0
0 1+y Y+ 2 o | 0[1+24+24+ 210 1.1
O|1+xz+2+yz y+z 0 0 1+i 0 %-l—%
0 0 r+y+z+yz |0 0 T2 0| 143+ +;
0 y+z l+z+y+yz |0 0 0 0| z+3+1+;
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Tax = T4z =

1 0 z 000 0 0 1 1.0 1+5 0 145 1 1
y 1 14y 0 z 1 1 1 o1 0 0 0 0 0 0
0 1 000 0 O sl 3 . i 14500
1+y 0 1 1 1 1 14z 0 000 1 0 0 0 0
0 0 y 010 0 o o 2o 1 1 0 0 0
l+y 0 z+z4+yz 0 0 1 0 0 o010 1 o0 1 0 0
0 0 1+y 000 1 1 01 .0 1+1 0 0 10
1 0 z 000 0 1 0 00 1+ 0 0 11

11 0 0 1 1 0 i

Y

0 1 1+z 0 0 1 01

C4x = , Caz = s
0 0 1 0 0 1+% 1 1
0 1+z =z 1 0 0 01

Factoring out trivial qubits from oy and coarse-graining by blocking two sites along z-direction,

we have
22z opsx 0
032|{1,2,3,4}c —— 0B3= , where
0  oBsz
OB3X = 0B3z =
1014 1 1 1
1+ Yy 0 Yy 1 1+ T 2 + yz y >
1 1 1
0 1+y z Y 1+ v I+ 2 1 m
1 1 1
1 1
z+yz 14z z Y ’ 0 1+ v 1 v
0 0 z+y 1+y : T l+i+g o
1 1 1,1
0 0 z+yz T+y 1 m m L+ 2+
y 1 1+z+y y 0 0 s+ R
1 1,1
z Y Yz l1+z+y 0 0 I+ sty
Again apply elementary symplectic transformations.
opax 0 rsx 0 opsx 0 esx 0

O’B4: =
0 OB4Z 0 715z 0 0B3Z 0 ©c¢52
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where
0 01 0
l+z+y+xy>+2+yz 01]0 vy +y* +ay? +yz
0 00 0
” 1+ 224y +22y+2+222|010 22y +z+yz +y2z
B4X = ’
T4y +zy+y° 00 L4+ y+zy+y°
z+y3z 00 r+y+yz+yie
0 110 0
y+ 2y + 2y? + y3z 010 |14+ax+y+y2+ay®+24+yz+9y32
0 0 0 0
1 1 1,1 1
1+y—2 1+210 1+§+§+y7
0 0 1 0
1+1 14140 1+1
oB4z = 1 yl 1y 1 1 ’
1 1 1,1, 1
0 0 0 0
1 1,11 1
1 00 0 0 0 0 0
l+z4+y+zy+2 1 0 0 0 0 1+y 0
1+z+y y 1 1 142 14+y z+y 1+y
14+ 224+ yz 0 0 1 0 0 1+ 0
'sx = )
T+y 0 0 0 1 0 0 0
z4yz 0 0 0 0 1 0 0
0 0 0 0 0 0 1 0
y+zy+z4+yz 0 0 0O 0 0 Y 1
1,1 1 1 1 1 11,1 1, 1 1 1 1 1
1 1+;+§+7y+; 2y 1+P+E E+§ ;-i-yfz 0 §+@+;+y7
0 1 . 0 0 0 0 0
0 0 1 0 0 0 0 0
0 0 1 1 0 0 0 0
r5z =
0 0 1+1 0 1 0 0 0
0 0 14 0 0 1 0 0
1 1 1 1
0 1+§ 1+§ 1+ 0 0 1 m
0 0 1+ 0 0 0 0 1
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y 0 1 l+y s 01 4

l+z+zy 1 14+2 y+ay 0 1 0 1

C5x = y G5z = 1 1
1+y 0 1 Y 1+§ 01 3

0 0 0 1 0 0 0 1

Factor out the first, third, and seventh qubits from op4, and coarse-grain by blocking two sites along

y-direction.

2 OB5X 0

OB4 vy, ops = , where
0 oBsz
l+z4+zy+=2 142 y+xy T+ z
Y+ yz l+2x4+zy+2 Ty + Yz Y+ xy
14+ 224+ 2+4yz x + 22 z+yz 2242
a:y+x2y 1+x2+z—|—yz J:Qy—i—yz zZ+yz
T4y 1+ 1+y 1+z
OB5X = )
y+zy T+y Y+ xy 1+y
z+yz 0 T+ yz 142
0 z+yz y+yz T+ yz
xy +yz 1+ I+z+2)(1+y) 1+2
y+azy Ty +yz y+yz (I+z+2)(1+y)
1 1 1 1 1
1+§ 0 1+ 0 1+ vt
1 1 1 1
0 1+§ 0 1+ 1+ 1+
1 1 1
1 1 1 1 0 1+1
I+ &% = 0 = H
IBsZ = 1' ”J1 1 1 J1
z 1+z 0 B B 7z
1 1 1,1 1
Y 0 0 m 1+;+; vz
1 1 1,1
0 m 1 0 < 1+5+7
1 1,1 1 1
1+§ 0 0 0 ol vt
1 1 1,1
0 1+§ 0 0 1+ 2 el

Apply elementary symplectic transformations to factor out two more qubits.

OB6X 0 rex 0 OB5X 0 idgxa O
0 OB6Z 0 rez 0 OB5Z 0 Coz
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OB6X —

0B6Z =
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l4+z+ay+=2 142 Y+ zy T+ z
Y+ yz l+2x+zy+2 Ty + Yz y+xy
0 0 0 0
:Ey+x2y 1—|—x2—|—z+yz m2y—|—yz z+yz
T4y 1+ 1+y 1+
y+xy T4y Y+ xy 1+y
z+yz 0 T+ yz 1+2
0 0 0 0
Y + Yz 1+ l+z+2)(1+y) 1+z
y+ay Ty +yz y+yz (I+z+2)(1+y)
O y+ay |0 p+s ztstite wtstato

O 145 |0 144 1+1 1+2
1 0 0 0 0 0
O 145 |0 1+ 1+1 1+ 2
0|5+ |0|5+a 1tstomtas 1+ttt
0| 1+ fo|Fat 14l Z+d
0 0 0| H++ 1+1+1+1 St
0 0 1 0 0 0
0 0 Ol gz+y 1Hs+s+i 141+ +1
O 1+4 |0] 0 1+1 141
1 0 00 0 0 0 0 0 0
0 1 00 0 0 0 0 0 0
1+y 0 1 1 1+z z y 0 14y 0
0 0 0 1 0 0 0 0 0 0
0 000 1 0 0 O 0 0
Tex = )
0 0 00 0 1 0 0 0 0
0 0 0 0 0 01 0 0 0
z+y 0 0 0 14242z =z y 1 14y O
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1
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10 1+2 0000 L+2 00
01 0 0000 0 00
00 1 0000 0 00
00 1 1000 0 00
oo 1+ 0100 14+1+2 00
Tl 0 1 o010 X ool
00 5 0001 . 00
00 0 0000 1 00
00 1+4 0000 145 10
00 0 0000 0 0 1
1o 1 2 1 14441
0100 0 0
oy — 0 4 1 0 L 1+2+1
00010 0
00001 0
00000 1

The third and eighth qubits in opg are trivial. We finally finish our lengthy transformation.

oprx 0 rex 0 opex 0 crx 0
oB7 = = |{3,8}c
0  oprz 0 rez 0  oBez Crz
where

z+z 14z 0 0 1+1 14+ 0 0

l4+z 14+z 0 0 1+3 1+5 0 0

z+y l1+y 0 0 I+ 142 0 0

l+y 14z 0 0 I+1 1+1 0 0
OB7TX = y OB7Z = L1
0 0 r+z 14z 0 0 I+y 2+5
0 0 1+ax 14z 0 0 14z 1+
0 0 x4y l+y 0 0 1+3 1412
0 0 1+y l+=z 0 0 1+1 144




l+z 10 0 z 0 01
l+z 11 x 0 1 01
l+z+y 0 1 x 1 1+y y 1
l+y 11 0 l+z y y 1
rTx = ;
1+ 11 T+ 2 0 0 0 1
T 11 T+ z 0 1 1 1
I+ 1 1 l4z+z 1 1 11
0 0 0 1 0 0 00
0 0 1 o 0 0 0 1
0 1 0 o o0 1 1 1
0 1 0 0o 0 0 0 1
1 1 1 0o 1 0 1 0
Tl 1sr 1 as141 g 1411 1412 1 ’
1 1 1 1 1 1 1 1 1 1 1 1 1
1+ L H4+l4l 0 1 0 141 141
14+ 1 1 1 1 1 1 1 1+ 1
100 14z 1 1+1 10
010 1 1 1 00
Crx = , Crz =
1 01 1+z L 1+1 0 1
Yy Yy
1 10 1+z 0 1 00

We see that o7 is a direct sum of two copies of og. This verifies the bifurcation:

A 222 Ae B, and B 2% Ba B.

5.5 Thermal partition function of the cubic code

The only relevant property of the cubic code in relation to a thermal partition function is that the

generating map o for the stabilizer module is injective.
0G5 P

This property is shared with 1D Ising model (Example 3.1), 2D toric code (Example 3.2), and 3D
Chamon model (Example 4.3). Slightly more generally, Lemma 4.2.1 says that for two-dimensional
exact code Hamiltonians one can choose an injective generating map that gives rise to an equivalent

Hamiltonian in the sense of Definition 3.2.
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Let H = — ), P; be the Hamiltonian of the cubic code on L x L x L periodic lattice. We set the
coupling constant to be 1 so that each term literally squares to the identity P? = 1. The thermal

partition function is

Z = Z(B) = Trexp(—AH)

where ( is an inverse temperature. Since H consists of commuting terms, the exponential function

can be written as products.

Z="Tr H(coshﬁ + P;sinh ) = cosh™ 5 Tr H(l +aP;)

i i
where M = tL? is the number of terms in H and x = tanh 3. Since the trace of a Pauli operator
that is not identity is zero, only the term in the expansion of the product that is proportional to
the identity contributes to Z. If there are N = ¢L® qubits in the system, the trace of the identity

operator is 21V,

Z
_ o]
= E T
2N cosh™ B fer

where 7 runs over all possible collections of terms P; of H that multiply to the identity. I' contains
the empty collection. Thus, I' is in one-to-one correspondence with keroy. (It may be nonzero
due to the periodic boundary conditions although o was injective. See Section 3.4.) Therefore, the
cardinality of I is precisely

_ odimy, keror, _ ok
IT| = 2dime, =2

)

the ground-state degeneracy. The second equality is implied by Corollary 3.4.5.
We know from Corollary 5.3.2 that k is bounded by a linear function of L for the cubic code;

k = O(L). Therefore, the partition function is sandwiched as
|log Z(3) — L*log(2 cosh’ B)| < klog?2 = O(L).

Thus, the free energy per unit volume in the thermodynamic limit is just a smooth function
log(29 cosh’ ) for all nonzero temperatures. This should contrast with three- or higher-dimensional
toric code model where the free energy density has a singularity at a nonzero temperature [110].
The analyticity of the free energy does not directly invalidate a possibility of self-correction of
encoded quantum information. The latter is rather a dynamical process, which may have little to
do with the thermal equilibrium. In fact, it is quite subtle to analyze self-correcting power or to
give a criterion on it, based on the thermal partition function. The existence or possibility of a good
decoding process to extract the encoded quantum information would be a more appropriate way to
address the question of self-correction. For instance, in the four-dimensional toric code model the

thermal expectation value for any bare logical operator is zero. However, a special dressed logical
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operator defined with respect to a decoding algorithm can have a non-vanishing expectation value in
the thermodynamic limit [32]. For the cubic code, the analyticity of the partition function suggests
that it does not allow such a nonzero thermal expectation value for logical operators. Nevertheless,
we can show that the characteristic time scale of the expectation values of logical operators dressed

by a decoding algorithm, is very large at low temperatures. This is the topic of the next chapters.
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Chapter 6

Consequences of no-strings rule

The no-strings rule prohibits a nontrivial charge to travel a distance longer than a constant times

its size. We repeat the rule.

Definition 5.1: A string segment is a finitely supported Pauli operator that creates
excitations contained in the union of two finite boxes (anchor regions) of width
w. The string segment is nontrivial if the charge contained in one of the bozes
is nontrivial. The distance between the boxes is the length of the string segment.
We say that a model obeys no-strings rule if the length of any nontrivial string

segment of width w is bounded by aw for some constant o > 1.

The cubic code is an extreme case where a point charge cannot move distance 1 (Theorem 5.1). It
does not mean that isolation or diffusion of charges is impossible; Theorem 3.2 actually gives a local
process for the isolation to happen in the translationally invariant case. The isolation process for a
charge has to pay an energy penalty upper bounded by the logarithm of the distance from others.

In this chapter, we illustrate the energy landscape of the cubic code Hamiltonian in a view
towards self-correcting quantum memory. We show that the separation or isolation of charges
requires an energy barrier logarithmically high in the separation distance. This can be visualized
as follows. Imagine all the energy eigenstates as points on an imaginary “land,” and introduce a
metric on the land by the minimum number of local operations one has to apply in order to map one
state to another. Consider a function on the land given by the energy of the energy eigenstate. Our
logarithmic energy barrier means that the energy function, or “energy landscape,” has a macroscopic
number of local minimums separated by macroscopic energy barriers. These minimums correspond
to low-energy excited states in which the separation between defects is approximately the system
size.

The energy landscape with the large number of the local minimums suggests a possibility of a
spin glass phase at a sufficiently low temperature. Note that there is no quenched disorder in the
Hamiltonian [111, 112], and the glassy feature, if present, would be protected “topologically” [6]. A

spin glass phase can indeed be realized for some classical spin Hamiltonians with logarithmic energy
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barriers such as the model discovered by Newman and Moore [48]. Interplay between the topological
order and the spin glassiness has been studied recently by several authors [89, 113].

The logarithmic energy barrier is an optimal bound up to constants because of Theorem 3.2 and
4.3. An obvious difficulty in proving the lower bound on the energy barrier is that there are a huge
number of paths to isolate a charge. Relying on scale-invariant nature of the no-strings rule, we
introduce a technique which may be regarded as a renormalization group in the space of error paths.

Also, we attempt to estimate the length of the separation process: How many local operations do
we need in order to isolate a charge? Put differently, how large is a quantum mechanical tunneling
probability between two ground states in presence of local perturbations? Since the tunneling
amplitude would be non-vanishing only for virtual process that is mediated by an operator acting
on the ground space, the question translates into the theory of error correcting codes as to find the
weight distribution of logical operators. We do not answer this question at a satisfactory level, but

we find a superlinear lower bound on the code distance assuming the no-strings rule.

6.1 Logarithmic energy barrier

We consider a regular D-dimensional cubic lattice A with periodic boundary conditions and linear
size L, that is, A = ZP. Each site u € A is populated by a finite number of qubits. The class of

models we are going to discuss is that of code Hamiltonians

H=-) G, (6.1)

where each term G, is a multi-qubit Pauli operator (a tensor product of I, X, Y, Z with an overall
+1 sign) and different terms commute with each other; G,Gj, = GpG, and G2 = I. We assume that
each generator G, acts nontrivially (by X,Y or Z) only on a set of qubits located at vertices of an
elementary cube. It is allowed to have more than one generator per cube. Any short-range stabilizer
Hamiltonian can be written in this form by performing a coarse-graining of the lattice. We continue
to assume that H is frustration-free!, The Hamiltonian may or may not be translation-invariant.
Consider any multi-qubit Pauli operator E. A state ¢ = E 1)y is an excited eigenstate of H.
Obviously, G, ¥ = £1 where the sign depends on whether G, commutes (plus) or anticommutes
(minus) with E. Any flipped generator (G,1¢ = —) will be referred to as a defect. Different
defects may occupy the same elementary cube. It should be emphasized that a configuration of
defects, called a syndrome, in v is the same for all ground states 1y. An eigenstate with m defects
has energy 2m above the ground state. For brevity, we shall use the term vacuum for a ground

state of H whenever its choice is not important. A Pauli operator E whose action on the vacuum

1This is always the case for independent generators G,. Since our goal is to obtain a lower bound on the energy
barrier, we can assume that the generators are independent, although it does not play any role in our analysis.
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creates no defects is either a stabilizer (F € G), or a logical operator (E ¢ G, but E commutes
with G). In the former case any ground state of H is invariant under E. In the latter case E maps
some ground state of H to an orthogonal ground state.

A Hamiltonian is said to have topological order if it has a degenerate ground state and different
ground states are locally indistinguishable. We shall need a slightly stronger version of this condition
that involves properties of both ground and excited states. These properties depend on a length
scale L4, that must be bounded as L¢g, > L" for some constant v > 0. (For code Hamiltonians,
L4, corresponds to the code distance.) Most of stabilizer code Hamiltonians with topological order
satisfy our conditions with L4, ~ L. Our first topological quantum order condition concerns ground

states, which is a rephrasing of Definition 3.6:

Definition 6.1. TQO1 refers to the following condition: If a Pauli operator E creates no defects
when applied to the vacuum and its support can be enclosed by a cube of linear size L;q, then E is

a stabilizer, E € G.

Our second TQO condition concerns excited states. A cluster of defects S will be called neutral
if it can be created from the vacuum by a Pauli operator E whose support can be enclosed by a
cube of linear size Ly, without creating any other defects. Otherwise we say that S is a charged
cluster. Given a region A C A we shall use a notation B,.(A) for the r-neighborhood of A, that is,
a set of all points that have distance at most 7 from A. Here and below we use ¢ -distance on ZP.
We shall need the following condition saying that neutral clusters of defects can be created from the

vacuum locally.?

Definition 6.2. TQO2 refers to the following condition: Let S be a neutral cluster of defects and
Cmin(S) be the smallest cube that encloses S. Then S can be created from the vacuum by a Pauli

operator supported on B1(Chnin(S)).

Remark 6.1. A translationally invariant exact code Hamiltonian satisfies both of our topological
order conditions. In particular, the cubic code satisfies the present TQO conditions. [ TQO1 is im-
mediate from Lemma 3.3.1, and TQO2 follows from an argument similar to the proof of Lemma 3.3.1.
Indeed, given a neutral cluster e of defects, we have an equation e = ep for some p of the Pauli mod-
ule. p is computed by the standard division algorithm applied to the columns of the excitation map

€. If e is centered at origin, then the degree of p does not exceed that of e, which implies the second

TQO condition.

Let us consider a process of building a cluster of defects S (syndrome) from the vacuum. It
can be described by an error path — a finite sequence of local Pauli errors Fy,..., E7r such that

E = Er--- EsEq creates S from the vacuum. For simplicity, we assume that each local error Ej is

2If a lattice has a boundary, charged defects might be created locally on the boundary, as it is the case for the
planar version of the toric code. This is the reason why we restrict ourselves to periodic boundary conditions.
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a single-qubit Pauli operator ¢®, o¥, or ¢*. Applying this sequence of errors to a ground state 1
generates a sequence of states {¢(t)}4=o,....7, where and ¥(T') = E 1y is the excited state of defect
configuration S. We will say that S has energy barrier w if for any Pauli operator E that creates
S from the vacuum and for any error path implementing F, at least one of the intermediate states
has more than w defects. Note that we do not impose any restriction on the length of the path T as
long as it is finite. In particular, one and the same error may be repeated in the error path several
times at different time steps. Similarly, we consider the energy barrier for a logical operator P; we
say that a logical operator P has energy barrier w if for any error path implementing v — P 1y
at least one of the intermediate states ¥ (¢) has more than w defects.

For any integer p > 0, define a level-p unit of length ¢(p) as®

&(p) = (100), p=0,1,.... (6.2)

Let S be any non-empty syndrome. Recall that each defect in S can be associated with some

elementary cube of the lattice.

Definition 6.3. A syndrome S is said to be sparse at level p if the set of elementary cubes
occupied by the defects in S can be partitioned into a disjoint union of clusters such that each
cluster has diameter at most £(p) and any pair of distinct clusters combined together has diameter

larger than {(p + 1). Otherwise, S is non-sparse at level p.

For example, suppose all defects in S occupy the same elementary cube. Since an elementary cube
has diameter 1, such a syndrome S(t) is sparse at any level p > 0. If S occupies a pair of adjacent
cubes, S(t) is sparse at any level p > 1, but is non-sparse at level p = 0. Note that the partition of
S into clusters required for level-p sparsity is unique whenever it exists. The non-sparsity provides

a lower bound on the number of defects in a cluster as follows.

Lemma 6.1.1. A non-empty syndrome S that is non-sparse at all levels ¢ = 0,...,p contains at

least p + 2 defects.

Proof. Let C§0),...,C§°) be elementary cubes occupied by S. Obviously, S contains at least g
defects. Since S is non-empty and non-sparse at level 0, we have g > 2 and there exists a pair of
cubes C’C(LO),CZSO) such that the union C\” U CZEO) has diameter at most £(1). Combining the pair
C((LO), CZEO) into a single cluster, we obtain a partition S = C{l) U---u C;l_)l where each cluster Cél)
has diameter at most £(1). Since S is non-sparse at level 1, we have g — 1 > 2, and there exists a
pair of clusters C’él), Clgl) such that the union C(Sl) U Clgl) has diameter at most £(2). Combining the

pair C((ll), C’él) into a single cluster and proceeding in the same way we arrive at g > p + 2. O

3The choice of the constant 10 is somewhat arbitrary. We do not try to optimize constants in our proof.
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A configuration of defects created by applying a Pauli operator E to the vacuum will be called a
syndrome caused by E. The process of building up a logical operator P by a sequence of local errors

Ey,...,Ep can be described by a syndrome history {S(t)}:—o,. 7. Here S(¢) is the syndrome

.....

caused by the product E,--- E3E;, a partial implementation of P up to a step t. The following

concerns the size of local errors

Lemma 6.1.2. Let QQ; be Pauli operators causing a chain of transitions

V&C&Sl %Sg &}Q—T>ST ﬂ)vac_
Let P; be some Pauli operator creating the syndrome S; from the vacuum. Suppose the support of

any operator P; and any operator Q; can be enclosed by n or less cubes of linear size R such that

4nR < Ligo. Then, the product Q=Q1--Q,Q11 is a stabilizer.

Proof. Let 1y be any ground state. Define a sequence of states

Y(1) = PiQ1 - 2o,
w(]+1):(PJPJ+1)QJ+1w(]) forjzl,...,r—l,
1/1(7” + 1) = Qr+1Pr . 1/J(T)

Obviously,

V(i) =P - (Q1---Qj) - forj=1,...,r
Y(r+1) =+Q - tho.

It follows that all states ¥ (j) are ground states, and the transition from % (j) to ¥(j + 1) can be

caused by a Pauli operator

O = PjPj1Qj+1.

Let M; be the support of O;. By assumption, M; can be enclosed by at most 3n cubes of linear size
R. If M; is a connected set, i.e., one can connect any pair of qubits from M; by a path (uq,...,u;)
such that the distance between u, and u,41 is 1, then M; can be enclosed by a single cube of linear
size at most 3nR. That 3nR < Ly implies O; is a stabilizer by the topological order condition.
Generally, M; consists of several disconnected components M7, such that the distance between any
pair of distinct components is at least 2. The restriction of O; on a connected component commutes
with any stabilizer generator, and is supported in a box of linear size 3nR, which is smaller than Lq,
by assumption. Therefore, the restrictions are stabilizers, and their product O; is also a stabilizer.

In other words, (5 + 1) = £1(j) for all j. It means that Q 1y = £t for any ground state 159. We
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conclude that @ is a stabilizer. O

The no-strings rule says that an isolated charged defect belonging to some sparse syndrome cannot
be moved further than distance « away by a sequence of local errors. Since the no-strings rule is
scale invariant, it may be applied to a coarse-grained lattice to show that isolated charged clusters
cannot be moved further than distance a&(p) away. In order to exploit the scale invariance, we define
a level-p syndrome history as a subsequence of the original syndrome history {S(¢)}¢=o,... r that
includes only those syndromes S(t) that are non-sparse at all levels ¢ = 0,...,p — 1. The level-0
syndrome history includes all syndromes S(t), the level-1 syndrome history omits S(¢) that is sparse
at level 0, and so on. When S(¢') and S(t”) are a consecutive pair of level-p syndromes, we define a
level-p error E connecting S(t') and S(t"”) as the product of all single-qubit errors E; that occurred
between S(t') and S(t”). Level-p errors are represented by horizontal arrows on Fig. 6.1. Note that
we do not have any bound on the number of single-qubit errors Ej; in the interval between S(t') and
S(#"). In the worst case, E could act nontrivially on every qubit in the system. A main technical
lemma of this chapter below asserts, loosely speaking, that if a syndrome history does not have a
deep enough non-sparse hierarchy, any error path is equivalent to one that is localized around the

defects.

Lemma 6.1.3. Let S" = S(t') and S” = S(t"") be a consecutive pair of syndromes in the level-p
syndrome history of a Hamiltonian obeying the no-strings rule. Let E be the product of all errors

E; that occurred between S’ and S”. Suppose that any S(t) contains at most m defects. If
16m&(p) < Ligo,
then there exists an error E supported on Bepy (S"US") such that EE is a stabilizer.

Proof. The proof is by induction in p. When p = 0, £ = Ej; is a single-qubit error. If the qubit
acted on by E does not belong to By (S’ U S”), one must have S’ = S”. Tt means that F is a single-
qubit error with a trivial syndrome. The topological order condition implies that F is a stabilizer.
Choosing E = I proves the lemma for p = 0.

Suppose the assertion is true for some level p > 0. Let S’ = S(#') and S = S(¢") be consecutive
syndromes in the level-(p+ 1) history. Consider first the trivial case when S” = S(¢') and S” = S(t")
are also consecutive syndromes in the level-p history. Then S’ and S” are connected by a single*
level-p error E which, by induction hypothesis, has support on Be,)(S" U S”) modulo stabilizers.
The latter is contained in Bg(,11)(S’ U S”) which proves the induction step.

4The word ‘single’ does not necessarily mean a single blob of errors supported in a small ball; it just means a
single arrow in the level-p history. For instance, suppose that a model permits neutral point defects. Two neutral
defects separated by distance 1 is a non-sparse at level 0 and 1. If we annihilate one of them, put sparsely many
neutral defects, and finally put a neutral defect adjacent to one of the defects, then the whole process is described by
a consecutive pair in the level 1 history. The ‘single’ level-1 error in this case consists of many components.
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Figure 6.1: Renormalization group technique used to prove a logarithmic lower bound on the energy
barrier for logical operators. Horizontal axis represents time. Vertical axis represents RG level
p=0,1,...,Pmaz- A sequence of level-0 errors (single-qubit Pauli operators) implementing a logical
operator P defines a level-0 syndrome history (yellow circles) that consists of sparse (S) and non-
sparse (D) syndromes. The history begins and ends with the vacuum (0). For any level p > 1
we define a level-p syndrome history by retaining only non-sparse syndromes at the lower level. A
syndrome is called non-sparse at level p if it cannot be partitioned into clusters of size < (10«)?
separated by distance > (10a)P*!, where « is a constant coefficient from the no-strings rule. Each
level-p error (horizontal arrows) connecting syndromes S’,S” is equivalent to the product of all
level-(p—1) errors between S’, S” modulo a stabilizer. We prove that these stabilizers can be chosen
such that level-p errors act on 2°%) qubits. Since at the highest level p = ppas a single level-p error
is a logical operator, one must have p,qa. = Q(log L). We prove that level-p non-sparse syndromes
contain Q(p) defects which implies that at least one syndrome at level p = ppa — 2 consists of
Q(log L) defects.

@

ﬁ?—
—e—@

o —@

The nontrivial case is when there is at least one level-p syndrome between S’ and S”. The interval
of the level-p syndrome history between S’ and S” can be represented (after properly redefining the
time variable t) as

g Hrenay g1y By g(2) 22y B

S(T) Eai S”-

Here all syndromes S(1),...,S(7) are sparse at the level p and all transitions are caused by level-
p errors. The sparsity implies that the set of elementary cubes occupied by S(¢) has a unique
partition into a disjoint union of clusters C, () such that each cluster has diameter at most £(p) and

the distance between any pair, if any, of clusters is at least

dist(Ca (1), Co(t)) =2 £(p + 1) — 26(p) = (10 — 2)&(p) = Bak(p).

Represent any intermediate syndrome as a disjoint union
S()=S°(t)us™(t), t=1,...,T, (6.3)

where S°(t) and S™(t) include all charged and all neutral clusters C,(t), respectively. Let g be the
number of clusters in S¢(¢). We claim that g does not depend on ¢. Indeed, since a level-p error
E, acts on &(p)-neighborhood of S(¢) U S(t + 1) by the induction hypothesis, the sparsity condition

implies that F; cannot create or annihilate a charged cluster C,(¢) from the vacuum, or map a
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charged cluster to a neutral cluster and vice versa. The same argument shows that each cluster

C,(t) C S¢(t) can ‘move’ at most by &(p) per time step, that is, we can parameterize
Set) =Ci(t) U...UCy(t)
such that a ‘world-line’ of the a-th charged cluster obeys the continuity condition

dist(Cl(t + 1), Ca(t)) < E(p). (6.4)

We can now use the no-strings rule to show that all charged clusters are ‘locked’ near their initial
positions, so that their world-lines are essentially parallel to the time axis. More precisely, we claim
that

dist(Cy(t), Ca(l)) < aé(p) foralll <t <. (6.5)

Indeed, suppose Eq. (6.5) is false for some a. Using the continuity Eq. (6.4), one can find a time
step t1 such that dist(C,(t1), Co(1)) > aé(p) and dist(Cy(t), Co(1)) < al(p) for all 1 <t < t1. Let
Eiose be the product of all level-p errors E; that occurred between S(1) and S(¢;) within distance
(2 + a)é(p) from C,(1). Since all intermediate syndromes are sparse at level p, the net effect of
E jose 18 to annihilate the charged cluster C,(1) and create the charged cluster Cy(¢1). Equivalently,
applying E jse to the vacuum creates a pair of charged clusters C,(1) and C,(¢1). However, this
contradicts to the no-strings rule since C,(1) and C,(¢1) have linear size at most &(p) while the
distance between them is greater than a&(p). Thus we have proved Eq. (6.5).

We say that @ € A is close to S if ¥ € Be(pq1)(S'), and & € A is close to S” if & € Be(pq1)(S”).
Let E; be the level-p error causing the transition from S(t) to S(t + 1), where ¢ = 1,...,7 — 1.
By induction hypothesis, we may assume that the support of E; is in Be,) (S(t) U S(t 4 1)). Let
Ef be the restriction of E; onto Be,)(S°(t) U S¢(t + 1)), and Ef be the restriction of E; onto
Be(p)(S™(t) U S™(t +1)). The sparsity of S(t) implies that

E, = Ef-E". (6.6)

We claim that any error Ef is close to S’. Indeed, each cluster in S°(1) is within distance 2£(p) from
S’ since, otherwise, a single level-p error Ejeaq, supported in Be () (S"US(1)) by induction hypothesis
(modulo stabilizers), would be able to create a charged cluster from the vacuum. Using Eq. (6.5),
we infer that Cy(t) C Biata)e(p)(S’) for all a = 1,...,g. Therefore, Ef is close to S’.

We wish to find a “localized” leading error Fleaa that maps the syndrome S’ to S°(1) such that
the support of Fieq is close to S’. For each neutral cluster C' € S"(1) of diameter at most &(p),

let O'(C) be a Pauli operator creating C' from the vacuum. Because of our TQO2, we can choose
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O'(C) to be supported in By (C). Set

Ecad = Elead H 0'(C),
Ccesn(1)
We have seen that S°(1) is within (2 + «)¢(p)-neighborhood of S’. If FEjeaq has a disconnected
component E(C), isolated by distance £(p) and centered at a neutral cluster C' of S™(1), then
E(C)O'(C) is a stabilizer. Hence, Fleaq is close to S” modulo stabilizers. If Ejoaq does not have such
a component, Eje.q is already close to S’. Certainly, Ejeaq maps S’ to S¢(1). We can apply the same

rules to the error Fi,; and the syndrome S™(7). We find a localized error

Etait = Eail - H 0"(C)

cesn(r)

modulo stabilizers such that Ein; maps S¢(7) to S” and the support of Flay is close to S”. The
operator O”(C) above creates a neutral cluster C' € S™(7) from the vacuum.

We can now define a localized level-(p + 1) error E whose support is close to S’ U S” as
E=FEun-E |- E- Eeaq. (6.7)
By construction, it describes an error path

S, Elcad Sc(l) 250(2) EE_) E7_71 SC(T) Etail S/,.

It remains to check that F - E is a stabilizer. Combining Eq. (6.6) and Eq. (6.7) we conclude that
E-FE = +(EicaaBiead) - BT -+ E7_y - (Etait Brait)-

Applying E - E to the vacuum generates the following chain of transitions:

vac DiesaBready gnyy By gngy P Bro gnoy BunBuin, (6.8)
Each syndrome S™(t) consists of at most m neutral clusters of diameter £(p), i.e., it can be created
from the vacuum by an error whose support can be enclosed by at most m cubes of linear size 2+£(p),
due to our TQO2. The first transition Flead Fleaq or the last transition EyajFra is caused by errors
whose support can be enclosed by at most m cubes of linear size 2+ £(p). All intermediate ones are
supported on Be ) (S™(t) US™(t+ 1)). Hence their support can be enclosed by at most 2m cubes of
linear size 2 + £(p). Now the statement that E - E is a stabilizer follows from Lemma 6.1.2. O

Now we state two theorems that apply to any stabilizer Hamiltonian Eq. (6.1) on a D-dimensional
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lattice that obeys the topological order condition (TQO1,2) and the no-strings rule. The numerical
constants for the Hamiltonian are o > 1 in the no-strings rule and 1 > v > 0 in the bound L¢q, > L7

where L is the linear system size.

Theorem 6.1. The energy barrier for any logical operator is at least clog L for some constant

c=c(a,7).

Proof. Consider a syndrome history of an implementation of a logical operator E. We keep the
initial and the final syndromes (the empty syndromes) at all levels; the syndrome history starts and
ends with the vacuum at any level p. It suffices to treat the case where all intermediate syndromes
S(t) are non-empty. Let piqa. be the highest RG level, that is, the smallest integer p > 0 such that
a single level-p error £ maps the vacuum to itself, see Fig. 6.1. Let m be the maximum number of
defects in the syndrome history at any given moment.

Suppose that 16m&(Pmaz) < Ligo- Then Lemma 6.1.3 applied to the level-p,,qq syndrome history
with 8’ = S” = 0 (vacuum), would imply E = I. Since E is not a stabilizer by assumption, we must
have 16m&(Pmaz) > Ligo. Since the syndrome history must contain a syndrome S(¢) non-sparse
at all levels O,...,Pmaz — 2, Lemma 6.1.1 implies m > ppmaz. And, TQO1 requires Lig, > L7.
Therefore, 16(10a)?™ > 16m(10a)™ > 16m(10a)Pmes > LY and m = Q(L). O

Theorem 6.2. Let S be a neutral cluster of defects containing a charged cluster S’ C S of diameter
r such that there are no other defects within distance R from S’. If r + R < Lygo, then the energy

barrier for creating S from the vacuum is at least clog R for some constant ¢ = ¢(«).

Proof. Let S be a neutral cluster of defects and E be a Pauli operator creating S from the vacuum,
with S’ C S of diameter r being charged. Consider a hierarchy of syndrome histories similar to
the one shown on Fig. 6.1, where we now maintain the initial syndrome @) and the final syndrome
S for all levels. Let pp,q. be the highest RG level. Then a single level-p,,q, error E creates S
from the vacuum. Since there must be a syndrome that is non-sparse for all levels 0, 1, ..., ppmaz — 2,
Lemma 6.1.1 implies m > pyq. Where m is the maximum number of defects in the syndrome history.

Suppose 16mé&(pmaz) < Ligo Lemma 6.1.3 implies that E is the equivalent modulo stabilizers to
E supported on Be(pran) (). I E(Pmaz) < R/4, then F must act on two separated regions, one near
S’ and another far from S’. This means that S’ alone can be created by a Pauli operator whose
support is enclosed by a cube of linear size r + R/2. Since r + R < Ly, it is contradictory to the
assumption that S’ is charged. Therefore, {(pmae) > R/4, and m = Q(R). If 16m&(Pmaz) = Ligo,

then, since L4 > R, we also have m = Q(R). O
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6.2 Superlinear code distance

We have shown that in a process of isolating a charged cluster, there is a logarithmic energy barrier.
The following theorem quantifies how long the process must be. The proof again makes use of
renormalization group, and shows that there is a subset of ‘fractal dimension’ v > 1 in the support
of E, the operator that makes two separated clusters from the vacuum of which one is charged. We
assume that E has weight minimum possible.

Let w be an odd positive number. We say a set of sites C' C A is a level-p chunk if diam(C') < wP.
A path in the lattice is a finite sequence of sites (u1,us,...,u,) such that d(u;,u; 1) = 1. (Recall

that we use the I, metric d.) Using paths, we can say whether a set is connected.

Definition 6.4. A connected level-p chunk C C S is mazimal with respect to a set of sites S if

there exist a connected subset C° C C and a path ¢ = (u1,...,m,...,u,) C C° satisfying
(i) d(uy,un) = wP —wP™1

(i) d(ur,m), d(uy,m) > =g

(iii) C° contains the connected component of m in B,»_,»-1 (m) NS, and
2

(iv) C contains the connected component of C° in B,»-1 (C°)NS.
2

The last two conditions restricts the position of ¢ in C such that ¢ lies sufficiently far from the
boundary of C'. The site m will be referred to as a midpoint of C. Let S be the support of the

Pauli operator E, any restriction of which obeys the no-strings rule.

Lemma 6.2.1. Given a path ¢ in S joining uy1 and wu, such that d(ui,u,) = lwP — 1, there are

disjoint maximal chunks of level p whose midpoints are on (.

Proof. For convenience, we assume that the z-coordinates of u; and u,, are 0 and [wP —1, respectively.
Consider [+1 planes P; perpendicular to the z-axis, whose z-coordinates are w? fori = 0,1,...,[. In

each region between the two consecutive planes P;_; and P;, there is a subpath ¢; = (uj,_,,...,u;,)

such that d(uj, ,,uj,) = w? — 1. Choose m; € ¢; such that d(uj, ,,m;),d(m;,u;,) > Y51, Let C;
be the connected component of m; within SN B wp (m;). Add, if necessary, some points of ¢; to C;
to get a maximally connected CJ. This C/ is a maximal chunk of sites with midpoint being m;. Any

two C!’s are disjoint since each of them lies in a unique region enclosed by P;_; and P;. O

Lemma 6.2.2. For sufficiently large w, a mazimal level (p + 1) chunk C with respect to S admits

a decomposition into w + 1 or more maximal chunks of level p with respect to S.

Proof. Recall that S is the support of the Pauli operator E, any restriction of which obeys no-strings
rule. Define the boundary of a subset U of S to be 9U = B1(U)NU°N S. Then, any subset U of

sites with boundary enclosed in a two disjoint regions can be regarded as a string segment.
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By the definition of the maximal chunk, there exists a path (u,...,m,...,uy) in C° C C such
that d(uy,u,) = wP™ — wP. We assume that the z-coordinates of uy,u, differ by wP*! —wP. We
will show that there are sufficiently long and separated paths in C°, to which we apply Lemma 6.2.1
to find w + 1 maximal chunks of level p. They will lie in B wp (C?), and hence in C.

Let M (N) be the subset of S consisted of sites whose z-coordinates differ from that of uy (u,)
by at most nwP. First, suppose 0C° is not contained in M U N. Since u; € M and u,, € N, there
is a site s € C° adjacent (of distance 1) to 0C° such that d(s,u1),d(s,u,) > nwP. Furthermore,
d(s,m) > w — 1; otherwise, C° contains a site in the boundary, which is a contradiction.

Consider the shortest network A of paths in C° connecting four sites ui, m,u,,s. (The length
of a network of paths is the number of sites in the union of the paths.) Let ¢ be the shortest path in
N from u; to u,. If s is not contained in Bsyer (¢), then ¢’ C A joining s to a site on ¢ has a subpath
¢" C (' of diameter at least 2w? such that ¢” is separated from ¢ by wP. Applying Lemma 6.2.1
to ¢ and (", we find at least w + 1 maximal chunk of level p. If m is not contained in Bs,»((), a
similar argument reveals at least w 4+ 1 maximal chunk of level p.

Suppose both s and m are contained in Bsy,»(¢). Observe that ¢\ (Bawr(s) U Byye (m)) consists

W —w” @b and the

of three connected components (1, (s, (3, two of which have diameter > w? 5
other has diameter > (n — 4)wP. Two distinct B% (¢;) and B% (¢5) (4,4 = 1,2,3) do not overlap
because of the minimality of (. Applying Lemma 6.2.1, we find w + n — 21 maximal chunks of level
p. Choosing 1 > 21, we get the desired result.

Next, suppose dC° is contained in M U N. Let sy, sy € C°\ (M U N) be sites adjacent to
M and N, respectively. The separation between M and N is (w — 1 — 2n)wP. If it is greater than
17’ aw?, there must be a z-plane P that contains sp; or sy such that P N C° has diameter > n/w?;
Otherwise, the no-strings rule is violated. Let vy, v, € P N C° be sites separated by n'w?. The four
sites, u1, un, v1, ve are sufficiently separated and connected by some paths in C°. Arguing as before,

we find (w — 1) + 7' — 16 maximal chunks of level p. The choice of ' > 17 and w > 1+ 2n+ 7'«

proves the lemma. O

Theorem 6.3. Let E be a Pauli operator creating S, a neutral cluster of defects containing a
charged cluster S" C S of diameter r such that there are no other defects within distance R from S'.

If r + 2R < Lygo, then the weight of E must be > cRY for some constant v > 1 and c.

Proof. The support of the minimal Pauli operator E in Theorem 6.3 must admit a path connecting
S and S\ S’. Otherwise, S’ can be regarded as being created locally, and our topological order
condition demands the cluster be neutral. Since the path has length > R, Lemma 6.2.1 says we
have a maximal chunk of level p where p is such that w? < R < wPt!. Lemma 6.2.2 implies

any maximal chunk of level p must contain at least (w + 1) sites. This concludes the proof with

_ log(w+1)
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A similar argument proves the lower bound d = (L") on the code distance d of the cubic code

since the minimal logical operator must contain a path of length L.
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Chapter 7

Renormalization group decoder
and error threshold theorem

Any error correcting scheme would be comprised of a chosen code space, an encoding procedure, and
a decoding procedure. We have studied a way to choose a code space via additive/stabilizer code
formalism. Our focus has been the situation where the code space is realized as a ground space of a
local Hamiltonian. The encoding is a process in which one prepares a state that is to be transferred
or stored, and then one embeds the state into the designed code space. For a concatenated code
the encoding would be hierarchical resembling the very way the code is constructed. Interestingly, a
ground state of toric code model can also be prepared in a similarly hierarchical way [105]. In case
of the cubic code, for example, the encoding can be done by inverting the real-space renormalization
group procedure presented in Section 5.4.

The decoder of a quantum code restores a damaged state into the code space. In contrast to
its name, the decoder should not reveal any information that is encoded. Rather, it prepares the
state appropriate for next information processing step which assumes that the state is in the code
space; it detects errors and suggests an operator that would undo the errors. The performance
of the decoder is measured by how closely the damaged state is restored to the original encoded
state. In this chapter, we explain a decoding algorithm, called renormalization group decoder, that
is applicable for a family of topological codes including the cubic code. A very similar idea appears
in Harrington’s thesis [114]. A decoder for 2D toric code with a similar name was proposed by
Duclos-Cianci and Poulin [115]. The two decoders are conceptually similar, and the running times
are the same up to a multiplicative constant. Our decoder is however advantageous for its simplicity
and applicability. In particular, our decoder is the only decoder so far that has a positive error
threshold under stochastic error when used with the cubic code. In fact, our decoder provides a
universal positive error threshold for all topological codes in a given number of spatial dimensions,
as we prove in Section 7.5.

Formally, if we restrict ourselves to local additive codes, the decoder is an association of a Pauli
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operator P to any possible syndrome S such that the Pauli operator P transforms S to the empty
syndrome. Recall that the syndrome measurement reveals locations of defects (flipped stabilizer
generators) created by an unknown error. The renormalization group (RG) decoder attempts to
annihilate the defects comprising the syndrome S by dividing them into disjoint connected clusters
S =C1U...UC), and then trying to annihilate each cluster C, individually. More specifically, the
decoder checks whether C, can be annihilated by a Pauli operator P, supported on a sufficiently
small spatial region b(C,) enclosing C,. If such a local annihilation operator P, exists, the decoder
updates the syndrome by erasing all the defects comprising C,, records the operator P,, and moves on
to the next cluster. If C, cannot be annihilated, the decoder skips it. The annihilation operator P, is
not unique. However, if the enclosing region b(C,) is small enough to ensure that no logical operator
can be supported on b(C,), all annihilation operators P, must be equivalent modulo stabilizers and
the choice of P, does not matter.

After all clusters C, have been examined, the decoder is left with a new configuration of defects
S’, which is typically smaller than the original one. If no defects are left, i.e., S’ = (), the decoder
stops and returns the product of all recorded Pauli operators P,. If S’ # @, the decoder applies
a scale transformation increasing the unit of length by some constant factor and repeats all the
above steps starting from the syndrome S’. The scale transformation potentially merges several
unerased clusters C, into a single connected cluster whereby giving the decoder one more attempt
to annihilate them.

The full decoding algorithm is the iteration of partitioning the defects into the connected clusters
and calculating the annihilation operators. It declares failure and aborts if the recorded operator
cannot annihilate all the defects before the rescaled unit length is comparable to the lattice size.

A detailed implementation of the RG decoder must be tailored to a specific lattice geometry and
a stabilizer code under consideration. It must include a precise definition of the connected clusters
of defects C, and the enclosing regions b(C,). It must also include an algorithm for choosing the
annihilation operators P,, a schedule for increasing the unit of length, and clearly stated conditions
under which the decoder aborts. In the rest of this chapter we describe an efficient implementation
of the RG decoder for arbitrary stabilizer codes satisfying topological order conditions defined in
the previous chapter. The only part of this implementation specialized for the 3D cubic code is
the “broom algorithm” of Section 7.4. As we have noted in Remark 6.1, the our topological order
conditions are satisfied by every translationally invariant exact code. It turns out that the broom

algorithm is also applicable for every translationally invariant code.
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7.1 Assumptions and conventions

Let A be the regular 3D cubic lattice of linear size L with periodic boundary conditions along
all coordinates z,y, z. We shall label sites of A by triples of integers (i, j, k) defined modulo L and
measure the distance between sites using the £..-metric. In other words, the distance d(u, v) between
a pair of sites u and v is the smallest integer r such that u and v can be enclosed by a cubic box
with dimensions r x r X r. For example, d(u,v) = 1 whenever u and v belong to the same edge,
plaquette, or elementary cube of the lattice. Each site of A represents one or several physical qubits
(two qubits for the 3D Cubic Code). Each elementary cube c¢ represents a spatial location of one
or several stabilizer generators For example, there are two generators for the 3D Cubic Code. A
generator located at cube ¢ may act only on qubits located at vertices of ¢. We shall label each
elementary cube by coordinates of its center, the triple of half-integers (i, j, k) defined modulo L.
The distance d(c,c’) between a pair of cubes ¢ and ¢’ is the distance between their centers. For
example, d(c,¢’) = 1 whenever ¢ and ¢ share a vertex, an edge, or a plaquette.

A defect is a stabilizer generator whose eigenvalue has been flipped as a result of the error. We
shall use a term cluster of defects, or simply cluster for any set of defects. Define the diameter
of a cluster d(C) as the maximum distance d(c,c’) where ¢,¢’ € C. Here and below the distance
between defects is defined as the distance between the cubes occupied by these defects. Given two
non-empty clusters C' and C’; define a distance d(C,C") as the minimum distance d(c,c¢’) where
c € C and ¢ € C’. Given an integer r, we shall say that a cluster C is connected at scale r, or
simply r-connected, if C' cannot be partitioned into two proper subsets C' = C’ U C” such that
d(C’,C") > r. A maximal r-connected subset of a cluster C is called a r-connected component
of C. The minimal enclosing box b(C) of a cluster C is the smallest rectangular box B enclosing
all defects of C such that all vertices of B are dual sites of A. Note that the minimal enclosing box
b(C) is unique as long as d(C) < L/2; if a cluster C has diameter L/2, one may have two boxes with
the same dimensions enclosing C' that ‘wrap’ around the lattice in two different ways.

Let G be the abelian group generated by the stabilizer generators. Elements of G are called
stabilizers. Let S(P) be the syndrome of a Pauli operator P, that is, the set of all stabilizer

generators anticommuting with P. The syndrome can be viewed as a cluster of defects.

We assume that our topological code obeys TQO1 and TQOZ2 of Defini-
tions 6.1,6.2 throughout the chapter, but not the no-strings rule of Definition 5.1.

The 3D cubic code satisfies both of TQO1 and TQO2 with Ly, = %L, since it is exact. In order to
avoid unnecessary complications due to boundaries, we always assume that L;q, < %L. Below we
consider only topological stabilizer codes. Continued from the previous chapter, a cluster of defects
C is called neutral if it can be created from the vacuum by a Pauli operator P supported on a cube

of linear size L;qo. Otherwise, the cluster is said to be charged. For example, the 2D toric code [3]
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has two types of defects: magnetic charges (flipped plaquette operators) and electric charges (flipped
star operators). In this case, a cluster of defects C' is neutral if and only if C contains even number
of magnetic charges and even number of electric charges. It follows from TQO?2 that any neutral
cluster of defects C can be annihilated by a Pauli operator supported on the 1-neighborhood of the

minimum enclosing box b(C).

7.2 Renormalization group decoder

We are now ready to define our RG decoder precisely. Recall that d(C) is the diameter of a cluster

C, and Lig, < %L by convention.

TestNeutral

Input S : a set of defects, Output P : a Pauli operator.

1. Compute the minimal enclosing box B of S.

2. if d(B) > L4, then return I.

3. Try to compute a Pauli P supported on the 1-neighborhood of B such that S(P) = S.

4. if a consistent P is found then return P else return I.

TQO2 implies that TestNeutral successfully computes the correcting Pauli operator for any neutral
cluster. Step 1 is easy as we discuss in the end of Section 7.3. The specification of Step 3 depends on
the code, but it always has an efficient implementation using the standard stabilizer formalism [116].
In general, the condition S(P) = S can be described by a system of O(V) linear equations over O(V)
binary variables parameterizing P, where V is the volume of B. The running time is then O(V?3) by
the Gauss elimination. In the special case of the 3D cubic code or more generally all translationally
invariant codes, there is a much more efficient algorithm running in time O(V') which we describe
in Section 7.4.

Let pp be the largest integer such that 2P < L,4,. For any integer 0 < p < pys, we define the

level-p error correction:

EC(p)

Input S : a syndrome, Output P : a Pauli operator.

1. Partition S into 2P-connected components: S = Ci U...UC,y,.
2. For each component, compute P, = TestNeutral(C,).

3. return the product Pi P --- P,,.

The overall running time of EC(p) is polynomial in the number of qubits N. Step 1 can be done,
for example, by examining the distance between all pairs of defects, forming a graph whose edges
connect pairs of defects separated by distance < 2P, and finding connected components of this graph.
A more efficient algorithm with the running time O(N) is described in Section 7.3. Since V = O(N)

and m = O(N), we see that the worst-case running time of EC(p) is O(N?). For instance, one can
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Figure 7.1: Configuration of defects at consecutive levels of renormalization group decoder. Bit-flip
errors are generated stochastically for an illustrative purpose, over 64 x 64 lattice with a uniform error
rate 8% per qubit. The dots are flipped stabilizer generators (defects) of the 2D toric code. At each
level p, RG decoder decomposes the set of defects into connected clusters — connected components
and edges connecting pairs of defects separated by
distance 2P or less (not shown). Each neutral cluster containing even number of defects (blue) is
annihilated by applying a local Pauli operator supported in the smallest rectangular box enclosing
the cluster. Charged clusters containing odd number of defects (red) cannot be annihilated locally.
All defects in the red clusters are passed to the next RG level p+ 1. In this example the red clusters
from level 3 are annihilated at level 4 (not shown) and RG decoder successfully annihilated all defects

in a graph with vertices representing defects

returning the corrupted state to the originally

Level 3: Unit length 8

encoded state.
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consider nested boxes, near the faces of which many defects lie. However, clusters are created from
the vacuum with some probability which we expect to be smaller than, say, % So the number of
clusters that have overlapping minimal enclosing box appears with exponentially small probability.

On average, the running time of EC(p) will be O(N). The full RG decoding algorithm is as follows.

RG Decoder
Input S : the syndrome, Output P,. : a Pauli operator.
1. Set P,. =1.
2. for p=0 to py; do
Let Q =EC(p)(95).
Update P.. < P..-Q and S + S & S(Q).
end for

3. if S = 0 then return P,. else declare failure.

Here the notation S @ S(Q) stands for the symmetric difference of the sets S and S(Q) or addition
modulo two, if the syndromes are represented by binary strings. The discussion above implies that
the RG decoder has running time O(N?log N) in the worst case, and O(N log N) in the case of
sparse syndromes. An example of RG decoder in action is illustrated in Figure 7.1.

Being a physically realizable operation, any decoder should be written as a trace preserving
completely positive map on the set of density matrices. By measuring a syndrome S, the decoder
projects the state onto a subspace Ilg of the syndrome S, and then applies a correcting operator
Pee(S5):

Dee(p) = Y Pee(S)Tg plls Pec(S)T
s

where the sum is over all possible syndromes. Thus, to conform with this equation our decoder
should return some operator that is consistent with the measured syndrome, rather than declaring

a “failure.” It is however no better than initializing the memory with an arbitrary state.

7.3 Cluster decomposition

Given a length scale 7, the cluster decomposition of defects is to partition the defects into maximally
connected subsets (connected components) of the syndrome at scale r. Naively, the task to compute
the decomposition of all the defects into clusters will take time O(m?) where m is the total number
of defects. The density of defects will typically be constant irrespective of the system size, and the
computation time for decomposition will be O(N?), where N is the volume of the system. However,
by exploiting the geometry of simple cubic lattice, we can do it in time O(N). This is the optimal
scaling since we have to sweep through the whole system anyway to identify the position of defects.

If » = 1, the problem is to label the connected components of binary array [117, 118]. Given a
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defect ug, we can compute the connected component containing ug in time O(m) where m is the
number of defects in the component. One prepares an empty queue (first-in-first-out data structure),
and puts ug into it. The subsequent computing is as follows: (i) Pop out the first element u from the
queue, and of the neighborhood put the unlabeled defects into the queue and label them. (ii) Repeat
until the queue becomes empty. Every defect in a connected component j is stored in the queue only
once. Hence, this process computes the component j of a given defect in time proportional to the
number m; of defects in j. One examines the whole system in some order and finds the connected
component whenever there is an unlabeled defect. The total computation time is proportional to
N +0(1) >, m; = O(N), since the connected components are disjoint.

For r > 1, the algorithm begins by dividing the whole lattice into boxes of linear size r or smaller.
The defects in a box certainly belong to a single connected component (recall that we use the ¢
metric). The defects in the boxes B, B’ belong to the same component if and only if there is a pair

u € B, v € B’ of defects such that d(u,v) < r. In other words, we evaluate the binary function

1 if there are u € B,v € B’ such that d(u,v) <,
§(B,B’) =

0 otherwise

for each neighbor B’ of B; if B does not meet B’, we know that §(B, B') = 0.

Given the table of &, we can finish computing the decomposition in time O((L/7)P) as in the
r = 1 case. We show that the computation of §(B, B’) can be done in time O(r”) where D is the
dimension of the lattice. Then, the total time to compute the table of § for all adjacent boxes will be
O(rP(L/r)P) = O(N). Let B and B’ be adjacent. For clarity of presentation, we restrict to D = 2.
Suppose B and B’ meet along an edge parallel to z-axis. Since any difference |x —a'| of z-coordinates
of the defects in B U B’ is at most r, we only need to compare y-coordinates. That is, the problem
is reduced to one dimension. It suffices to pick two defects from B and B’, respectively, that are
the closest to the z-axis. If the y-coordinates differ at most by r, then §(B, B’) = 1; otherwise,
4(B,B’") =0.

Suppose B and B’ meet at a vertex. Without loss of generality, we assume B is in the third

quadrant, and B’ is in the first quadrant. Define a binary function 4’ on B’ as

1 if there is a defect (z,y) € B’ where < i and y < j,
&'(i, 5) =
0 otherwise.

The function table of ¢’ is computed in time O(r?). It is important to note that ¢’(i, j) = 1 implies

§'(i+1,j) = 6'(i,j + 1) = 1. One starts from the origin and sets §'(3, 5) = 1 if there is a defect

)
at (3,1); otherwise 0’(3,1) = 0. Here, (3,1) means the elementary square in the first quadrant
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that is the closest to the origin. Proceeding by a lexicographic order of the coordinates, one sets
6'(i,j)=1if§(i—1,5) =1, or §(i,7 — 1) = 1, or there is a defect at (i, j); otherwise ¢’(¢,7) = 0.
It is readily checked that this procedure correctly computes §’. Equipped with this §’ table, we can
immediately test for each defect in B whether there is a defect in B’ within distance r. Thus, we
have computed §(B, B’) in time O(r?) + O(m) where m is the number of defects in B, which is at
most O(r?). The computation of § in higher dimensions is similar.

The computation of the minimal enclosing box for each cluster is also efficient. Given the
coordinates of the m points in the cluster, we read out, say, z-coordinates x1, ..., Z;,. The minimal
enclosing interval B, of x1,...,x,;, under periodic boundary conditions, is the complement of the
longest interval between consecutive points x; and x;41 which can be computed in time O(m). B,
is unambiguous if the diameter of the cluster is smaller than L/2. The minimal enclosing box is the

product set B, x B, x B,, whose vertices are computed in time O(m).

7.4 Grobner basis and broom algorithm

Now we describe an efficient algorithm for the 3D cubic code that tests whether a cluster is neutral.
If the test is positive, the algorithm also returns a Pauli operator E that annihilates the cluster.

A crucial property of the 3D cubic code is that it is translationally invariant; it is described
by a few Laurent polynomials over the variables that represent translations. See Chapter 3. The
polynomials form a matrix o satisfying ofAoc = 0, where t is transposition followed by entry-wise
antipode map,  — x~!, etc., and A is an alternating full rank matrix. Since we are working with
qubits, the alternating matrix is actually symmetric. More important than o is the excitation map
e = ofA. A Pauli operator described by a column matrix p produces a syndrome described by
ep. Thus, the neutrality of a cluster ¢ is equivalent to the existence of p of finitely many terms
such that ¢ = ep. That is, ¢ is neutral if and only if ¢ € ime; the neutrality test is really a
submodule membership problem. Grobner basis provides an efficient algorithmic answer to the
membership problem: Compute a Grobner basis B for the module ime. It can be done by, for
example, Buchberger algorithm applied to columns of € [77]. The Grobner basis is computed only

once for a given code. Then, the neutrality test is straightforward:

(1) Express a cluster as a column matrix e of Laurent polynomials. This step takes running time

O(V') where V is the volume of the cluster.

(2) Run a standard division algorithm with respect to B. It generates an explicit expression

e=Zcibi+r

where b; € B, and r is a unique remainder that cannot be further reduced by B. During the



131

| |

Lzl 7z

___ - ___]_

e 7 z Yz
xz TYz

|

| 27 L R Y

V2 %

,/| l I x Ty

L ZI Lzl | zz

. T

Figure 7.2: Elementary syndromes created by Z errors. The vertices which are on the dual lattice,
represent the defects created by the error at the center. The elementary syndrome by Z1 is used to
push the defects to the bottom and to the left. The syndromes by errors of weight three is used to
push the defects to the bottom-left corner. The cube on the right specifies the coordinate system.

division the degree does not increase. Therefore, the running time of the division is O(V).

(3) If r = 0, then the cluster is neutral, and ¢; give the annihilating operator for the cluster. If

r # 0, then the cluster is charged.

The 3D cubic code is simple because it is Calderbank-Shor-Steane type code; X- and Z-type
errors can be treated separately. Since there is one X-type stabilizer generator, the syndrome caused
by Z errors is expressed by one Laurent polynomial, which we call a syndrome polynomial. And
neutral syndromes are described by an ideal (submodule) I = (zyz +xy+yz+ 22, zyz+x+y+2).!
For simplicity, suppose that the syndrome polynomial is of nonnegative exponents. A Grobner basis?

of Iis

Tr+Y+z+Xyz,

rT+yY+XxXy+2+rz+yz,
T+y+z+aztyz+ 2%+ xz? 4y, (7.1)

x+y+xy+y2+xy24—z+yz—¢-yzz7

y2+yz+y2z+22+y22+y2z2

where leading terms are marked as bold. The following is an graphical explanation for the division

algorithm. Figure 7.2 shows a subset of a Grobner basis for the cubic code. One can directly see

1 The generators of I are different from those presented in Chapter 5, but they are related by redefinition of lattice
coordinate system. The antipode map applied to I yields (1+z+y+ 2, 1+ zy + yz + zz).

2The basis presented here is not the reduced Grébner basis, by which we mean a basis where no term is divisible by
a leading term of other elements in the basis. The presented basis is actually what is used in the numerical simulation
of the cubic code in Chapter 8. It also matches with Figure 7.2.
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that the first four polynomials in Eq. (7.1) matches the diagrams. A step-by-step explanation is as
follows. We fix a box B that encloses all the defects in the neutral cluster. We will sweep the defects
to bottom-left-back corner. Since each defect is a Z5 charge, they will disappear in the end. The
algorithm begins with the top-right foremost vertex of B on the dual lattice. If there is a defect at
(x+ %, Y+ %, z+ %), we apply ZI at (x,y,z) to eliminate it. This might create another defects as
there are four defects in the elementary syndrome. Important is that the potentially new defects
are all contained in the box B we started with. Continuing with ZI we push all the defects in the
foremost plane of B to the left vertical line and the bottom horizontal line. During this process, we
record where Z1 has been applied.

For the defects on the vertical line at the left or on the horizontal line at the bottom, we use the
operator of weight 3 to further move the defects to the bottom-left corner. See Fig. 7.2. This will
in general create more defects behind, all of which are still contained in B. Thus, we have moved

all the defects on the foremost plane to the bottom-left corner except for the three sites t, u, v:

~
)

(7.2)

That is, if E’ is the recorded operator during the sweeping process, the syndrome S(EE’) C B has
potential defects only at ¢, u, v on the foremost plane.

Let o be at (z, + %,yo + %,zo + %) By considering the multiplication by suitable stabilizer
generators Q%, we can assume that FE’ is the identity on the plane z = z,, except (Zoy Yoy Zo)-
Since there is no defect at o, the operator at (z,, ¥, zo) has to commute with X X; it is either I
or ZZ. Applying ZZ if necessary, the operator at (z,, Yo, 2,) Will become II, and the defects at
t, u,v will disappear. In this way, we have successfully pushed all the defects to the next-to-foremost
plane. We emphasize that the box B still envelops all the defects, and further B can be shrunk in
one direction.

Due to the threefold symmetry of the cubic code, one can carry out this broom algorithm along
any of three directions. We will have, at last, a box B of volume 1 that encloses all defects. The
defects in the cluster must be from one of the three elementary syndrome cubes created either by
ZI, 1Z, or ZZ, which are easily eliminated. It is clear that in time O(V') the error operator has
been computed up to stabilizer, where V is the initial volume of the minimal enclosing box of the

cluster.
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7.5 Threshold theorem for topological stabilizer codes

In this section we prove that any topological stabilizer code can tolerate stochastic local errors with
a small constant rate assuming that the error correction is performed using the RG decoder. We
assume without loss of generality that each stabilizer generator is supported on a unit cube. Each
site of the lattice may contain finitely many qubits. A generator at a cube ¢ may act only on qubits
of ¢. We shall assume that errors at different sites are independent and identically distributed. More
precisely, let E(P) be the set of sites at which a Pauli error P acts nontrivially. We shall assume
that

Pr[E(P) = E] = (1 — ¢)V|EllEl (7.3)

where 0 < ¢ < 1 is the error rate and V = LP is the total number of sites (the volume of the
lattice). For example, the depolarizing noise in which every qubit experiences X,Y, Z errors with
the probability p/3 each, satisfies Eq. (7.3) with the error rate e = 1 —(1—p)9, where ¢ is the number
of qubits per site.

Theorem 7.1. Suppose a family of stabilizer codes has topological order satisfying TQO1,2. (In
particular, every translationally invariant exact codes do.) Then, there exists a constant threshold
€0 > 0 such that for any € < €y the RG decoder corrects random independent errors with rate € with

the failure probability at most e=*L") for some constant n > 0.

In the rest of this section we prove the theorem. Our proof borrows some techniques from [119, 120,
114], specifically Section 5.1 of Gray’s review [119] on Gécs’ 1D cellular automata [120].

Recall that we use f,,-metric, so a cube of linear size r thus has diameter r. We keep the
terminologies and conventions from Section 7.1, and our decoder is what we have explained in the
previous sections: The level-p error correction EC(p) on a syndrome S is the following subroutine.
(i) find all neutral 2P-connected components M of S, (ii) for each M found at step 1, calculate and
apply a Pauli operator P supported on the 1-neighborhood of b(M) that annihilates M, and update
the syndrome accordingly. Calling the full RG decoder on a syndrome S involves the following
steps: (i) run EC(0), EC(1), ..., EC(|logy Ligo]), (ii) if the resulting syndrome S is empty, return
the accumulated Pauli operator applied by the subroutines EC(p). Otherwise, declare a failure.

Below we shall use the term ‘error’ both for the error operator P and for the subset of sites F
acted on by P, whenever the meaning is clear from the context. Let us choose an integer @ > 1
and find a class of errors which are properly corrected by the RG decoder, see Lemma 7.5.2 below.
We will see later that this class of errors actually includes all errors which are likely to appear for

small enough error rate.

Definition 7.1. Let E be a fixed error. A site u € F is called a level-0 chunk. A non-empty

subset of E is called a level-n chunk (n > 1) if it is a disjoint union of two level-(n — 1) chunks
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and its diameter is at most Q" /2.

The term ‘chunk,” not to be confused with the usage in Section 6.2, is chosen in order to avoid
confusion with ‘cluster’, which is used for a set of defects. Note that a level-n chunk contains exactly
2" sites. Given an error E, let E, be the union of all level-n chunks of E. If u € F,, 1, then by
definition w is an element of a level-(n+1) chunk. Since a level-(n+1) chunk is a union of two level-n
chunks, u is contained in a level-n chunk. Hence, u € E,, and the sequence FE,, form a descending
chain

E=Ey2F 2 2 Ey,

where m is the smallest integer such that E,,,11 = 0. Let F; = E; \ E;41,s0 E=FyUF U---UF,

is expressed as a disjoint union, which we call the chunk decomposition of E.

Proposition 7.5.1. Let Q > 6 and M be any Q™-connected component of F,,. Then M has diameter
< Q™ and is separated from E, \ M by distance > %Q"‘H.

Proof. We claim that for any pair of sites u € F,, = E,, \ E,4+1 and v € E,, we have d(u,v) < Q"
or d(u,v) > %Q”H. Suppose on the contrary to the claim, that there is a pair u € F,, and v € E,
such that Q" < d(u,v) < Q"*!/3. Let Cy, 3 u and C, > v be level-n chunks that contains u and v,
respectively. Since the diameters of C,, , are < Q™/2 and d(u,v) > Q", we deduce that C, and C,

are disjoint. On the other hand,
d(C, UCy) < d(u,v) +d(Cy) +d(Cy) < Q"/2

since Q > 6. Thus, C, U C, is a level-(n + 1) chunk that contains « which shows that u € E,, 1. It

contradicts to our assumption that v € F,, = E,, \ Ep41- O]

Note that in the chunk decomposition a QQ™-connected component P of E,, may not be separated

from the rest E'\ P by distance > Q".
Lemma 7.5.2. Let Q > 10. If the length m of the chunk decomposition of an error E satisfies

Qmtt < Ligo, then E is corrected by the RG decoder.

Proof. Consider any fixed error P supported on a set of sites E. Let £ = FoU Fy U---U F;,, be the
chunk decomposition of E, and let F}, be the Q7-connected components of F;. Also, let Bj . be
the 1-neighborhood of the smallest box enclosing the syndrome created by the restriction of P onto

F}; . Proposition 7.5.1 implies that
. 1 . .
d(Bjo) < Q" +2 and d(Bja,Big) > gQ”mm Gok) _ 9, (7.4)

Let Péff ) be the accumulated correcting operator returned by the levels 0, ..., p of the RG decoder.

Let us use induction in p to prove the following statement.
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1. The operator Pe(;?) has support on the union of the boxes Bj 4.

2. The operators Pe(f ) and P have the same restriction on Bj o modulo stabilizers for any j such

that 27 > Q7 + 2.

The base of induction is p = 0. Using Eq. (7.4) we conclude that any 1-connected component of
the syndrome S(P) is fully contained inside some box Bj . It proves that Pé? ) has support on the
union of the boxes B; . The second statement is trivial for p = 0.

Suppose we have proved the above statement for some p. Then the operator P - Pe(f ) has support
only inside boxes Bj o such that 27 < Q’ +1 (modulo stabilizers). It follows that any 2P*!-connected
component of the syndrome caused by P - Pe(f ) is contained in some box Bj o with 2P < @’ +1. Note
that the RG decoder never adds new defects; we just need to check that 2P*!-connected components
do not cross the boundaries between the boxes B; o with 27 < @7 + 1. This follows from Eq. (7.4).
Hence Pe(gﬂ) has support in the union of B; .. Furthermore, if 27 < Q7 +1 < 2P the cluster of
defects created by P - Pe(f ) inside Bj o forms a single 2P*!-connected component of the syndrome
examined by EC(p 4+ 1). This cluster is neutral since we assumed Q™! < L;,,. Hence P il
annihilate this cluster. The annihilation operator is equivalent to the restriction of P - Pe(f ) onto
Bj . modulo stabilizers, since the linear size of B;, is smaller than L;s,,. It proves the induction

hypothesis for the level p + 1. O

The preceding lemma says that errors by which the RG decoder could be confused are those from
very high level chunks. What is the probability of the occurrence of such a high level chunk if the
error is random according to Eq.(7.3)?7 Since our probability distribution of errors depend only on
the number of sites in F, this question is completely percolation-theoretic.

Let us review some terminology from the percolation theory[121]. An event is a collection of
configurations. In our setting, a configuration is a subset of the lattice. Hence, we have a partial
order in the configuration space by the set-theoretic inclusion. An event £ is said to be increasing
if £ € & FE CE implies E' € £. For example, the event defined by the criterion that there exists
an error at (0,0), is increasing. The disjoint occurrence A o B of the events A and B is defined as
the collection of configurations F such that F = F, U Ej, is a disjoint union of E, € A and E; € B.
To illustrate the distinction between A o B and A N B, consider two events defined as A = “there
are errors at (0,0) and at (1,0)”, and B = “there are errors at (0,0) and at (0,1)”. The intersection
AN B contains a configuration {(0,0), (1,0),(0,1)}, but the disjoint occurrence A o B does not. A

useful inequality by van den Berg and Kesten (BK) reads [122, 121]
Pr[A o B] < Pr[A] - Pr[B] (7.5)

provided the events A and B are increasing.
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Proof of Theorem 7.1. Consider a D-dimensional lattice and a random error E defined by Eq. (7.3).
Let By, be a fixed cubic box of linear size Q" and B, be the box of linear size 3Q™ centered at B,,.

Define the following probabilities:

pn = Pr[B,, has a nonzero overlap with a level-n chunk of E]
Pn, = Pr[B;" contains a level-n chunk of E]
qn = Pr[B; contains 2 disjoint level-(n — 1) chunks of E]

rn = Pr B, contains a level-(n — 1) chunk of E]

Note that all these probabilities do not depend on the choice of the box B, due to translation

invariance. Since a level-0 chunk is just a single site of E, we have py = ¢. We begin by noting that

Pn < Pn < Gn-

Here we used the fact that any level-n chunk has diameter at most Q™ /2 and that any level-n chunk
consists of a disjoint pair of level-(n — 1) chunks. Let us fix the box B;l and let Q, be the event
that B, contains a disjoint pair of level-(n — 1) chunks of E. Let R,, be the event that B, contains
a level-(n — 1) chunk of E. Then Q,, = R, o R,,. It is clear that Q,, and R,, are increasing events.
Applying the van den Berg and Kesten inequality we arrive at

qn§r2

n*

Finally, since B;! is a disjoint union of (3Q)% boxes of linear size Q" 1, the union bound yields

Ty < (3Q)Dpn—1'

Combining the above inequalities we get p,, < (3Q)?”p2_,, and hence

e < (3Q) 2P ((3Q)*Pe)".

The probability p,, is doubly exponentially small in n whenever € < (3Q)~2P. If there exists at least
one level-n chunk, there is always a box of linear size Q™ that overlaps with it. Hence, on the finite
system of linear size L, the probability of the occurrence of a level-m chunk is bounded above by
LPp,,. Employing Lemma 7.5.2, we conclude that the RG decoder fails with probability at most
Dfail = LPp,, for any m such that Q™! < Ligo. Since we assumed that Lg, > L%, one can choose
m ~ 0log L/log Q. In this case pfqiy = exp (—Q(L")) for n ~ 6/log Q. We have proved our theorem
with €9 = (3Q) 2P where Q = 10. O
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7.6 Benchmark of the decoder

Given a decoder, a family of quantum codes indexed by code length (system size) is said to have an
error threshold p. if the probability for decoder to fail approaches zero in the limit of large code length
provided the random error rate p is less than p.. We tested our decoder with respect to random
uncorrelated bit-flip errors on the well-studied 2D toric code. The error threshold is measured to be
8.4(1)% using ¢1-metric. See Fig. 7.3. It is reasonably close to the best known value 10.3% based on
the perfect matching algorithm [7, 114], or 9% based on a renormalization group decoder of similar
nature to ours [115]. This is remarkable for our decoder’s simplicity and applicability. The 3D cubic
code has threshold 2 1.1% under independent bit-flip errors using /..-metric. Note that in these
simulations we do not use TestNeutral’ of Remark 8.1.
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Figure 7.3: The thresholds of 2D toric code (left) and 3D cubic code (right) under independent
random bit-flip errors using our RG decoder. The left shows simulation data for 2D toric code
under /;-metric, The right shows the data for 3D cubic code under f.,-metric. The thresholds are
measured to be p.(2D toric) = 8.4(1)% and p.(3D cubic) = 1.1%.
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Chapter 8

Self-correcting quantum memory

We now directly assess the cubic code as a self-correcting quantum memory. The results in this
chapter depend on previous chapters. In Chapter 6 we have found an energy barrier to isolate a
nontrivial charge. It implies that nontrivial charges are localized in their original position where they
are created. It suggests further that geometrically localized defects would form a neutral cluster, and
the annihilation of them would not likely cause any undetected logical error. The renormalization
group decoder and the threshold theorem in Chapter 7 have been motivated by this intuition. In
this chapter, we show that the performance of the RG decoder against thermal errors matches our
expectation, too. We prove that if the no-strings rule is satisfied, then the memory time grows as a
power law L°? where [ is the inverse temperature of the heat bath. The bound is valid when the
system size is small enough L < e“P. Note that our analysis does not tell anything conclusive for
the system in thermodynamic limit.

A few remarks can be made to the validity regime L < e P Tt is reasonable to expect that the
no-strings rule and a good decoder would be sufficient to guarantee that the memory time increases
with the system size. However, when the entropy is considered, the situation is more complicated.
From the degeneracy formula of the cubic code in Chapter 5, we know that there are system sizes
where the number k of encoded qubits is 2. Since the cubic code has exactly one X-type stabilizer
generator Gx in each elementary cube, k/2 is equal to the number of ways that G x’s multiply to
the identity. Therefore, when k& = 2, any configuration of defects is allowed as long as they are in an
even number, and the number of excited states at a particular energy is given by a combinatorial
factor. In contrast, the two-dimensional Ising model has only exponentially many configurations at
a particular energy (the number of self-avoiding walks). The energy barrier of the cubic code is lower
than that of the 2D Ising model, while the entropic contribution is stronger in the cubic code than
in the 2D Ising model. The inequality L < e“P can be understood as a requirement that entropic
contribution should not be too large.

Perhaps, this is already hinted from the smooth thermal partition function of the cubic code

presented in Section 5.5. It appears that the strong entropic contribution is unavoidable at the
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presence of point-like defects. We have seen from Chapter 4 that the point-like defects always exists
in three-dimensional translationally invariant topological codes. Thus, it would be impossible to have
a truly self-correcting quantum memory based on local translationally invariant quantum codes in
three dimensions whose memory time increases unbounded with the system size, similar to the 4D
toric code [46, 32].

We model the thermal interaction by taking Davies weak coupling limit [123]. In order to
make use of the results from previous chapters, we continue to assume topological quantum order
(TQO) condition 1 and 2 defined in Chapter 6, and the no-strings rule of Chapter 5. The two TQO
conditions demand that ground states must be locally indistinguishable, and that any locally created
cluster of defects must be created from a ground state by an operator supported on the immediate
neighborhood of the cluster. Note that any translationally invariant exact code Hamiltonian, such
as the cubic code, automatically satisfies both of the TQO conditions. Of course, the cubic code
satisfies the no-strings rule.

One more technical requirement to show the long memory time is that the number k of encoded
qubits, or the ground-state degeneracy must be small. It is an ironic requirement at least for the cubic
code because the small k implies a large number of excited states and large entropic contribution.
In the three-dimensional case, we know from Corollary 4.3.3 that the characteristic dimension must
be 1 in order for the no-strings rule to be obeyed. The nonzero characteristic dimension generally
implies a growing k(L) as a function of L. Tt is not so clear whether it is always possible to find a
family of lattice sizes {L;} such that k(L;) is small. Although we do not know how to resolve this,
the cubic code causes no problem since we know there is an infinite family {L;} such that k(L;) = 2

by Corollary 5.3.2.

8.1 Previous work

Alternative routes towards quantum self-correction in topological memories proposed in the liter-
ature, focus on finding new mechanisms for suppressing diffusion of topological defects (here and
below we only consider zero-dimensional defects). Arguably, the simplest of such mechanisms would
be to have no topological defects in the first place. Unfortunately, this seems to require four spa-
tial dimensions. The 4D toric code [7] provides the only known example of a truly self-correcting
quantum memory. As was shown by Alicki and Horodecki’s [46], the memory time of the 4D toric
code grows exponentially with the lattice size for small enough bath temperature. The first 3D
topological memory in which diffusion of defects is constrained by superselection rules was proposed
by Chamon [89], see also [90]. Topological defects in this model have a limited mobility restricted to
certain subspaces of R3 or have no mobility at all. However, the model has no macroscopic energy

barrier that could suppress the diffusion. 2D topological memories in which diffusion of anyons is
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suppressed by effective long-range interactions were studied by Chesi et al. [124] and Hamma et
al [125]. A quenched disorder and Anderson localization were proposed as a means of suppressing
propagation of defects at the zero temperature by Wootton and Pachos [126] and, independently, by
Stark et al. [127], see also [128]. A no-go theorem for quantum self-correction based on 3D stabilizer
Hamiltonians in which ground-state degeneracy does not depend on lattice dimensions was proved
by Yoshida [47]. A different line of research initiated by Pastawski et al. [129] focuses on quantum
memories in which active error correction is imitated by engineered dissipation driving the memory
system towards the ground state (as opposed to the Gibbs state). Finally, let us emphasize that
quantum self-correction is technically different from the thermal stability of topological phases, see,
for instance, [35, 130, 110, 36]. While the latter attempts to establish the presence (or absence) of
topological order in the equilibrium thermal state, quantum self-correction is mostly concerned with

the relaxation time towards the equilibrium state.

8.2 Storage scheme

In order to use any memory, either classical or quantum, a user must be able to write, store, and
read information. In this section we describe these steps formally for a topological quantum memory

based on the 3D cubic code. The Hamiltonian of the memory is
H=-J) GX¥+daZ,

where the sum runs over all L? elementary cubes ¢ and the operators Gf , GCZ act on the qubits of
¢ as shown on Fig. 5.1. The positive coupling constant J is set to J = % for simplicity.

Suppose at time ¢ = 0 the memory system is initialized in some ground state p(0) encoding a
quantum state to be stored; the ground space is the code space. We model interaction between

the memory system and the thermal bath using the Davies weak coupling limit [123]. Tt provides a

Markovian master equation of the following form:

plt) = —ilH, p(t)] + L(p(t), t>0. (8.1)

Here p(t) is the state of the memory system at time ¢ and £ is the Lindblad generator describing
dissipation of energy. To define £, let us choose some set of self-adjoint operators {A4,} through
which the memory can couple to the bath. We assume that each A, acts nontrivially on a constant

number of qubits. For example, {4, } could be the set of all single-qubit Pauli operators. Let

Ag(t) = €M Age™ T =3 "0 A, . (8.2)

w



141

We will see later in Eq. (8.7) that A, ., maps eigenvectors of H with energy E to eigenvectors with
energy ' — w. Then

1
£ = S hler) (Anwpls = 3 AL Ao} (83
The coefficient h(a,w) is the rate of quantum jumps caused by A, transferring energy w from the

memory to the bath. It must obey the detailed balance condition [123]
h(o, —w) = e P“h(a,w), (8.4)

where 3 is the inverse bath temperature. The detailed balance condition Eq. (8.4) is the only part of
our model that depends on the bath temperature. It guarantees that the Gibbs state pg ~ e PH s
the fixed point of the dynamics as L(pg) = 0. Identities in the proof of Proposition 8.3.4 are useful
to see L(pg) = 0. This is a unique fixed point under certain natural ergodicity conditions [131].
Furthermore, we shall assume that ||A,|| < 1 and
max h(a,w) = O(1). (8.5)
,w
Let us remark that the Davies weak coupling limit was adopted as a model of the thermal dynamics in
most of the previous works with a rigorous analysis of quantum self-correction; see, for instance, [46,
10, 32, 124].

The final state p(t) generated by the Davies dynamics can be regarded as a corrupted version of
the initial encoded state p(0). A decoder retrieves the encoded information from p(t) by performing a
syndrome measurement and an error correction. A syndrome measurement involves a non-destructive
eigenvalue measurement of all stabilizer generators GX, G#. The measured syndrome S can be
regarded as a classical bit string that assigns an eigenvalue 1 to each generator. The error correction
step is specified by an algorithm that takes as input the measured syndrome S and returns a
correcting Pauli operator P..(S). Let IIs be the projector onto the subspace with syndrome S.

The net action of the decoder on states can be described by a trace preserving completely positive

(TPCP) linear map
Deo(p) = Y Pec(S)s plls Pec(S)T, (8.6)
S

where the sum runs over all possible syndromes. We choose the renormalization group decoder

presented in Chapter 7.
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8.3 Properties of the Lindbladian

Proposition 8.3.1 ([32]). Each operator Aq .., acts non-trivially only on O(1) qubits. Furthermore,

124 = sup Vo _ o)
x Xk

Proof. Recall that each operator A, acts on O(1) qubits. Since H is a sum of pairwise commuting
terms, we can represent A, (t) as A, (t) = etHat A, e~ Hal where H, is obtained from H by retaining
only those stabilizer generators that do not commute with A,. (Compare it with Eq. (8.2).) All
such generators must share at least one qubit with A,. Therefore A,(t) and A, ,, act non-trivially
only O(1) qubits. Furthermore, since H, has O(1) distinct integer eigenvalues, A, (¢) has only O(1)
distinct Bohr frequencies; the summation over w in Eq. (8.2) is finite. The bound ||Aq,,| < 1 follows
trivially from our assumption ||A,| < 1. The norm of £, is then bounded from Eq. (8.3) using
triangle inequality, || XY|1 < || X - ||Y]|1, and Eq. (8.5). O

Proposition 8.3.2.
HAuqw— AqwH = —wAa,, and HAL, — Al JH = +wAl, (8.7)

Proof. Let us drop the subscript @ momentarily for notational convenience. The spectral component

A, is given by a Fourier transformation
dt . , A
Aw _ / ? ezwt (ethAelet)

where the integral is over a period T such that J;—Z is an integer for every Bohr frequency f of A(t).
Since there are only finitely many Bohr frequencies, such T exists. Let |1)) be any energy eigenstate

of energy E. Then,

HAW |,¢> — /% eithethAe—th |w>

de ei(w—E)tHethA ‘w>

/7
— [ e etaly)
/7

)675
dt 0 ) dt . )
A i(w—E)t iHt - o = i(w—E)t iHt
T (e Bt A ) - (o - B) [ S et Bt aly)
— e

m)tA ] (E _w) /% eiwtethAe—th |’L/)>

= (E-w)Au )
= —wAy [¢) + ALH [¢) .
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Since |t)) was an arbitrary energy eigenstate, we have Eq. (8.7). O

Proposition 8.3.3. Let H be the linear map defined by fI(X) = HX —XH. The map H commutes
with the Lindblad generator L. Therefore, H(p(t)) =0, and p(t) = ' (p(0)).

Proof. Tt is elementary that H(XY) = H(X)Y + XH(Y). Eq. (8.7) reads H(Aqy,,) = —wAq,, and
I?(ALM) = +wA] . Hence, I;T(AQMALM) = 0. Clearly,

N N 1 1
HL(p)=Hh (apaJr — ipafa — 2aTa,o)

N 1, 1 -
= —hwapa' + haH (p)a’ + hwapa’ — ihH(p)aTa - ihaTaH(p)

= LH(p)

where a = A, o, h = h(a,w) with the sum over « and w understood, and p is arbitrary. It follows

that

since H(p(0)) = [H, p(0)] = 0. Tt implies that H(p(t)) = 0. O

Proposition 8.3.4 ([46]). Let L* be the adjoint linear map of L (the one describing time evolution
in the Heisenberg picture) with respect to Hilbert-Schmidt inner product. Define Liouville inner
product by (X,Y)g = TrpBXTY. Then, L* is self-adjoint with respect to Liouville inner product;
(X, L£5(Y))p = (L7(X),Y)p.

Proof. We suppress the index a for notational convenience. Using e Xe¢=H = ¢l (X) and H(A,,) =
—wA,, we have efH A e PH = eﬂH(Aw) =ePvAg,, or Auppg = e’ﬁwpgAw. Hence, pg(AI)Aw) =
(Al AL)ps. Now,

1 1
(LX,)Y) = (X,LY) =) h(w)Tr (ALXTAwaB - §XTALAwa5 —~ §ALAWXTYp5

w

1 1
~XTALY ALps + §XTYALAW,0[3 + 2XUQJIM/,OO

= h(w)Tr (ALXTAY ps — XTALY Aypp)

w

= Z h(w) Tr (ALXTAMY/)B - XTALYpﬂAwe_ﬁ“’)

w

Applying the detailed balance condition e #“h(w) = h(—w) of Eq. (8.4), we see that

= Z h(w) Tr (ALXTAwag) - Z h(—w) Tr (XTALYpﬁAw) .

w
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Since A,, is a Fourier transform of a Hermitian operator A(t) in Eq. (8.2), we apply Al = A_,, to

conclude
=3 h(w) T (ALXTALY pg) = 3 h(—w) Tr (XTA_wagAT_w>
=0.
The last equality is because w is a dummy variable. O

8.4 Analysis of thermal errors

We now analyze the relation between £ and ®... Recall the following terminology and notations.
A ground state of the memory Hamiltonian will be referred to as a vacuum. It will be convenient
to perform an overall energy shift such that the vacuum has zero energy. A Pauli operator is an
arbitrary tensor product of single-qubit Pauli operators X, Y, Z and the identity operators I. We will
say that a Pauli operator creates m defects iff P anticommutes with exactly m stabilizer generators
GX,G%. Equivalently, applying P to the vacuum one obtains an eigenvector of H with energy m.
For example, using the explicit form of the generators, see Figure 5.1, one can check that single-qubit
X or Z errors create 4 defects, while Y errors create 8 defects. See Figure 7.2. We will say that a
Pauli error P is corrected by the decoder if P,..(S(P)) = PG, where S(P) is the syndrome of P
and G is a product of stabilizer generators. Let N = 2L? be the total number of qubits. Note that
N is also the number of stabilizer generators for the cubic code.

Let T' = (Py, Py1,...,P;) be a finite sequence of Pauli operators such that the operators P; and
P; ., differ on at most one qubit for all 0 < i < ¢t. We say that I is an error path implementing a
Pauli operator P when Py = I and P, = P. Let m; be the number of defects created by P;. The
maximum number of defects

I) = :
m(T) Doax m

will be called an energy cost of the error path I'. Given a Pauli operator P, we define its energy

barrier A(P) as the minimum energy cost of all error paths implementing P,
A(P) = mFin m(T).

Although the set of error paths is infinite, the minimum always exists because the energy cost is a
nonnegative integer. In fact, it suffices to consider paths in which P; are all distinct. The number
of such paths is finite since there are only finitely many Pauli operators for a given system size.

It is worth emphasizing that an operator P may have a very large energy barrier even though

P itself creates only a few defects or no defects at all. Consider as an example the 2D Ising model,
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H = —% > (uv) ZwZ,, where the sum runs over all pairs of nearest neighbor sites on the square
lattice of size L x L with open boundary conditions. Then the logical-X operator P = @), X, has
an energy barrier A(P) = L since any sequence of bit-flips implementing P must create a domain
wall across the lattice. It is clear that a Pauli operator P acting nontrivially on n qubits has energy
barrier at most O(n).

A naive intuition suggests that a stabilizer code Hamiltonian is a good candidate for being a
self-correcting memory if there exists an error correction algorithm, or a decoder, that corrects all
errors with a sufficiently small energy barrier. Errors with a high energy barrier can confuse the
decoder and cause it to make wrong decisions, but we expect that such errors are unlikely to be
created by the thermal noise. We make this intuition more rigorous.

Let f be the maximum energy barrier of Pauli operators that appear in the expansion of the
quantum jump operators Aq , or ALMAQ,W of Eq. (8.3). Since A, act on a constant number of
qubits by Proposition 8.3.1, we have f = O(1). Below m is an arbitrary energy cutoff. Let D = ker H
be the set of all operators that are commuting with the Hamiltonian H. Every operator in D is
block-diagonal in the energy eigenstate basis. Since p(0) is supported on the ground subspace of H,
we have p(0) € D. Below we only consider states from D and linear maps preserving D. Define an
orthogonal identity decomposition

I=T_ +TI,

where TI_ projects onto the subspace with energy < m + f and I} projects onto the subspace with

energy > m + f. Introduce auxiliary Lindblad generators
1
L_(p)= za: zw: h(a,w) (Ba,waJ;’w - E{p, Bl,wBaw}) , where B,,=I_4,, (8.8)
and

1
Li(p) = ZZh(a,w) (Ca,prl,w — 5{[)’ Cl’wCaM}) , where Cuo =111A4,. (8.9)

« w

Simple algebra shows that £_ and £ preserve D and their restrictions on D satisfy
L=L_+L;. (8.10)

It is useful to note that any X € D commutes with II;. By abuse of notations, we shall apply
Eq.(8.10) as though it holds for all operators.

Lemma 8.4.1. Suppose that an error correction algorithm s — Pe.(s) corrects any Pauli error

P with the energy barrier smaller than m + 2f. Let ®.. be the corresponding decoder defined by
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Eq.(8.6). For any time t > 0 and for any state po supported on the ground subspace of H one has

(I)GC(eL_t(pO)) = Po-

Proof. Since all maps are linear, we may assume po = |g) (g| is a pure state. Then, e“~*(p) is in the
span of states of form |¢) = I_E, ---II_E,;Il_E, |g), where E; are Pauli operators that appears

L-t  Since

in the expansion of A, or AL’WAQM. This follows from the Taylor expansion of e
Pauli errors map eigenvectors of H to eigenvectors of H, we conclude that either 1)) = 0, or |[¢)) =
E, -+ E3F; |g). Furthermore, the latter case is possible only if the Pauli operator E = F,, - - - E2Ey
has energy barrier smaller than m +2f. Indeed, definition of II_ implies that E;E;_; --- E; creates
at most m + f — 1 defects for all j = 1,...,n. By assumption, each operator E; can be implemented
by an error path with energy cost at most f. Taking the composition of all such error paths one

obtains an error path for £ with energy cost at most m + 2f — 1 and thus ®.. will correct E. Since

.. o e£-tis a TPCP map, we must have ®..(e“~*(po)) = po. O

For any decomposition £ = £_ + L one has the following identity:
t
eFt = et 4 / dse“=-=3) L, eFs (8.11)
0
which follows from the identity

dieﬁ,(t—s)e[ls _ eﬁ,(t—s)(_£7 + [,)GES — eﬁ,(t—s)ﬁJr €£5.
S

Lemma 8.4.2. Assume the supposition of Lemma 8.4.1. Let Q,, be the projector onto the (high

energy) subspace with at least m defects. Then
e(t) = [|@ec(p(t)) = p(0)]l1 < O(N)Tr Qe (8.12)

for any initial state p(0) supported on the ground subspace of H. The time evolution of p(t) is
governed by the Lindblad equation, Eq. (8.1), with the inverse temperature 8 of the bath.

Proof. Write py = p(0). First, Proposition 8.3.3 says p(t) = e“*(pg). Applying Lemma 8.4.1 and
Eq. (8.11) one arrives at

t
(t) < [ ds eIy e ()l <t max |1 (o). (8.13)
0 S8

We shall use an identity
Lo(X) = £4(QnXQum) (8.14)
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valid for any X € D. Indeed, any quantum jump operator A, . changes the energy at most by f,
so that £, (Q:X) = L (XQ;) =0 for any X € D (note that any X € D commutes with Q,,). We

arrive at

e(t) <t [IL4(Qme™ (p0)Qm)llr < t- 1L+ 11 - Qe (p0)Quilly < ON) Tr Qe (po),  (8.15)

where the maximization over s is implicit. We used Proposition 8.3.1 and the positivity of L(po).

in the last inequality. Since the ground-state energy of H is zero, one has

Po = Z3PpPos (8.16)

where Z3 is the partition function. It yields

Tr Qe (po) = Trpo €© *(Qm) = 25 Tr pspoe” *(Qm) = Z5(po, €~ *(Qm)) s, (8.17)

Proposition 8.3.4 implies that the map £’ is also self-adjoint with respect to the Liouville inner

product. Hence, we have

Tr Qmeﬁs(p()) = Zﬁ<,00, ec*s(Qm»,@ = ZB <€L*S(p0)a Qm>ﬁ =Tr eﬁ*s(pO)QmeiﬁH <Tr QmeiﬁHa
(8.18)
L*s

where the last inequality is because e is a unital completely positive map and py < I. O

8.5 Correctability of errors with an energy barrier

Let P be an unknown Pauli error. Suppose we are promised that P has a sufficiently small energy
barrier, namely, A(P) < clog L, for some constant ¢ that will be chosen later. In this section we
prove that any such error P will be corrected by the RG decoder.

Assume throughout this section that a family of topological stabilizer codes {Cr}; defined in
Section 6.1 with L:q, > L" obey the no-strings rule with some constant o as in Definition 5.1. The

lso-metric d is used; d((x,y, 2), (2',y',2')) = max{|z — /|, |y — ¥|, |z — #’|}. We use

¢(p) = (10a)”

for notational convenience as in the previous chapter, as well as the notion of level-p sparseness
of Definition 6.3 and level-p syndrome history. When Py, Py, ..., P, form an error path, the corre-
sponding sequence of syndromes S(j) caused by P; acting on a vacuum is called a level-0 syndrome
history. A level-p syndrome history, inductively defined, discards all level-(p — 1) sparse syndromes

from level-(p — 1) syndrome history, but keeps the initial and final syndromes.
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Let T' = (Py, Py, ..., P;) be an error path implementing P with the energy cost m(I") = m. Here
Py =1, P, = P, while F/; = P;P;_; are single-qubit Pauli operators for all j. Lemma 6.1.1 implies
that there is a level py,q, < m such that in the level-p,,4, syndrome history only the initial empty

syndrome S(0) = 0 and the final syndrome S(t) = S are possibly non-sparse.

Lemma 8.5.1. Let P be any Pauli error, S = S(P) be its syndrome, and m = A(P) be its energy

barrier. Suppose

16m(10a)™ < Lygo. (8.19)

Then, there exists a stabilizer G € G such that P - G has support on the £(m)-neighborhood of S.
Any R-connected component of S is neutral for 2£(m) < R < 4&(m).

Proof. Let us apply Lemma 6.1.3 to the level p;,q., the smallest integer such that the level-p,,q.
syndrome history has the initial and final syndrome, and level-p,,,.-sparse syndromes. Since p,q. <
m, the condition 16m&(pmas) < Ligo in Lemma 6.1.3 is satisfied. We have S’ = 0, S” = S, and
E = P. Hence, there exists a stabilizer G € G such that P - G is supported on the {(pmax)-
neighborhood of S. It proves the first statement of the lemma.

Let r = £(m) = (10a)™. Choose any R such that 2r < R < 4r and let C, be any R-connected
component of S. Since C, contains at most m defects, the diameter of C, is at most mR. Restricting
P -G on the r-neighborhood of C,, we obtain a Pauli operator P, supported on a cube of linear size
at most mR + 2r < 4rm + 2r < Lig, by assumption. Furthermore, the support of P, is separated
from (P,)"}(P - G) by distance at least R — 2r > 0. Hence, P, creates the cluster C, from the

vacuum. Therefore, C, is neutral. O
We wish to have a well-separated cluster decomposition.

Lemma 8.5.2. Let S be any cluster of m > 0 defects. For any integer p > 1, there exists a

nonnegative integer p < m and a decomposition

S=CyU---UC, such that d(C,) <4Pu and d(C,,Cy) > = - 4P 1y for a #b. (%)

N =

Proof. The only nontrivial part is that p can be chosen as p < m. Let us say that a partition of
S into clusters is p-good if it satisfies (). By grouping all defects occupying the same elementary
cube into a cluster, one obtains a partition S = C1 U...U Cy. Obviously, g < m, and d(C,) < p.
If this partition is not 0-good, then g > 2 and there is a pair, say, C, Cy such that d(C1,Cs) < 2u.
Merging C; and C into a single cluster C%, one obtains a partition S = C5 U Cs U... U Cy where
d(C%) < 4p. If this partition is not 1-good, then g > 3 and one can repeat the merging again. After

at most g — 1 iterations, one arrives at a good partition. O



149

Note that the minimal enclosing boxes of distinct cluster do not overlap, since
d(b(Ca),b(Cy)) > 24P — 4 p — 4P = 0.

The following is the desired property of the RG decoder.

Lemma 8.5.3. Let P be any Pauli error with energy barrier m = A(P). Suppose
(160a)™ < Lygo-

Then calling the RG decoder on the syndrome S(P) returns a correcting operator Pe. such that PP..

is a stabilizer. Thus, the RG decoder corrects P if A(P) < m log L.

Proof. Let S = S(P) be the syndrome. Let p be the integer such that 2&{(m) < 2P < 4£(m).
Setting © = 2P in Lemma 8.5.2, S is decomposed into S = C; U ... U C,, such that d(C,) < or'
and d(C,,Cy) > 2°'*1 for all @ # b, where p/ is an integer such that p < p’ < 2m + p. Since
16m(10a)™ < (160a))™, Lemma 8.5.1 implies that each C, is neutral for being a disjoint union of
neutral 2P-connected components. The RG subroutines EC(s) with s = 0,1,...,p — 1, can only
annihilate some neutral 2°-connected components of C,, which does not alter the neutrality of C,.
Therefore, the RG decoder from level-0 to p will annihilate each cluster C,, and hence S at last.
We need to show that P- P,. is a stabilizer, where P,. is the returned correcting operator. Let B,
be the (10a)™-neighborhood of b(C,). Our assumptions imply that B, has diameter smaller than
Ltqo and distinct B,’s do not intersect. By construction, the operators P.. and P - G have support
in the union By U---U B,,. Therefore, P-G - P.. = Q1 - - Qy,, where (), has support on B, and has

trivial syndrome. Topological order condition implies that @, are stabilizers, so is the product. [

The full hierarchy of the RG decoder is not necessary to correct the error with the low energy
barrier. A single level-p error correction with p proportional to log Ly, will be sufficient. We
nevertheless include the hierarchy since in practice it corrects errors with slightly higher (although
only by a constant factor) energy barrier at a marginal slowdown of the decoder. If one wishes to
apply the decoder against random errors, the hierarchy becomes necessary, as we have discussed in

Section 7.5.

Remark 8.1. A closer analysis reveals a simplification of TestNeutral defined in Section 7.2 for
the 3D Cubic Code. We defined TestNeutral to return the identity operator if a cluster turns out
to be charged. The modified TestNeutral’ just applies the broom algorithm and returns recorded
operator in any case. It gives the same characteristic as stated in the Lemma 8.5.3. EC’(p) using
TestNeutral” will transform a charged cluster C, to a different cluster C/,, but C! is still contained

in b(Cy). Due to Lemma 8.5.2, b(C,) do not overlap at a high level p, and EC'(p) will eliminate
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neutral clusters at last. This specialized version of RG decoder is used in our numerical simulation

in Section 8.7.

8.6 A lower bound on memory time

Theorem 8.1. For a code Hamiltonian in D spatial dimensions that satisfies TQO1, TQO2, and no-
strings rule, there exists a decoder ®.. and a constant c,c’ > 0 such that for any inverse temperature

B >0, any state p(0) supported on the ground subspace of H, and any evolution time t > 0 one has
e(t) = [|p(0) = Pec(p(t)) |1 < O(F) - 28 . LP=F (8.20)

as long as L < e“'P. The error correction algorithm used by the decoder has running time poly(L).

Proof. We use the renormalization group decoder of Chapter 7. Its running time is poly(L).
Lemma 8.5.3 guarantees that the supposition of Lemma 8.4.2 is satisfied with m = Q(logL). It
remains to bound Tr Qe from above, where H has ground energy equal to 0 by convention and
Q@ is the projector onto the space of energy m or higher. The number of states of exactly n defects,
is 28(L) times the number of configurations of n defects, the latter of which is upper bounded by the
binomial coefficient (Ti D) where 7 is the maximum number of terms in the Hamiltonian that acts

on an elementary cube. (In case of the cubic code, r = 2.) Therefore,

e(t) < O(tLP)2t 3 (TiD>6_gn

n>m

Dok _—Bm/2 rLP —Bn+pBm/2
= O(tL")2% E e
n

n>m

Dok —Bm/2 rLP —Bn/2
< O(tL7)2% E e
n

n>m

LD
< O(tLP)2be om/2 (1+ 6*5/2)T (8.21)

As long as rLP < e8/2 the entropy contribution is bounded by a constant. Since m = Q(L), the

proof is complete. O

Clearly, our bound is most useful when k(L) is small. In the following we shall mostly be
interested in the smallest ground-state degeneracy, k(L) = 2. This happens for any odd 3 < L < 200
such that L is not a multiple of 15 or 63. In fact, there exists an infinite sequence of lattice sizes
such that k(L) = 2, for example, k(27 + 1) = 2 for all p > 1 by Corollary 5.3.2.

On the other hand, this requirement seems unnecessary; we believe that the 2* factor should be

removable. A very rough argument is as follows. Once we fix a ground state at ¢ = 0, the interaction
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with the thermal bath turns the system into an ensemble, which is likely to be supported on the
states above the fixed ground state. Eq. 8.20 can be viewed as a probability estimation that the
system has visited a high energy state above the logarithmic cutoff, below which topological sectors
are unambiguously told. Since quantum tunneling to another sector is highly suppressed by the
macroscopic code distance, the system would not be aware of the other topological sectors.

The upper bound on the storage error can be easily translated to a lower bound on the memory
time. Indeed, if one is willing to tolerate a fixed storage error €, say € = 0.01, the memory time
Tem can be defined as the smallest ¢ > 0 such that €(t) > e. Assuming that the lattice size is
chosen such that k(L) = 2, Theorem 8.1 implies that

Toem > LP™3 i L <P, (8.22)

Here we neglected the overall constant coefficient. It shows that for low temperatures, g > 1, and
sufficiently small system size, [ < eclﬁ, the memory time grows with L according to a power law
whose exponent is proportional to 5. To the best of our knowledge, this provides the first realistic
example of a topological memory with a self-correcting behavior. Unfortunately, the bound is not
conclusive in the thermodynamic limit. At the optimally chosen lattice size, the maximum memory

time Tnem(B) achievable at a given temperature f is easily found from Eq. (8.22):
Tonem () > €% (8.23)

for > 1. For comparison, the memory time of the 2D toric code model grows only exponentially
with § [10, 124]. Depending on the value of the constant c¢’ and the temperatures realizable in
experiments, the scaling Eq. (8.23) may be favorable enough to achieve macroscopic memory times.

The restriction L < e“# implies that the average number of defects (flipped stabilizers) in the
equilibrium Gibbs state pg ~ e P is small, that is, the Gibbs state has most of its weight on
the ground subspace of H. This might suggest that the thermal noise is irrelevant in the studied
regime. However, this is not the case. If the evolution time is large enough, so that p(t) =~ pg, the
encoded information cannot be retrieved from p(t), since pg does not depend on the initial state. If
a time ¢ ~ ¢2(8*) has elapsed, the system would have accommodated approximately tL3e=# ~ B
defects during the evolution. This implies in particular that the system has endured 8% errors

which becomes significant for low temperatures.

8.7 Numerical simulation

Since Theorem 8.1 only provides a lower bound on the memory time, a natural question is whether

this bound is tight and, if so, what is the exact value of the constant coefficient ¢? To answer this
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question, the memory time of the 3D cubic code has been computed numerically for a range of 8’s
and L’s. It should be emphasized that both Theorem 8.1 and our numerical simulation use the same
decoder at the read-out step. The numerical results strongly suggest that our analytical bound
is tight up to constant coefficients for our renormalization group decoder. See Figure 8.1,8.2. It
suggests that T},em ~ L293671052 55 long as L < L* = % 78#=0-87  The number 0.78 in the estimate
of L* should not be taken too seriously, as one sees in the inset that the dependence of L* on S is
hard to tell quantitatively. It is clear, however, that L* is increasing with the inverse temperature.

The interaction of the memory system with a thermal bath is simulated by Metropolis evolution.
As we wish to observe low temperature behavior we adopt continuous time algorithm by Bortz,
Kalos, and Lebowitz (BKL) [132]. A pseudo-random number generation package RngStream by
L’Ecuyer [133] was used. As before, the coupling constant in the Hamiltonian is set to J = % SO a
single defect has energy 1. Although the cubic code is inherently quantum, it is relevant to consider
only X-type errors (bit flip) in the simulation, thanks to the duality of the X- and Z-type stabilizer
generators of the cubic code. The simulation thus is purely classical. The errors are represented by
a binary array of length 2L, and the corresponding syndrome by a binary array of length L3.

The memory time is measured to be the first time when the memory becomes unreliable. There
are two cases the memory is unreliable: either the broom algorithm fails to remove all the defects
so we have to reinitialize the memory, or a nontrivial logical error is occurred. It is thus necessary
in our simulation to keep track of the error operator during the time evolution. In fact, most of
the time, it was the broom algorithm’s failure that made the memory unreliable. Nontrivial logical
errors occurred only for very small system sizes L = 5, 7.

It is too costly to decode the system every time it is updated. Alternatively, we have performed

a trial decoding every fixed time interval

64’3

Tec = TAn
100

where [ is the inverse temperature. Although the time evolution of the BKL algorithm is stochastic,
a single BKL update typically advances time much smaller than T,.. So it makes sense to decode
the system every T... The exponential factor appears naturally because BKL algorithm advances
time exponentially faster as § increases. It is to be emphasized that we do not alter the system by
the trial decodings (a copy of the actual syndrome has been created for each trial decoding).

The system sizes L3 for the simulation are chosen such that the code space dimension is exactly
2, for which the complete list of logical operators is known. If the linear size L is < 200, this is the
case when L is not a multiple of 2, 15, or 63 by Corollary 5.3.2. For these system sizes, to check
whether a logical operator is nontrivial is to compute the commutation relation with the known

nontrivial logical operators.
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The measured memory time for a given L and § is observed to follow an exponential distribution;
a memory system is corrupted with a certain probability given time interval. Specifically, the prob-
ability that the measured memory time is ¢ is proportional to e~*/7. Thus the memory time should
be presented as the characteristic time of the exponential distribution. We choose the estimator for
the characteristic time to be the sample average T' = % >.i T;. The deviation of the estimator will
follow a normal distribution for large number n of samples. We calculated the confidence interval to
be the standard deviation of the samples divided by y/n. For each L, 400 samples when § < 5.0 and
100 samples when 5 > 5.0 were simulated. The computation was performed on IBM Blue Gene/P
using 512 cores located in IBM T. J. Watson Research Center, Yorktown Heights, New York. The
result is summarized in Figure 8.1,8.2.

Figure 8.2 clearly supports log Tnem = c82 + ---. Figure 8.1 demonstrates the power law for
small system size:

Tmem o L2'933710‘5

We wish to relate some details of the model with the numerical coeflicients. The rigorous analysis of
the previous section, gives a relatively small coefficient ¢ of the energy barrier for correctable errors
by our RG decoder. However, we expect that the coefficient of 5 in the exponent is the same as the

constant ¢ that appear in the energy barrier
E=clogy R

to create an isolated defect separated from the other by a distance R. This is based on an intuition
that the output P’ of the decoder would have roughly the same support as the real error P for the
most of the time, provided that the error has energy barrier less than A = clogy Lygo. Thus, an error
of energy barrier less than A would be corrected by the decoder. Our empirical formula supports
this intuition. It suggests that ¢ = 2.93log2 = 2.03 ~ 2.

Indeed, we can illustrate explicitly an error path that separates a single defect from the rest by
distance 2P during which only 2p + 4 defects are needed. Consider an error of weight 2 that creates
4 defects as shown in the top of Fig. 8.3. We call it the level-0 hook. The bottom sequence depicts
a process to create a configuration shown at the bottom-left, which we call level-1 hook. One sees
that level-1 hook is similar with ratio 2 to level-0, and is obtained from level-0 with extra 2 defects.
One defines level-p hooks hierarchically. We claim that a level-p hook can be constructed from the
vacuum using 2p + 4 defects. The proof is by induction. The case p = 1 is treated in the diagrams.
Suppose we can construct level-p hook using 2p + 4 defects. Consider the 274, 41" 6" and 8" steps
in Fig. 8.3. They can be viewed as a minuscule version of level-p steps that construct a level-(p+ 1)
hook from the level-p hooks. It requires at most 2p + 4 4+ 2 defects to perform the level-p step; this

completes the induction.
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Figure 8.3: Construction of a hook of level 2 from the vacuum. The grid diagram represents the
position and the number of defects in the (z = z)-plane. For each transition, an operator of weight
1 is applied. The total number of defects never exceeds 6. From a level-0 hook (the second diagram
in the sequence), a level-1 hook (the last in the sequence) is constructed using extra 2 defects.

It may not be obvious whether a high level hook corresponds to a nontrivial logical operator,

but such a large hook is bad enough to make our decoder to fail.
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Appendix A

Commutative algebra

We briefly review algebraic concepts and tools used in this thesis, mainly in Chapter 3 and 4.
There are many nice textbooks including those by Lang [60], Atiyah and MacDonald [80], and
Eisenbud [76]. The book by Lang is a comprehensive textbook covering a wide range of topics in
abstract algebra. The book by Atiyah and MacDonald explains commutative algebra that may look
too concise, but precisely for this reason it is very useful as a reference. Examples are rare but
essential. The book by Eisenbud is also on commutative algebra and is extensive. It covers more
material than Atiyah-MacDonald. In particular, our summary of Grébner basis follows Eisenbud.
The chapter on Grobner basis appears in the middle of the book, but is relatively self-contained and
elementary. Here, we will omit many proofs and not try to be fully rigorous. We explain theorems
to the point where intuition can be developed. Rigorous proofs can be found in one of the three
books.

We start by recalling definitions for abelian groups. An abelian group G with the identity element
denoted by 0 is a set with an operation + : G x G — G such that g+ ¢’ = ¢+ gand 0+ g = g.
It is required for G to have inverses of g denoted by —g such that g + (—g) = 0. n-fold sum of g is
simply denoted as ng, where n € Z. Given two abelian groups G and H, we can form a direct sum
G @ H. Tt is the set of all tuples (g, h), where g € G, h € H, and the group operation + is defined
as (g,h) + (¢, 0') = (g + ¢, h+ 1'). We can form a direct sum @_, G, of arbitrary family {G,}
of groups. It is the set of all indexed collections of group elements (g,) where only finitely many g,
are nonzero. The group operation is again defined component-wise. Thus, any element in the direct
sum is a sum of finitely many g, € G,. A sum of two abelian groups can be defined if they are
subgroups of a parent group. If A, B < C are subgroups, the sum A+ B is the group of all elements
of C of form a + b where a € A and b € B. Note that A+ B~ A® B if and only if AN B = 0.
Given a subgroup N < G, we can form a quotient group G/N, the set of all equivalent classes under
the equivalence relation [g] = [¢'] iff g — ¢’ € N. In commutative algebra, almost everything is an

abelian group. On top of the abelian (additive) group structure, a new “multiplication” is added.
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A.1 Rings and homomorphisms

The set of integers ..., —2,—1,0,1,... admits two operations, addition and multiplication. There
is 0 that has no effect under addition, and 1 that has no effect under multiplication. One can
always undo the addition because one can subtract a number. However, the multiplication is not
invertible within the set of integers because fractions are not integers. One convenient thing is
that the multiplication does not care about the order. A commutative ring is an abstraction of this
structure. It is a set, in which one can add and subtract. A multiplication exists but is not in general
invertible. An additive identity O exists, and a multiplicative identity 1 exists. The distribution law
a(b+ c¢) = ab+ ac is assumed, and the multiplication is commutative ab = ba. A ring R can consists
of a single element, in which case R is called a zero ring, if and only if 0 = 1. Indeed, if a € R and
1=0€R,thena=a-1=a-0=0a-(0+0) =a-(14+1) = a+a = 0. Examples of rings are abundant:
The set of all integers, the set of all complex numbers, the set of all square diagonal matrices of a
fixed size, the set of polynomials, the set of all differentiable functions on a real line, the set of all
continuous real-valued functions on a manifold, etc. Is the set of all even integers a ring? No. Some
authors define rings to include this case where the multiplicative identity 1 is not provided, but we
avoid this case. Any ring is with 1. Note that 1 is unique; if 1’ is also a multiplicative identity, then
1=1-1"=1". The same is true for 0.

A ring is always understood in terms of relations with other rings. Given two rings A and
B we consider a restricted class of maps between them. That is, we require that the map obeys
the ring structure of the rings. f : A — B is a homomorphism if f(a +b) = f(a) + f(b) and
f(ab) = f(a)f(b) for any a,b € R. In addition, we assume f(0) =0 and f(1) = 1. (“morph” means
“shape.”) The + or the omitted - between a and b in ab on the left-hand side are the operations
defined in A, whereas those in the right-hand side are in B. The image of a homomorphism f is
the subset of B written as f(A) defined by {f(a) | a € A}. Is the image of a homomorphism a ring?
Yes.

There is no point to speak of a map between two rings A, B that is not a homomorphism. If we
are going to ignore the ring structure, we would rather say the map between the “sets” A, B. We
will simply say a map between rings to mean a homomorphism. We note more terminologies: An
endomorphism is a map from a ring into itself. An isomorphism is a map between two rings
with a unique inverse. An automorphism is an isomorphism that is an endomorphism.

The ring of integers is so primitive in the following sense. Let A be an arbitrary ring. Consider
amap f:Z— A. f(n)=>", f(1) and f(—n)= > ,(—f(1)) where n > 0. But, f(1) =1 is the
unique multiplicative identity. Therefore, f is completely determined, though we just required f be
a homomorphism; there is a unique nonzero map from 7 into any ring. How many endomorphisms

are there for Z7?
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The kernel of a map (homomorphism!) f is the subset of A written as ker f defined by {a €
A| f(a) = 0}. It is easy to see that the kernel is closed under the addition and multiplication. Here,
the closeness means that the result of the operation using two elements in a subset lies in the subset.
(It is pointless to speak of the closedness of an operation without reference to a subset.) There is

one more important property as we discuss below.

A.2 1Ideals and modules

The kernel I of a map f between rings R — S has the following property:
VreR, Veel : recel (A.1)

This is easily verified since f(rz) = f(r)f(x) = f(r) -0 =0. When a subset I of a ring R is closed
under the multiplication and addition, and satisfies the above property, we call I to be an ideal of
R. For example, in Z, the set of all even numbers is an ideal denoted as (2). The property (A.1) is
trivial, because it reads a multiple of an even number is even. This ideal is the kernel of the map
Z — 7Z/(2), where the latter is the ring of integers modulo 2. Remember that there is a unique
nonzero map from Z to any ring. In fact, any ideal arises in this way: An ideal is the kernel of a
ring homomorphism.

To understand this, we need to formalize how to construct quotient rings or factor rings. Let
R be a ring and I be an ideal. They are both abelian groups; they are closed under the addition
with identity 0, and contains additive inverses, the minus elements. The quotient ring R/I as a
set is the same as the quotient group as an abelian group. R/I is the family of equivalence classes
under the equivalence relation that [a] = [b] € R/I iff a — b € I. The multiplication in R/I is as
expected: [a] - [b] = [ab]. Using the property (%) one can verify that it is well-defined. Consider a
map R — R/I defined by a + [a]. It should be straightforward that it is a ring homomorphism.
What is the kernel? Precisely, I. Now it is an almost tautology that an ideal is a kernel of a ring
homomorphism. Often, we just write a in place of the equivalence class notation [a]. In this lazy
notation, “the map R — R/I is defined by a — a.” This map is so important that it has its own
name: canonical map or quotient map.

In leisurely words, an ideal extends what we treat as zeros; any element of I is zero in R/I. Zero
plus zero or zero times zero must be zero, so I is closed under the addition and multiplication. Zero
times any element must be zero, so the property (A.1) should hold. How do we specify an ideal
in a real calculation? Consider a polynomial ring Q[z], the set of all polynomials (of finitely many
terms) in z with coefficients in the rational numbers. Suppose we decided that 2 must be equal to

%. In other words, we decided that # — 3 must be “zero” in Q[z]/I. Then, as zero times anything
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must be zero, any element (z — %) - f(x) must be zero in Q[z]/I, too; it must be an element of

the ideal we are defining. We require no more elements are identified as zeros. That is, we define
I={f(z)(z—3) | f(z) € Q[z]} as our ideal, and carry out any computation in the quotient ring

Q[z]/I. We write I as (z — %) by putting the generator inside the parenthesis. Computing in

Qla]/1 is the same as computing in Q[z] and evaluate the polynomial at z = 1.

In general, if we write and ideal I of R as (a, b, ¢), then we mean
I={ax+by+cz|xvy,z€ R}

I is said to be generated by a,b,c. A quick exercise: What is Q[z]/(z — %,o: —1) 7 Itisa
1

5 and x — 1 are “zeros,” their difference Lis zero. Zero times 2 is zero, so

2
%,m —1) = (1). The

zero ring. Since z —
1 is zero. Therefore, everything is zero. We proved an ideal equality (z —
whole ring R viewed as an ideal is called the unit ideal denoted by (1). In fact, when there is any
invertible element in an ideal, it is the unit ideal. For this reason, an invertible element in a ring
is called a unit. Note that computing the minimal set of generators is in general a hard problem.
For instance, I do not know any algorithmic answer to questions like “can this ideal be generated
by three elements?” However, the Grobner basis gives a canonical set of generators for an ideal of

a polynomial ring, and we can algorithmically compare two ideals.

Prime, maximal

There is a very important class of ideals that generalizes prime numbers in Z. A prime number p
has a property that if p divides a product of two integers ab then p divides either a or b. A prime!

ideal p of R is an ideal not equal to (1) such that

ab € p implies a € p or b € p for any a,b € R. (A.2)

The condition is rephrased as a ¢ p and b ¢ p imply ab ¢ p. Is the ideal (0) = {0} prime? It
depends. In Z the zero ideal is prime because the product of two nonzero integers is nonzero. In the
polynomial ring Q[z], (0) is prime because the degree of nonzero polynomial does not decrease under
any nonzero multiplication. If any nonzero elements of a nonzero ring R has a multiplicative inverse,

in which case R is called a field, then (0) is prime because ab = 0 means a = 0 or b = 0. However, in
1 0 0 0

the ring of diagonal 2 x 2 matrices, (0) is not prime because nonzero matrices and
0 0 0 1

multiply to zero. The ring in which (0) is prime has a special name, (integral) domain. It is easy
to verify that R/p is an integral domain if and only if p is prime, applying the picture that p defines
zeros in R/p.

1Do not use “primary” in place of “prime.” The adjective “primary” has a slightly different technical meaning.
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There is one more important property of prime ideals. Let f : A — B be a map between two
rings. If p C B is a prime ideal, then I = f=(p) C A is prime. Proof: aa’ € I = f(a)f(a’) € p =
flayepVvfld)ep=aeclvd el

A subclass of prime ideals consists of maximal ideals. A maximal ideal m # (1) is defined by
the maximal property:

m C m’ implies m" = (1) for any ideal m'. (A.3)

It is a priori not vivid why maximal ideals are prime. But it is easy to see. Consider R/m. If
a € R/m is nonzero, that is a ¢ m, then I = (m,a) 2 m and therefore I = (1), which means there
is an element b € R such that ba + m = 1 for some m € m. By the canonical map, b maps to a
multiplicative inverse of @ in R/m. (The converse is also true. m # (1) is a mazimal ideal if and only
if R/m is a field.) In other words, R/m is a field, and therefore an integral domain. In particular,

m is prime.

Modules

Ideals admit another viewpoint. Let us forget the multiplication within an ideal I, and treat I as a
separate set from the mother ring R. It is still an abelian group, and satisfies (A.1). The condition
(*) looks very similar to the scalar multiplication on vector spaces. Indeed, consider a direct sum
R @ R of abelian groups, the set of all tuples (r,7') where r,7’ € R are any elements. There is an
operation on R @ R similar to (A.1); we can define r - (s,s’) to be (rs,rs’), similar to the scalar
multiplication for a vector space. Indeed, a two-dimensional vector space is precisely obtained in
this way by setting R = Q, R, C, etc.
Let us define an abstract notion. Let M be an abelian group with a bilinear operation - such
that
Vre R, VmeM : r-me M. (A4)

The “multiplication” - here is not the same thing as the multiplication within the ring. We assume
expected formulas (rs)-m = r-(s-m), and simply write (rs)-m = rsm where r,s € R and m € M.
We call M an R-module or a module over R. It is general than the notion of vector spaces.
A vector space is a module over a field, a commutative ring in which multiplication by a nonzero
element has an inverse. An ideal is a subset of R such that it is a module over R.? Note that R
itself is an R-module via the multiplication within R. The above example R & R is an R-module.

For an R-module M if there exist finitely many elements my, ..., m, € M such that

M= {rimi+---+r,m, | m1,...,7n € R}, (A.5)

2 Although an ideal is a valid module, often it is treated differently than a module. One should sometimes be
careful to apply things defined for modules, especially when one reads the dimension theory of Eisenbud [76].
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then we say M is finitely generated. All of our modules in the thesis are finitely generated. An
ideal is finitely generated if it is finitely generated as a module.

There is a confusingly similar terminology that one must distinguish. Suppose A is a subring
of B. That is, A is a ring by itself and contained in a bigger ring B. Or slightly more generally,
suppose we are given a ring map A — B. The subring case is precisely when the map is an inclusion.
We say B is a finitely generated A-algebra if there exists finitely many elements b1,...,b, € B
such that any element of b can be written as a polynomial in by, ..., b, with coefficients in the image
of A. In this case, B is sometimes written as B = A[by,...,b,]. A typical situation is when A is a
field such as Q,C and B is a polynomial ring over A. For example, B = Q[z,y]. The reason it is a
confusing terminology is because B is not necessarily finitely generated A-module. Q|z], a finitely
generated Q-algebra, has infinitely many generators {1,z,22,...} as a Q-module. Is Q a finitely
generated Z-algebra? No, because multiplying by integers cannot produce large denominators.

As the rings are understood in relation to others, the modules should be understood via maps.
We required the ring homomorphisms to preserve the defining operations of the rings. The same is
true for the module maps. Given two modules M and N over R, we define an R-linear map or

R-module homomorphism f: M — N to satisfy
fm+m') = f(m)+ f(m') and f(r-m)=r-f(m) for any r € R, m,m’ € M. (A.6)

Note that the - on the left-hand side is the operation (A.4) for M whereas that on the right-hand
side is the operation for N.?> The notions of kernel, image, endomorphism, automorphism, and
isomorphism apply to module maps, too. A simple exercise: Let A, B be two R-algebras; there are
ring maps R — A and R — B. The two algebras are naturally R-modules, when a map A — B

becomes R-linear? Answer: It becomes R-linear when the following diagram commutes.

A——B

NS

R

Free

An R-module isomorphic to @, R is called a free module. When there are finitely many sum-
mands, it is called finitely generated free module. It is the most convenient type of modules.
In particular, a module map between finitely generated free R-modules is simply given by a matrix
with entries in R, just as linear map between finite dimensional vector space can be described by a

matrix with entries in a field. Note that elements of a finitely generated free R-module M = R®™ can

3 In group representation theory, the R-linear maps are called equivariant maps, where R is the group algebra
which may not be commutative. The representation space is a module, the subrepresentation space is a submodule,
and the irreducible representation space is a simple submodule.
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be expressed by column matrices. Let e; (i = 1,...,n) denote the canonical basis column matrices.
(We could say “column vectors” instead of column matrices. However, an element of a module is
not a vector in general.) A map f from M to any module is specified if we specify the image f(e;)
because the image of other elements aje; +- - - ane, is must be ay f(e1)+- - - +an f(e,) by R-linearity.
Writing f(e;) in columns, we have a matrix representation of f. An un-redundant set of generators
of a free module is called a basis. The cardinality of a basis is called rank. (One can show that rank
is independent of the choice of a basis.) Only for free modules can we speak of bases. The crucial
difference between general modules and vector spaces is that a module is in general not free, while a
vector space, a module over a field, is always free. That nonzero elements are invertible makes such
a huge difference.

Note that any module can be described by free modules. Take a generating set {m,} of a
module M; any element of M is a finite R-linear combination ), 7q,mq,. A trivial and useless
choice would be to take whole M as a generating set. Let I’ be a free R-module whose rank is the
same as the cardinality of the generating set, i.e., there is a surjective module map F — M. The
kernel N is a submodule of F, not necessarily free, and M = F//N. One can carry the same process
for the module N. That is, one finds a free module F’ such that ¢ : F' — N is a surjection. Now
M is expressed as M = F/im¢. This is conceptually important observation, but not too useful
because we do not have any control over the ranks of F' and F’. We need some finiteness conditions.
An R-module M is said to be finitely presented if there is a map ¢ : F/ — F between finitely
generated free modules such that M = F//im ¢. The latter expression F'/im ¢ is often abbreviated
as coker ¢. The map ¢ is called a finite presentation of M. As we have seen above, ¢ is a matrix
with entries in R, and M is expressed by a single matrix ¢. In case of a finite dimensional vector
space, ¢ can always be brought to a diagonal matrix with entries of 0 or 1, after basis change of F'

and F’. We will discuss more on a finite presentation in Section A.5.

Noetherian

A technically very important and convenient adjective is Noetherian. It is as important as vector
spaces having finite dimensions. A module M is Noetherian if every increasing sequence of
submodules is stationary, i.e., if My < My < --- < M,, < --- is a sequence of submodules of M,
then for all sufficiently large n one has M,, = M,,;1. Often this condition is referred to as the
ascending chain condition or a.c.c. A module M is Noetherian if and only if any submodule is
finitely generated. If a submodule cannot be generated by finitely many elements, one can construct a
strictly increasing infinite sequence of submodules using an infinite subset of generators. Conversely,
if any submodule of M is finitely generated, then the union U2, M; of any increasing sequence of
submodules M; of M is also finitely generated, say, by mq,...,m,. Since m; is contained in some

M, there must be some k such that mg,...,m, € Mj. It follows that M), = My, for all &’ > k. A
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Noetherian module over a field is just a finite dimensional vector space. A Noetherian ring R is
a ring that is Noetherian as an R-module, i.e., the a.c.c is satisfied with respect to the ideals of R.
In a Noetherian ring, any ideal is finitely generated.

Being Noetherian is preserved in many cases. Loosely speaking, it says that a module carries a
finite amount of data. A module with a finite amount data manipulated finitely many times would

still have a finite amount of data. The following are facts:

e A homomorphic image of Noetherian ring (module) is a Noetherian ring (module).

A submodule of Noetherian module is Noetherian.

A finitely generated algebra over a Noetherian ring is a Noetherian ring.

In particular, a polynomial ring over a field with finitely many variables is a Noetherian ring.

A finitely generated module over a Noetherian ring is Noetherian.

There are more to mention about being Noetherian using tensor products and localization. See
Section A .4.

Remark that a finitely generated module M over a Noetherian ring R always admits a finite
presentation ¢ : F' — F. Since M is finitely generated, the module F' is of finite rank. F is
Noetherian, and therefore, im ¢ is finitely generated, which means F’ can be taken to be of finite
rank. The “matrix” ¢ is of finite size.

Is the ring of all differentiable functions R — R Noetherian? No. Is the ring of all trigonometric

functions R — R of period 1/n, where n are positive integers, Noetherian? Yes.

A.3 Grobner basis

Grdobner basis is a special generating set for ideals and modules. It provides canonical presentations
of modules and ideals, from which any concrete computational commutative algebra is built. In
all notions in the previous section, I cannot imagine any systematic way to compute things con-
cretely without Grobner basis. It is theoretically important too because it tells what is actually
constructible. A nice application of the Grobner basis is a sharp version of Hilbert syzygy theo-
rem [76, Corollary 15.11]. In this section we assume the (base) ring is a polynomial ring over a field
F with finitely many variables; R = Flxy,...,2,]. Since R is Noetherian, for any ideal there is a
finite set of generators.

How do ideals look like in F? There are only (0) and (1) because any nonzero element is a unit.

How about F[z]? It is only slightly more complicated. By the Euclidean algorithm, the ged of two
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polynomials f(z), g(x) can be expressed as

ged(f(2), 9(v)) = a(x) f(x) + b(x)g(z) € (f(x),9(z))

An ideal generated by f(x) and g(x) is thus the same as an ideal generated by a single element
ged(f(z),g(x)), in which case the ideal is called principal. By induction, one can always reduce
the number of generators of an ideal in Flz] if it is greater than 1. Since F[z] is Noetherian, this
is enough to imply that any ideal of F[z] is generated by a single element, i.e., any ideal of F[x] is
principal. The principal generator p(x) is important, not only because it is simple, but also because
it gives a criterion whether an arbitrary polynomial h(z) is contained in (p(z)): Divide the h(x) by
p(z). The remainder is zero if and only if h(x) € (p(z)). Put differently, we can find a canonical
representative in the quotient ring Flz]/(p(z)) to be the remainder r(z) where degr < degp. The
p(z) is the Grobner basis for the ideal (p(z)) in F[z].

In case of two or more variables, it is no more true that any ideal is principal. Let us examine
the division algorithm. Let f(z) be a dividend and p(x) be a divisor. We first compare degrees of
them. If deg f < degp, then the division is completed, and f is the remainder. Otherwise, we match
the leading coefficients and then subtract a multiple a(x)p(x) from f(x). a(z) is a monomial such as
3z2. The purpose is of course to have deg(f —ap) < deg f. And then we iterate. Essential is a total
ordering among terms such that the ordering is preserved under multiplication by a monomial. Now
we consider a problem of computing the remainder of f modulo G = {g1,...,gx}. Equipped with
the ordering, given a dividend f and a set G of divisors, (Step-1) one should be able to match the
leading term and kill it, thereby “reduce” the leading term of the dividend. (Step-2) One stops when
the reduction becomes impossible. A question arises. During Step-1, there would be many possible
choices among the divisors from G. How do we guarantee that the remainder is independent of the
choices? This is a sound question, and the answer is no in general. Even in the one variable case,
the answer is no in general. Consider f = 22 —1, g = 2% — 1 in Q[z]. The division by the set {f, g}
of a dividend x® gives 1 if we kill the leading term by 23 — 1, or = by 2% — 1.

We formulate the problem as finding a generating set of an ideal I that gives rise to a unique
remainder under the division. A solution is that we include more and more elements of I into a
generating set G so that any leading term [ of a dividend can be removed where [ appears as a
leading term of some elements of I. In the one variable case, it is enough to include the ged of all
(finitely many) generators of I. We have given enough motivation and technical problems to smooth

out.
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Definitions

A monomial is a product of variables. A monomial order on the set of all monomials of R =

Flx1,...,2,] is a total ordering >, under which any two monomials are comparable, such that
xim = x;m’ = m’ whenever m = m/ (A7)

for any monomial m,m’ and any variable x;. Since a monomial z{*--- 2% is uniquely given by
a n-tuple of nonnegative integers (a;) = (a,...,a,), a monomial order is a total order on the
hyper-octant of Z™ of nonnegative coordinates. Note that under any monomial order, 1 is the least
monomial.

Two examples at least are important. The first one is the lexicographic order, under which

(a;) = (b;) if and only if a; > b; for the least 7 such that a; # b;. For example,

T1 =lex T <lex T2T3 -
The second example is the degree reverse lexicographic order, under which (a;) = (b;) if and

only if > a; > > b’ or > a; = > b; and a; < b; for the largest ¢ such that a; # b;.” For example,

T1 >revlex T2 ™revlex " > revlex Tn

23" > reviex €50 >reviex L1 3.
The degree reverse lexicographic order is the most commonly used in computer software.

Any monomial order is a well-order, i.e., every set of monomials has a minimal element. This
statement is at the core of any finiteness proof regarding Grobner basis. The proof is very simple.
Let X be any set of monomials of R. The submodule (ideal) generated by X is finitely generated
by G because R is Noetherian. It means X consists of multiples of a finitely many monomials of
G. Therefore, the minimal element of G, a finite set, is the minimal element of X. The statement
can be rephrased as any decreasing sequence of monomials is stationary or as any strictly decreasing
sequence of monomials is finite.

With a monomial order, we can define the leading term or initial term of a polynomial f which
is the greatest term of f with respect to the monomial order. (We are distinguishing “term” and
“monomial.” A monomial is a product of variables only, and a term is F-multiple of a monomial.)
Let us denote the leading term of f by 1t(f). Given any set S of R, let the ideal generated by all
leading terms of element of S be denoted by 1t(S). Now, a Grobner basis G of I is a generating
set of I such that 1t(I) = 1t(G). Since R is Noetherian, 1t(I) is finitely generated. Therefore, G can

be chosen to be a finite set.
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Buchberger criterion

The division by a Grobner basis results in a unique remainder. In particular, a polynomial is in [
if and only if the division by a Grébner basis yields the zero remainder. To see this, let f be an
arbitrary polynomial. Let r be a remainder obtained by killing large terms of f by elements of G.
Let r’ be another remainder. We must show r» = r/. It is clear that » — r’ belongs to I. If nonzero,
the leading term of r — 1’ belongs to It(I) = It(G). However, r or 7’ has by construction no leading
term that belongs to 1t(G). Therefore, » — 7/ must be zero.

It is not clear yet how G can be computed from given generators of I, though we know a solution
in the case where the generators of I are in a single variable. A strategy is hinted from one-variable

case:
(1) Start with any generating set S of I.
(2) Try to produce new polynomials whose initial terms are not contained in 1t(.5).
(3) Update S by adjoining the new polynomials.
(4) Tterate.

It will end after finitely many iterations because the new initial terms form a descending sequence
of monomials. It remains to find an effective method to produce new initial terms. Let us work
with an example first. Consider I = (22, zy + y?) C Q[z,y]. We will compute Grébner basis with
respect to two monomial orders. The first one is the lexicographic order under which = > y. We
have It(z2) = 22 and lt(xy + y?) = xy. Neither of them is a multiple of the other. However,
y(z?) — z(zy + y?) = —2y? has the leading term divisible by zy. This combination is called “S-
polynomial” of 22 and xy + y2. So, y(z?) — z(zy + y?) + y(xy + y?) = y>. We see that y® is a new
initial term of I. The generating set is expanded as G = {z?, 2y + y?,y°}. We then again form
S-polynomials using any two among G, but fail to produce any new initial term. Indeed, G is a
Grobner basis of I. The second monomial order is the lexicographic order under which z < y. Then,
lt(2?) = 2% and lt(zy + y?) = y>. We form an S-polynomial, y?(2?) — 2?(2y + y?) = —23y. It is a
multiple of 22, and we do not get anything new. Indeed, {22, xy + y*} is a Grébner basis.

Given two polynomials f, g let us fix the leading coefficient of gcd to be 1. The S-polynomial

of two polynomials f and g is the polynomial

1t(f)

1t(g) B p
ged(16(f),1t(9)) ™

a(f,g) = gcd(lt(f),lt(g))f

Dividing an S-polynomial by a set of generators will give a non-unique remainder, but we can hope

that the calculation would find a new initial term. Buchberger showed that the process is sufficient
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to find all initial terms of an ideal. The Buchberger algorithm to find a Grébner basis is given

by the above “algorithm,” where the step (2) is now well-defined by (2):

(2) For each pair f, g of polynomials of S, compute o(f,g) and its remainder r after division by

S.

1t(g) B 1t(f) B -
gcd(lt(f),lt(g))f ged (1), 16(g)) 7 — zk:hk ko

where s € S, hy € R, and 1t(r) ¢ 1t(S) or r = 0.

In other words, the algorithm terminates with a correct answer, a Grébner basis G, if the remainder
of any S-polynomial computed from a pair of polynomials in G is zero. This is called the Buchberger
criterion. It follows that if G is a Grobuer basis for the ideal (G), then any subset G’ C G is a
Grébner basis for the ideal (G').

A Grébner basis G = fi,. .., f; is reduced if any term of f; is not divisible by any 1t(f;) where
i # j, and the leading coefficients of all f; are 1. The reduced Grébner basis can be obtained
from any Grobner basis. Given a monomial order, a reduced Grébner basis is unique for an ideal.

Therefore, two ideals are the same if and only if their reduced Grobner bases are the same.

Applications

An immediate application is to decide whether a set of polynomial equations {f;(z1,...,z,) = 0}
admits a common solution. If one obtains 1 = 0 while manipulating f;, then certainly there is no
solution, and this is the only case. That is, the ideal I generated by f; contains 1, i.e., I is the
unit ideal, if and only if there is no common solution to f; = 0. Since the ideal membership can be
tested by the division algorithm using a Grébner basis, we can algorithmically answer this question
by computing a Grébner basis in any monomial order and looking for 1.

Note that known algorithms for Grobner basis is not efficient in a computation complexity sense.
Any significant improvement seems impossible because if one can compute Grébner basis efficiently,
then one can also solve, for example, Boolean satisfiability problem (SAT) efficiently. A SAT is a
decision problem that asks whether there exists an assignment to Boolean variables z1, ..., x, such
that a given formula using AND, OR, and parenthesis evaluates to 1. Any SAT can be formulated
as a finding a solution to a system of polynomial equations. Being Boolean can be expressed as
xi(x; — 1) = 0. The OR of two binary variables z,y can be expressed as 1 — (1 — z)(1 — y). The
AND of two binary variables x,y is the product xy. In particular, the 3-SAT, the SAT where all
the expressions are given by conjunctive normal form with 3 variables per clause, is equivalent to
finding a solution to systems of polynomial equations, each of which has degree at most 3. The 3-
SAT is known to be NP-complete. However, finding Grobner basis for a fixed number of variables is

efficient, i.e., the number of calculation steps increases as a polynomial in the degree of the generating
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polynomials.

We can also compute the intersection of an ideal with a subring. The foundational case is when
the subring is given by T" = F[z1,...,z,] contained in R = Flz1,...,Zn,¥1,.--,Ym]. If an ideal
I of R is given, we wish to compute the intersection 7' N I, which is an ideal of T. We should
use an elimination monomial order under which 1t(f) € T implies f € T. The lexicographic
order in which z, < y; is an elimination order. The following statement is true. If a Grébner basis
G={f1,---, fus91,---,9v} of I under elimination order is such that f; do not involve any variable
yp (b=1,...,m) but g; do, then G' = {f1,..., fu} is a Grobner basis of INT. The ideal J generated
by G’ is certainly contained in I NT. It is clear that G’ is a Grobner basis for J because it satisfies
the Buchberger criterion. If J C I NT, then there would be f € (INT)\ J with the least leading
term. In particular, 1t(f) ¢ 1t(J). Since G is a Grébner basis, 1t(f) € 1t(G). Since 1t(g;) involve y,
due to the elimination order, but It(f) € T, we must have 1t(f) € 1t(G’) = lt(J), a contradiction.

More generally, suppose we are given with a subring T C Flyi,...,ymn] generated by some
polynomials h;(y1,...,ym) (i =1,...,n) over F. We wish to find TNI for an ideal I of Fy1, ..., ym]-

Introduce new variables x1,...,z,, and consider
T =Flz1, ... 20 5 Fly, - ym] = Flys, - ym) /1,

where ¢ is defined by x; — h;(y1,...,ym) and 7 is the canonical map. ¢ maps onto T. If we knew
K = kerm o ¢, the image ¢(K) would be precisely TNI. Let R = Flxy,...,Zn,y1,-..,Ym]. Note
that R contains T" and Fly;, ..., Y] as subrings. Thus ¢ can be extended to (;NS as

~ atp—)hi(y),
¢:R=TF[z1,..., %0, Y1, ,Ym] = Fly1,...,ym] defined by

Yj — Yj-

The kernel of 7o ¢ is the ideal J = (z1 — by (y), ..., Tn —hn(y)) + 1. We have K = JNT’, which can
be computed by the method above. For example, let I = (1+z4y+2, 1+ay+yz+zz) C Faox,y, z].
If a subring is T' = Fa[z3, y3, 23], then an auxiliary ring is 7" = Fa[z’, 9/, 2’]. The intersection I N'T'

can be found by computing
(I+z+y+z l+ay+yz+ez, o' —2° ¢ —y° 2/ =2°)NF, ¢, 2.

In the end, one has to replace =’ with =3, 3 with 3, and 2’ with 23.

The Grobner basis is also useful to compute the vector space dimension of R/I, where R =
Flx1,...,2,]. The remainder r after division by a Grobner basis of I is unique and has a property
that 1t(r) is not divisible by any leading term of the Grébner basis elements. The remainders are

unique representatives for elements of R/I. It follows that there is a one-to-one correspondence as
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sets between R/I and R/1t(I). In particular, they are isomorphic as vector spaces. The generators
of 1t(I) are monomials my, ..., m; computed by the Grobner basis. Recall that monomials are in
one-to-one correspondence with the hyper-octant H of nonnegative coordinates of Z™. Therefore,
the vector space basis of R/1t(I) is labeled by points of H that are not contained in any cone whose
vertex, the least element with respect to the monomial order, is m; (1 <4 < t). For example, let
I = (22, 2y + y?) C Flx,y] = R. The reduced Grébner basis under a lexicographic order in which
x =y is {y°, vy + y?,22}. Therefore, R/1t(I) has a vector space basis {1,z,y,y?}. In a different
lexicographic order in which x < y, the reduced Grobner basis of I is {22,y + zy}. A vector space

basis of R/1t(I) is {1, z,y, zy}.

Syzygies and generalization to free modules

So far we have discussed only ideals and generators. It is straightforward to generalize the notions to
submodules of free modules over polynomial rings R = F|xzy, ..., 2,]. We first need to generalize the
monomial order. Let eq,...,e, be a basis of free module F' = R". A monomial of F' is a product
of variables times one of the basis, e.g., z1x5e3 and z3z3e; are monomials. A monomial order
on F' is defined in the same way as (A.7). The well-ordering property holds with the same proof.
The leading terms are defined the same way, as well as the ideal generated by leading terms. The
division algorithm does not need to be restated. The Buchberger criterion and algorithm make sense
with a minor change that if two leading terms involve different basis elements, then the S-polynomial
is defined to be zero. The elimination order are still applicable, and the calculation techniques are
valid with respect to submodules.

Nontrivial relations between polynomials are called syzygies. (Here, polynomials include basis
elements, so they are really elements of a free module.) More formally, if a submodule is defined
by the image of a module map ¢ : I’ — F between finitely generated free modules, the kernel of
¢ is called syzygy. For instance, the syzygies of x and y can be described by a submodule M of

]2 generated by Y , since the ideal (z,y) with generators  and y is the image of the map

T

¢: R? ——2 R and M = ker ¢. The relation between x and vy is thus y(z) — 2(y) = 0. We have

Flz,y

implicitly seen how to obtain nontrivial relations from the Buchberger algorithm. We formed an
S-polynomial of two polynomials and ran the division algorithm with respect to a set G = {g;} of
polynomials:

7(9:91) = L) W(g)*  Bedli(g) (g%~ 2 H T

where hzj € R. If G were a Grobner basis, then by Buchberger criterion we would have » = 0, and
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the expression would be a nontrivial relation among g;. More formally, let the module be generated
by a Grobuner basis {g;}. That is, module is the image of the map ¢ : F/ — F where the basis {¢;}
of I’ is mapped as ¢; — ¢g;. Then,

1t(g; 1t(g; i
E gcdat(g(jj,)lt(gme" - gcd<1t(g(3,)1t(gj)fﬂ' B % e

is mapped to zero under ¢. It is a theorem that ker ¢ is generated by 7,;. {7;;} is often a redundant

generating set for ker ¢. Be warned that 7;; is defined to be identically zero if 1t(g;) and 1t(g;) involve

different basis elements of F'.

Given a finite presentation of a module Fy/im ¢1 where ¢1 : F; — Fj is a module map between
finitely generated free modules, we can algorithmically find ker ¢1. This kernel is a finitely generated
submodule of F}, so it can be identified with the image of a map ¢5 : F» — F} between finitely
generated free modules. We can continue this as many times as we want, and obtain a sequence of
maps

RN RN NP LN <0 o

This sequence is called a free resolution of F/im ¢;. A particularly interesting case is when the

resolution is finite, i.e., F,, = 0 for some n.

A.4 Localization

Tensor product

Operations of modules include direct sum and quotient, both of which are automatic from the fact
that modules are abelian groups. Here we introduce another operation on modules called tensor
product. It is perhaps best defined by a categorical characterization, which is the most useful to
prove things. Here we define it in a colloquial way.

Let us first review a familiar case of vector spaces over a field IF. The tensor product V@ W of two
vector spaces V, W is a collection of formal finite linear combinations Z” a;;v; ® w; of “products”

v; ® w; where v; € V, w; € W and a;; € F. The “product” ® is multilinear since
(n4+vmuw=v1w+uv®w and v® (w1 +ws) =vRw; + v ws.
The scalar multiplication floats around ® as
(av) @ w =v & (aw)

for any a € F. In physics literature, it is sometimes said that a tensor is a multi-indexed object
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that transforms in a certain way under transformations for “indices.” This phrasing focuses on the

coefficients a;; and captures the multilinearity, as

Z iV Q wj = Z Qjj (Z Aia”&) ® <Z ijwg> = Z Z aijAmij ’U; ® wl/).
ij ij a b ab \ ij
The tensor product of two modules is defined in a similar way. For an R-module M and N,
we build a formal abelian group out of all possible expressions x ® g y for x € M and y € N, with

the following equalities imposed:

(z+2")Qry=2Qry+2 ®ry,
tQp(Y+Y)=2@ry+TQrY,

T QrY =T RTY. (A.8)

The resulting abelian group is denoted by M ®g N. It is an R-module by defining an action
r-(x ®ry) =rx g y. This is the tensor product of M and N. When there is no confusion about
the base ring R, we write ® instead of ®p.

Note that any abelian group M is a module over Z by action n - m = Zlill sgn(n)m for any
n € Z and any m € M. Hence, we can take the tensor product of any abelian groups as Z-modules.
Since any R-module is an abelian group, one realizes that there are at least two ways to form tensor
products of two R-modules M and N; M ®z N and M ® g N. All but one equations of (A.8) remain
unchanged. The last equation declaring R-linearity of ® g depends on R. It makes a huge difference.
For instance, C ®c C = C is one dimensional, but C ®g C is infinite dimensional since there are
infinitely many irrational numbers. C ®y C is even larger. When the subscript is omitted, the tensor
product of two R-modules is taken over R by convention.

Since the tensor product of two modules is a module, it makes sense to take the tensor product

of three or more modules. Fortunately, the order of the tensor product does not matter.
(LOrM)®r N =L ®g (M ®rN) M®rN=N®rM

There are (unwelcome) phenomena for general modules that never occur for vector spaces. The
tensor product of two nonzero modules may be zero. For example, the tensor product of two Z-
modules Z/(2) and Q is zero because [a] ® b = [a] ® 2§ = 2[a]® § = 0® § = 0. An expression t @y
may be zero in M ® N but may not be zero in M’ ® N’ where M’ < M and N’ < N are submodules.
For example, let M =7 and N = Z/(2) be Z-modules. Choose M’ = 2Z and N’ = N. Now 2 ® [1]
is nonzero in M’ @ N’, but in M @ N, it isequal to 2-1® [1] =1 ® [2] = 0.

Below we explain a “safe” and powerful tensor product.
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Ring of fractions

The ring of rational numbers Q is constructed from Z by inverting nonzero elements. We wish to
do a similar thing for general rings. Let U be a multiplicatively closed subset of a ring R, i.e.,
1 € U and any product of two elements of U lies in U. U needs not be closed under addition. For
example, the set of all nonzero numbers in Z is a multiplicatively closed set. More important is the
complement of a prime ideal p. 1 is included in R\ p because p # (1). If a ¢ p and b ¢ p, then
ab ¢ p. This is the defining property of the prime ideal.

We construct “fractions” by putting elements of U C R in denominators and elements of R in

numerators. The set of all fractions becomes a ring with the “usual” additions and multiplications

a b ag+b
e r_saror (A.9)
p q pq
b b
.29 (A.10)
p q pq
Moreover, the elements of U are invertible!
1 P qa a
Sp=2=1, Z==C
p p ap

The new ring of fractions* is denoted by U'R or R[U~!]. Two special cases are so important

that they deserve separate notations.
e If U = R\ p, the ring of fractions is called the localization of R at p and denoted by R,.
o If U ={1,f,f? f3,...} for some f € R, the ring of fractions is denoted by Ry.

The original ring R lives in U~'R via a canonical map 7 — 7- With this canonical map, we omit

1 in the denominators. Note that U~'R is an R-module. For example, Z, = Z[1] is a ring of

fractions with denominators are powers of 2. (Yes, this is a confusing notation since Z, is used
to mean Z/(n).) Z) is a ring of fractions with odd denominators. Q[z](,) is a ring of fractions
of polynomials where denominators does not vanish at x = 0. What is Q[x,y]s,? It is a ring of
fractions of polynomials where denominators are powers of xy. Since % = xy—y and i = ;—y, we notice
that Q[z,y]sy is really the ring of Laurent polynomials.

Modules can be fractionalized as well. Let M be an R-module. Choose a multiplicatively closed
set U of the base ring R, and define U~'M as the set of all fractions with elements of M in the
numerators and elements of U in the denominators. The addition within U~'M is defined by (A.9).

U~'M becomes an U ~! R-module using (A.10). In fact, U"'M = (U'R) ®r M as U~! R-modules.

4 Rigorously, the ring of fractions is a collection of equivalence classes of R x U; (a,p) = (b,q) if and only if there
exists s € U such that s(ag — bp) = 0. The reason we do not define the equivalence using “aq = bp” is that there
could be zero-divisors in R. Interested readers might want to check that U~ R indeed becomes a ring using (A.9)
and (A.10) as definitions.



173

Moreover,
e U'M®@y-1g U N =U"YM ®@g N) for any R-modules M, N.

The localization, the process passing to fractional rings and modules, is so well behaving under

nearly all conceivable operations. Let A, B < M be submodules.
o U A is a submodule of U M, i.e., U"' A injects into U1 M.
e U 'ANU'B=U1(ANB).
e U 'A+U'B=U"1(A+B).
e U Y (M/A)=(UM)/(ULA).

They all originate from the following. A sequence of maps among modules A, B, C'
0+A—-B—-C—=0

is a short exact sequence if
e ker(A — B) =0,
e im(A — B) = ker(B — (),
e im(B—(C)=C.

The localization preserves short exact sequence, i.e., if 0 - A — B — C — 0 is a short exact

sequence, then

03U AU 'BU'C—0

is also a short exact sequence. For example, the first and the fourth statement above follows from

localizing the short exact sequence
0—->A—->M-— M/A—O.

The localizations at prime ideals are useful because an R-module M is zero if and only if M, = 0
for every prime ideal p of R. In fact, M = 0 if and only if M, = 0 for every mazimal ideal m of R.
This can be understood as follows. The annihilator denoted by annp M of an R-module M is an
ideal of R defined by

anng M = {r € R| rm =0 for any m € M} (A.11)

It is an ideal because (a+b)m = am—+bm = 0+0 = 0 and (ra)m = r(am) = 0if a,b € anng M. Note

that any R-module M becomes a module over R/(anng M). What is to be proved for this statement
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is the well-definedness of the defining operation (A.4), i.e., one needs to check that [a] - m = [b] - m
if [a] = [b] € R/(anng M) for any m € M. Note that if R is a polynomial ring over a field, there is
an algorithm to compute anng M for a finitely presented module M using pull-backs and Grébner
basis techniques. Now, it is easy to see that a module M, (the localization of M at a prime p) is
zero if and only if the annihilator is not contained in p, since a module is zero if and only if 1 or
any unit is an annihilator, but the localized ring at p anything outside p is a unit. If M becomes
zero at the localization at any maximal ideal, it means that the annihilator is not contained in any
maximal ideal. The only elements of R that lie outside of any maximal ideal are units. Therefore,

M =0.

r

Recall that there exists a canonical map ¢ from R to a ring of fractions U 'R, sending r to I

The image under ¢ of any ideal I of R is not in general an ideal. However, we may consider the
ideal of U~!R generated by ¢(I). This ideal is denoted by I¢ C U~ 'R, called an extended ideal.
In fact, any ideal of U 'R is an extended ideal. To see this, consider any ideal J of U™'R, and

x

its contraction ¢~!(J) C R. An element of J is 2. Since J is an ideal, % = 7 € J. That is,

x € ¢~ 1(J). We have shown (¢~ 1(J))¢ = J. Note that every prime ideal of U 'R is an extended
ideal of a prime ideal of R that do not intersect U. We have seen that the inverse image of a prime
ideal p is prime; the contraction p¢ = ¢~1(p) of a prime ideal of U~'R is prime. Since prime ideal

is not (1), it cannot contain any unit. Hence p¢ cannot meet the set of units U. Conversely, for any
ab

ss’

prime ideal q of R that do not intersect U, q° is a prime ideal of U~1S, since € q° = “Tb € q°.

It is clear that if ¢=1(J) is generated by n elements of R, then J is generated by n elements of
U~'R. More importantly, if R is a Noetherian ring, then any localization is a Noetherian ring.

A local ring is a ring with a unique maximal ideal. Typically, maximal ideals are not unique. In
the ring of integers, every prime number generates a distinct maximal ideal. Let R, be a localized
ring at a prime ideal p of R. By definition of Ry, the set of all denominators do not meet p. Hence,
pp is a prime ideal of R,. If m is any ideal of R,, we must have m C p,. Otherwise, m contains an
element outside p,, which is invertible, and hence m = (1). The localized ring R, at a prime ideal is

a local ring with a unique maximal ideal p,. One thing to remember about a local ring is that any

element outside the unique maximal ideal is a unit, i.e., it is invertible.

Geometry

Why is it called “localization?” Here we briefly introduce the algebro-geometric point of view on
rings.

The (only) algebraic structure that we should start with for a geometric object is a function
space. By a function we mean a set-theoretical map from the geometric object to numbers. We
can impose certain conditions such as continuity or differentiability on the function space to study

deeper and interesting aspects of the geometric object. In classical algebraic geometry, the geometric
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object, called variety, is defined by one or more polynomial equations, and the functions are defined
by polynomials.

Roughly speaking, there are two interesting types of functions: globally defined functions and
locally defined functions. The locally defined ones may not be well-defined for some regions far from
the point of interest. In the algebraic setting, the global functions are given by polynomial expressions
without denominators. There may be several polynomial expressions for the same function. This
happens when two polynomials differ by the equations of the variety. For example, the global

function space, called coordinate ring of a parabola on R? defined by y = 2

R =R[z,y]/(y — 2?).

Locally defined functions at a point p, if they are given as a fraction of two polynomials, are

is a quotient ring

precisely those whose the denominators are not zero at p. For example, the fraction %H is a locally
defined function at a point (0,0) of the parabola, but szl is not. Collecting all locally defined
functions at m = (0,0), we obtain a local ring Ry = (R[z,y]/(y — 2?))(s,y), Which is consisted of
fractions whose denominators are not contained in the maximal ideal (x,y). The global function ring
R is localized at m to be a local ring Ry,. Note that we have identified a point on the parabola with
a maximal ideal m. This makes sense because the set of all solutions of the equations f(z,y) =0
where f(z,y) € m is exactly (0,0).

One might ask what it means geometrically to localize at a prime ideal p. A prime ideal defines
a subvariety by equations f = 0 where f € p. The localization reveals the set of “functions” that

are locally defined “around” the subvariety. (The notion of neighborhood can be made rigorous by

defining a topology using polynomials.)

A.5 Determinantal ideal

When is a square matrix with integer entries invertible? A naive answer is that it is when the
determinant is nonzero. It is true when the matrix is viewed as a matrix over Q. If we insist that
the inverse matrix must be expressed over Z, then the answer is that it is when the determinant
is £1. That is, the determinant must be invertible within the ring. Put differently, it is when the
ideal generated by the determinant is the unit ideal. The determinant has another use. The rank of
a matrix is the largest k£ such that there exists a k x k£ submatrix whose determinant is a nonzero.
Put differently, it is when the ideal generated by determinants of all k x k submatrices is nonzero.
These observations motivate us to define a determinantal ideal over an arbitrary commutative
ring R. Consider a rectangular matrix M with entries in R. A k*® minor is the determinant of a
k x k submatrix. (There are quite many & minors if & is about half of the matrix size.) Note that
to define the minor we do not have to assume that the full matrix M is square. When k is larger

than the number of rows or columns, A" minor is, by definition, zero. k*® determinantal ideal
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I(M) of M is the ideal of R generated by all £*® minors of M. By convention, 0*" determinantal
ideal is taken as Io(M) = (1) = R. If M is n x n, then n'" determinantal ideal is generated by a
single element, the determinant of M. The first determinantal ideal is generated by all entries of M.
A (k + 1) minor is a linear combination of k" minors, as it has a cofactor expansion. Therefore,

the determinantal ideals form a decreasing chain:
R= IO(M) o5 (M) 2 IQ(M) 22 Imin(#row,#col) (M) 2 (0)

The rank of M is the largest k such that I (M) is nonzero.
The determinantal ideals are invariants of M under invertible matrix multiplications on the right

or on the left.
I;;(MD) = I,(EM) = I,(M) if D, E are square and invertible.

To understand this, it is enough to see I, (EM) C I, (M) for arbitrary matrix E. Then, for invertible
E, we would have I;(E"YEM) C I,(EM). We need to see that a k" minor of EM is a linear

combination of k*® minors of M. Fix a k x k submatrix K of EM.
K = Z eij M
J

where e;; = E;; is written with small letter to emphasize it is merely an element of R. Now the
determinant of K is vividly expressed by minors of M, since the determinant is multilinear over R

in rows K; of K.

detK = det(K1, .. .,Kk) = det Zellejl, .. "Zekjijk
J1 Jk

= Z ey, - ekj, det [Mj,, ..., M;,]
Jiseesh
where M; is the row j of the submatrix of M that is consisted of entries contributing to K.
Suppose R be a local ring with a maximal ideal m, and consider a matrix M over R of rank
k. If I(M) = (1), how would M look like after row and column operations? The operations are
invertible, and therefore do not change the determinantal ideals. Since the determinantal ideals form
a descending chain, it follows that I;(M) = (1). It means that at least one entry must lie outside

m and is invertible. Bringing that entry to (1,1) position by permuting rows and columns, we can
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eliminate other entries in the first row and column, by row and column additions. So

1 0
0 M

1%

where = means the equivalence up to invertible matrix multiplication on the left or right. Now we
use the fact that Io(M) = (1) = I;(M’). By a similar process we can extract 1 from M'. After k

steps, we have

idi, O
M . (A.12)
0 0

Here, observe that R is not necessarily a field. It is just a local ring where some nonzero elements
may not be invertible. The smallest nonzero determinantal ideal being a unit ideal was strong

enough to imply the structure of the matrix.

Smith normal form

Beyond the “easy” local ring case, there is one more easy case of principal ideal domains, in which
every ideal is generated by a single element. It is not necessarily local. The ring of integers and
the ring of polynomials in one variable over a field are principal ideal domains; given finitely many
generators of an ideal, one can find the greatest common divisor (ged) by the Euclidean algorithm.

Let R be a principal ideal domain. We ask what normal forms of matrices we may have, after
invertible matrix multiplication on the left or right. In other words, we seek for invariants of the
matrices. Observe that the ged of two elements® f and g can be expressed as a linear combination
of f and g

ged(f,9) = af + by

for some a,b € R. To see this, consider the ideal (f, g). It must be generated by a single element, say,
d, ie., (d) = (f,g). Then, f € (d) <= f =df’ and g € (d) <= g = dg¢’. So d is a common divisor
of f and g. In addition, (d) = (f,g) C (ged(f, g)) implies that ged(f,g) divides d. Thus, ged(f,g)
and d are the same up to units, and ged(f,g) € (f,g). We thus obtain the above expression. Now,

consider the following matrix equation

ged(f, 9) a b\ [f
0 -9 f'] \yg

5To speak of ged, it must be first proved that in R any element has a unique factorization. It is true that in
any principal ideal domain, any element is a product of irreducible factors that are unique up to units. If the latter
is satisfied, the ring is called a unique factorization domain. Note that an arbitrary ring may not be a unique
factorization domain. For example, in Z[y/=5], we have 6 = 2-3 = (1 + v/=5)(1 — v/=5), which are two different
factorizations of 6 into irreducible factors.
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The 2 x 2 matrix has determinant af’ 4+ bg’ = ged(f, g)/d, a unit. We have transformed a 2 x 1
matrix by an invertible left multiplication such that there is only a single nonzero entry left. A

similar thing can be done for an n x 1 matrix.

(scd(fireioif) 0 - 0) =B(fi o £)

where E is invertible.

If we are given with a rectangular matrix M, we can perform this transformation by looking
at the first column of M. The transformed matrix M’ will have a nonzero entry on the first row
in the first column. Perform a similar transformation by right multiplication, focusing on the first
row of M’. The new matrix M" has unique nonzero entry at MY ; in the first row, but the first
column may be screwed up. We can iterate these transformations as many times as we want. Will
this process eventually terminate? Yes. For example, if we are working in the ring of integers, the
absolute value of the entry MY ; is smaller than [M ;[, which is < [Mjy |. Positive integers cannot
decrease forever, and the process must terminate. More generally, the ascending chain condition
makes the proof smooth. The ideals generated by the (1, 1)-entries will form an increasing sequence
of ideals. Our ring R, being a principal ideal domain, is Noetherian. The sequence must become
stationary after finitely many iterations. If one is not too familiar with Noetherian rings, one can
rely on the fact that there are finitely many factors of a given element. If (dy) C (d3) C --- is an
increasing sequence of ideals, we have d;11|d;. Since there are only finitely many factors in dy, one
cannot have an infinite and strictly increasing sequence of ideals.

The matrix M) obtained from M by iterating the ged-computations n-times, has a unique

nonzero entry d at (1,1) in its row and column.

d 0
0 M

M® —

We can claim a bit more. If there is any entry at (u,v) of My that is not divisible by d, we can add
the row u to the first row and run the ged-computation again. The ideal generated by (1, 1)-entry
will become larger. Iterating, we eventually find the largest possible ideal generated by (1, 1)-entry.
Therefore, we can obtain M; whose entries are all divisible by d.

The above algorithm applied to M;, and to its submatrix, and so on, will produce a diagonal
matrix. This diagonal matrix is called the Smith normal form of M. The nonzero diagonal entries
di,...,d; have a property that

dy|da] -+ |dg.
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Here, the number k is precisely the rank of the matrix M. Moreover, the determinantal ideals are

This immediately proves that d;’s are uniquely determined by M. The invariants d;’s are called
elementary divisors of M. Since any matrix, not necessarily square, can be brought to the Smith
normal form by invertible transformations, it follows that the elementary divisors are complete
invariants, i.e., the elementary divisors are the same for two matrices if and only if two matrices

are related by invertible matrix multiplication on the left and right.

Finitely generated modules and Fitting ideals

We briefly noted about finite presentations of modules when we discussed free modules. We say that
an R-module M is finitely presented by a matrix ¢ : R™ — R™ if M is isomorphic to R™/im ¢. This
is more commonly denoted as M = coker ¢.

To get some feeling, let us consider a simple case where R = Z. The matrix ¢ : R™ — R"
is an n X m matrix with integer entries. Any basis change in R™ amounts to an invertible left
multiplication on ¢. Any basis change in R™ amounts to an invertible right multiplication on ¢.
We know a very convenient canonical form of ¢ — the Smith normal form. Let ¢ be in the Smith
normal form with the diagonal elements dy, ..., dy. In the simplest case k = m = n = 1, the module
Mis R/im¢ =Z/(d1). If m =n =2 and dy = 0, the module M is R?/im¢ = Z/(d;) & Z.

In fact, we can prove the structure theorem for finitely generated abelian groups very easily. Let
M be a finitely generated abelian group. It can be viewed as a finitely generated Z-module. Let n
be the number of generators. We have a module map q~5 : Z™ — M, which is surjective. The kernel
K is also finitely generated since Z™ is Noetherian. Hence, we have another map ¢ : Z™ — K C Z"
where m is the number of generators of K. We have constructed a finite presentation of M by ¢,
ie., M =7Z"/im¢. Bring ¢ to the Smith normal form by basis changes in Z" and Z™. If dy| - - - |dx
are elementary divisors of ¢, we define dy;1 = -+ = d,, = 0. Then we have an isomorphism of

Z-modules M =2 7/(d1) & ---® Z/(d,). Viwed as a group, the notation will be
M =7/d\7 x --- x L)dpZ x Z"F,

This is the most general form of a finitely generated abelian group. Note that the rank n — k and the
elementary divisors dy|dz|---|dr # 0 are uniquely determined by the group M. Any finite abelian
group is obviously finitely generated.

Let R be an arbitrary commutative ring, and M be an R-module with a finite presentation given

by a matrix A : R™ — R", i.e., M =2 R"/im A = coker A. We define Fitting ideals F;(M) of M
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as

Fi(M) = L_s(A), (A.13)

SO

One should ask: A is one of many possible finite presentations. How can we be sure that F;(M)
is determined by M and is independent of a particular presentation A? We can be sure. The
presentation really consists of two sets of things: a set of generators zi,...,z, € M and their

relations (syzygies) given by columns of A

Z x;Aij = 0.
i
Thus, we can think of A as the matrix of relations. The isomorphism M = coker A ensures that
any possible relations among x; is generated by columns of A. That is, for any coefficients ¢; such
that Zz z;c; = 0 we can express ¢; as ¢; = Zj A;jd;. Therefore, if we write a n x oo matrix A by
collecting all relations among z;, then the k™" determinantal ideal of Ais exactly Ix(A). In other
words, I;(A) is determined by the chosen generators of M. Our question on the well-definedness of
the Fitting ideal concerns, in fact, many possible choices of generators for M. Now, let yi,..., yn/
be elements of M. We have n+n’ generators x;,y; of M, and M is presented as a quotient module
of R, The relations among x;,y;; constitute a matrix
W:AA/#NW’:AOAI NW”:AOO
0 id # 0 id O 0 id O

where ~ means equality up to row or column operations. The first matrix W can be written as
shown because y;» can be written as some combination of z;. W is obtained from W’ since we know
that A generates all relations among ;. Since determinantal ideals are invariant under invertible
matrix multiplications, we see that I (W) = Iy (W') = Igpn (W) = I(A). Another finite
presentation B : R™ — R of M = coker B gives another set of generators. By the above
calculation, I,,_(A) = Lyyn k(W) = I, (B). Therefore, the Fitting ideals are well-defined. We
now see clearly why the numbering of the Fitting ideals are given as (A.13). (One might notice that
the finite presentation is actually too much than what is needed to define Fitting ideals. They can
be defined for any finitely generated module.)

The first nonvanishing Fitting ideal is important because it tells when a finitely generated module
becomes free after localization. For example, suppose an R-module M is finitely presented by
¢ : R™ — R3 and F;(M) is nonzero. Let p be a prime ideal of R such that F} (M) € p. Localizing
at p, we see that Fy(M) = Iz(¢) becomes the unit ideal, since anything outside p is a unit in R.
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Then, we have seen in (A.12) that the matrix ¢, is equivalent to a diagonal matrix with entries

0 or 1. Therefore, coker ¢, is obviously isomorphic to Ry /Ry = R,

p» & free module. Conversely, if

coker ¢, is free for some prime ideal p, then Ij(¢,) is either (1) or (0). Therefore, every Fitting ideal
of coker ¢, is either (0) or (1). In conclusion, the localizaed module M, of M at a prime ideal p is
free if and only if the first nonvanishing Fitting ideal of M is not contained in p.

The initial Fitting ideal Fy(M) is also interesting because it approximates the annihilator of M.

Let M be generated by n elements. Then,
(ann M)" C Fo(M) C ann M. (A.14)

Here, the ideal power (ann M)™ means the ideal generated by all products of n elements from
ann M. By definition, Fy(M) = I,,(A) where A is a matrix of relations among the n generators z;
of M. If Z is an n x n submatrix of A, we have ) x;Z;; = 0. Multiplying the adjugate matrix
of Z, we see (det Z)x; = 0 for all 1 <4 < n. Hence, det Z € ann M. Since Fy(M) is generated by
these det Z, we have the second inclusion of (A.14). If a,...,a, € ann M, then the diagonal matrix
made of a; expresses relations among x;. The determinant ay - - - a,, therefore belongs to Fy(M).

This proves the first inclusion of (A.14).

A.6 Finite fields

A field is a nonzero commutative ring where every nonzero elements are invertible. There is only
one proper ideal, the zero ideal (0). A finite field is a field with finitely many elements. If there
are ¢ elements in the field, we denote the field by F,. The minimum possible number is of course
q = 2 because we need 0 # 1. In this case it is called bianary field F,. It may seem quite
modest to require for a field to have finitely many elements, but, unlike finite groups, finite fields
are particularly simple — there is a unique field of q elements up to isomorphisms. Let us see why.

Since any ring is an additive group, F, is a finite abelian group. How does it look like as an
additive group? Applying the “structure theorem for finitely generated abelian group,” we know
F, = @le Z/(d;). where 1 < dy|dg|---|dk # 0. It follows that for any element x € F, we have
drx = 0. Here, dy, is the smallest number such that dix = 0 for any x € Fy. If dj is not a prime
number, say, di = pp’ with p,p’ < dj, then p =p-1 # 0 in F, is invertible. Hence, p’ =p’-1 =0,
which is a contradiction to the minimality of di. Therefore, di, is prime, and d; = ds = --- = d, = p.
It follows that |F,| = ¢ = dids---dy = p*. This conclusion is often phrased as a finite field has
characteristic p for some prime number p and the total number of elements is a power of p. Note
that the image of Z — F,, as there is a unique ring homomorphism from Z to any ring, is Fp, a

subfield of IFy. It is of great importance that F, is a k-dimensional vector space over IFy,.
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Next, how does the multiplicative group of all nonzero elements of I, look like? It is again a
finitely generated abelian group. Therefore, its group structure is uniquely determined by elementary
divisors 1 < eqlea|- - - |en # 0. In a similar logic as above, we have z°» =1 for any nonzero z € F,.
It is an equation in the field, so it can be rewritten as z°» — 1 = 0. How many solutions can an
equation have? At most the degree. It means that ¢ — 1 = ejes - - e, < e, The only possibility is
that m =1 and e; = ¢ — 1. That is, the multiplicative group F; consisted of all nonzero elements
is isomorphic to the additive group Z/(q — 1), a cyclic group generated by a single element. In
other words, there exists an element x in F, such that {z"|n € Z} is equal to the set of all nonzero
elements. Such an element z is called primitive element of F,. There could be many primitive
elements in F,.

Finally, let us mix the two operations, the addition and multiplication, and consider the ring
structure of F,. Before we start analyzing F,, remark that for any field IF, not necessarily finite, and
an irreducible polynomial f(z) over F, we can construct a larger field Flx]|/(f(x)) that contains F.
A larger field is called an extension field over the smaller field.

We noted above that F, is a k-dimensional vector space over F,. Fix a primitive element o of
F,. Then, the set of “vectors” {1,a,a?,...,a*} contains k + 1 vectors, so it cannot be linearly
independent over IF,,. Consider the set I, of all polynomials f(t) € F,[t] C Fy[t] such that f(a) = 0.
It is clearly a nonzero ideal, and therefore is generated by a single element f, (t), which divides any
element in I,. f,(t) is unique if we demand the leading coefficient to be 1. A polynomial with the
leading coefficient 1 is called monic. The minimality of f,(t) forces it to be irreducible. fo(t) is
uniquely determined by «, called the minimal polynomial of o € F; over F,,. We have established
a ring homorphism F,[t]/(f.(t)) — F, such that ¢ — «. Since « is a primitive element, this map is
surjective. Moreover, it is injective because of the choice of f,(t). It follows that the degree of f(¢)
is actually equal to k, the dimension of F, as an F,-vector space, and the ring F, is isomorphic to
a quotient ring of the polynomial ring F,[t].

Recall the polynomial h(z) = % — z becomes zero at any element of F,. It means that in the

ring F,[x], the polynomial h(x) factorized into linear factors as
h(z) = z(z — a)(z — ) (z —a®) - (x — a?™h). (A.15)

Since 9 — z € I, it follows that f,(x) € Fp[z] divides 29 — x € F,[z]. Therefore, fo(z) € Fy[x]
factorizes into linear factors, too. That is, any root of fo(x) can be found in F,, not only «.
Furthermore, any root of fo(x) is a primitive element. Let 8 € F, be any root of f,(z). The ideal
Ig C F,[x] contains f,(x). Hence, the minimal polynomial fi(z) € Ig divides fq(x). Since fo(z) is
irreducible in F),[z], we must have f,(z) = fz(z). It means that F; > a — 3 € F, is an isomorphism,

guaranteeing that (3 is a primitive element.
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The quotient ring presentation of Fy, is not unique because it depends on f, (¢) which is determined
by a primitive element. It is thus a relevant question whether two finite fields with the same
cardinality IF, and F’q are isomorphic as rings. Let o be a primitive element of IF, with the minimal
polynomial f(z) over F,, and 8 be a primitive element of F; with the minimal polynomial g(x)
over F,. We know that f(z)|h(x) and g(z)|h(z) where h(z) = 27 — z. It follows from (A.15) that
f(B") = 0 in I, for some n. Given such n, we can define a ring homomorphism F,[z]/(f(z)) >
r = y" € Fplyl/(g(y)). It amounts to a ring homomorphism F;, > a — 8" € F;. Note that any
nonzero ring homomorphism from a field is injective simply because the kernel is a proper ideal.
Since both the domain and the target are finite dimensional vector spaces, our homomorphism is
bijective, and we obtain a field-isomorphism. In conclusion, any finite field is uniquely determined
up to isomorphisms by its cardinality.

Let f(z) € Fylx] be any irreducible polynomial over F,. We may consider an extension field
E = F,[z]/(f(x)) over Fy. It is still a finite field for being a finite dimensional vector space over a
finite field. In E, f(x) factorizes into linear factors by the same reasoning as above. More generally,
since any polynomial g(x) is a product of irreducible polynomials, by extending the field, one can
factor further some of the irreducible factors. Since there are finitely many irreducible factors,
one eventually reaches an extension field where g(x) factorizes into linear factors completely, after
finitely many extensions. If we started with a finite field, then the ultimate field will still be finite
of cardinality, say, ¢’. It follows that g(z) is a factor of (z? — z)" for some n, where n is to take
care of potential multiplicity in g(x). n can be chosen to be large. If one wishes, it may be of form
p™ where p is the characteristic of the field. Then, (29 — z)?" = 27P" — zP" . Summarizing, any

nonzero polynomial g(x) over a finite field divides xP" — xP" for some m' > m.
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