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Finding the disjointness of stabilizer codes is NP-complete
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The disjointness of a stabilizer code is a quantity used to constrain the level of the logical Clifford hierarchy
attainable by transversal gates and constant-depth quantum circuits. We show that for any positive integer
constant ¢, the problem of calculating the c-disjointness, or even approximating it to within a constant multi-
plicative factor, is NP-complete. We provide bounds on the disjointness for various code families, including the
Calderbank-Shor-Steane codes, concatenated codes, and hypergraph product codes. We also describe numerical
methods of finding the disjointness, which can be readily used to rule out the existence of any transversal gate
implementing some non-Clifford logical operation in small stabilizer codes. Our results indicate that finding
fault-tolerant logical gates for generic quantum error-correcting codes is a computationally challenging task.
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Designing fault-tolerant schemes is an essential step to-
ward scalable universal quantum computation [1-4]. To
protect quantum information from the detrimental effects
of noise, one typically encodes it into an quantum error-
correcting code. In addition to reliably storing quantum
information, one also seeks to perform fault-tolerant logical
operations on the encoded information.

One of the simplest ways to realize fault-tolerant logical
operations is via transversal gates, which act independently on
individual physical qubits and thus do not spread errors in an
uncontrollable way. Recently, many works have been devoted
to transversal gates implementing non-Clifford logical opera-
tions in topological quantum codes [5—11] and the consequent
universal quantum computation schemes [12—17]. Transversal
gates also prove useful for magic state distillation [18-20],
as they form the backbone of many distillation protocols; see
Ref. [21] and the references therein.

Logical operations implemented via transversal gates are
somewhat limited. Namely, the computational universality
of transversal gates is incompatible with the capability of
the underlying code to correct errors, as exemplified by the
Eastin-Knill theorem [22,23], and its approximate versions
[24-26]. More generally, bounded-spread logical operators,
which propagate errors in a benign way and include constant-
depth quantum circuits and locality-preserving operators, are
also computationally limited [27-31].

Although systematic approaches to finding transversal log-
ical gates for generic quantum error-correcting codes are not
known, for stabilizer codes [32] we can rule out the possi-
bility of implementing certain logical operations. Namely, if
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M is the level of the logical Clifford hierarchy [33] attainable
by transversal logical gates, then the following upper bound
holds:

M < llog, (dy/d )] +2, )

given the min-distance d; > 1, max-distance d;, and disjoint-
ness A of the stabilizer code [30]. The disjointness, roughly
speaking, captures the maximal number of mostly nonover-
lapping representatives of any given nontrivial logical Pauli
operator. Until now, however, the problem of finding the dis-
jointness as well as its computational hardness have not been
explored.

In our work we focus on the problem of finding the
disjointness of stabilizer codes, which serves as a proxy to
understanding what are the admissible fault-tolerant logical
gates. First, in Sec. II we show that for any positive integer
c¢ it is NP-complete to calculate the c-disjointness, as well
as to approximate it to within any constant multiplicative
factor. Our result thus indicates that finding fault-tolerant
logical gates that can be implemented with generic quantum
error-correcting codes is a computationally challenging task.
Then, in Sec. III we discuss numerical methods of finding
the disjointness, which we illustrate with the example of the
[14, 3, 3] stabilizer code [34]. We also provide a strength-
ening of the bound in Eq. (1), which subsequently rules
out the existence of any transversal logical non-Clifford gate
in the aforementioned [[14, 3, 3] stabilizer code. Lastly, in
Sec. IV we provide bounds on the disjointness for various
code families, including the Calderbank-Shor-Steane (CSS)
codes [35,36], concatenated codes [37], and hypergraph prod-
uct codes [38].

I. PRELIMINARIES

In this section, we briefly discuss basic constructions of
stabilizer codes, as well as the notions of code distance and
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disjointness. We also comment on certain graph-theory prob-
lems and their computational complexity.

A. Stabilizer code constructions

Stabilizer codes are an important class of quantum error-
correcting codes. A stabilizer code is defined by its stabilizer
group S, i.e., an Abelian subgroup of the Pauli group that
does not contain —/. In what follows we identify the stabi-
lizer code with its stabilizer group. The code space of the
stabilizer code S is the simultaneous (+1) eigenspace of all
of the stabilizer operators. We denote by [[n, k, d]| a stabilizer
code that encodes k logical qubits into n physical qubits and
has code distance d. To specify the [[n, k, d]] stabilizer code,
we can provide a binary matrix of size (n — k) x 2n, whose
rows correspond to independent stabilizer generators of S. For
concreteness, we identify a bit string (by, ..., by,) € {0, 132"
with the following Pauli operator )_, X' Z*", where P,
denotes a Pauli P € {X, Z} operator acting on qubit i € [n] =
{1, ..., n}. We say that an operator is of X or Z type iff it is a
tensor product of either Pauli X or Pauli Z operators (and the
identity operators).

For any stabilizer code, logical Pauli operators, which are
the elements of the the normalizer of the stabilizer group in the
Pauli group, can always be implemented as tensor products of
single-qubit Pauli operators. We write L to represent a logical
Pauli operator itself, as well as the set of its equivalent repre-
sentatives. Also, we write £ to denote the set of all nontrivial
logical Pauli operators.

CSS codes. A stabilizer code is a CSS code iff there exists
a choice of stabilizer generators such that every generator is
either a Pauli X- or Z-type operator. Given a CSS code with
code parameters [[n, k, d]|, we can always choose its logical
Pauli operators in a way that for every i € [k] the logical
Pauli X; and Z; operators are implemented via Pauli X- and
Z-type operators, respectively. We refer to such a set of logical
operators {X;, Z}ie[k] as a standard logical basis. Then, for
every logical Pauli operator L we can find its decomposition
in a standard logical basis, i.e., L = L°T”. where L and "
are X - and Z-type logical Pauli operators, respectively.

Concatenated stabilizer codes. Given two stabilizer codes
Si and S, with parameters [[n, k1, di]] and [[n;, 1, d,]], re-
spectively, we can concatenate them to obtain a new stabilizer
code S; <1 S,. To construct the concatenated code S; <1 Ss,
we first encode the logical information into the stabilizer code
Si, then we encode each and every qubit of the stabilizer
code S; into the stabilizer code S,. The concatenated code
S1 <48, is a stabilizer code with parameters [[nin;, ky, d],
where d > d,d>.

Hypergraph product codes. Given two full-rank binary ma-
trices H; and H, of size m; x n; and m, X ny, respectively,
the corresponding hypergraph product code is specified by the
following binary matrix:

Hl ®Im2 | Im| ®H2 | Omlmz,mszrnzm] (2)
| I, ®H) [ H{ @1, )’

Onlnz,n1n12+n2m1

where H*T denotes the transpose of H,, 0, and I, are the
zero matrix and the identity matrix of size a x b and a x a,
respectively. Note that hypergraph product codes are CSS
codes.

B. Distance and disjointness

Let L € £ be any nontrivial logical Pauli operator for the
stal_ailizer code S. Following Ref. [30], we define the distance
d(L) to be the size of the support of the smallest representative
of L,1ie.,

d(L) = min |suppL, (3)
LeL

and introduce the notions of the min-distance and max-
distance as follows:
d, =mind(L), d; =maxd(L). 4)
Lel Lel
Note that the min-distance is the same as the standard stabi-
lizer code distance.

Let A C L be a subset of representatives of L or, more
generally, a multiset that allows for multiple instances for
each of the representatives of L. We say that A is a c-disjoint
collection of representatives of L, where ¢ is a positive integer,
iff for every qubit there are at most ¢ elements of A that
are supported on that qubit. We then define the c-disjointness
AJL) to be the size of the largest c-disjoint collection for L
divided by ¢, i.e.,

A L) = ¢! max{|.A| : at most ¢ elements L € A
ACL

are supported on any qubit}. &)

Subsequently, the disjointness A(S) of the stabilizer code S is
defined as follows:

A(S) = supmin A.(L). (6)
c=1 Lel
Note that the disjointness defined here, which allows repre-
sentatives of L to be selected multiple times, is greater or
equal to the disjointness defined in Ref. [30]. Thus, by us-
ing our definition in Eq. (1) we may obtain a tighter bound
on the level of the logical Clifford hierarchy attainable by
transversal logical gates. At the same time, it is not obvious
that the supremum in Eq. (6) can be admitted for some finite
positive integer c. We establish this fact in Theorem 2 and
Proposition 1.
Finally, for any positive integer ¢ we introduce the follow-
ing decision problem based on the c-disjointness.

c-DISJOINTNESS

Input: A full-rank binary matrix of size (n — k) x 2n specify-
ing a stabilizer code S, a string of 2n bits representing a logical
Pauli operator L, and a positive integer a.

Question: Is the size of the largest c-disjoint collection of
representatives of L greater or equal to a, i.e., cA(L) > a?

C. Computational complexity and graph theory

NP is the complexity class of problems that can be solved
in polynomial time using a nondeterministic Turing machine,
which can perform multiple operations at the same time in
parallel at every time step, and accepts if any one of the
parallel operations leads to an accepting state. A problem
is NP-hard if every problem in NP can be reduced to it in
polynomial time, and a problem is NP-complete if it is both
NP-hard and in NP.
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FIG. 1. (a) A graph G = (V, E) can be used to define a CSS
stabilizer code SC. In (b) and (c), we illustrate the construction for
¢ =1 and ¢ = 2, respectively. Qubits (black and red dots) are placed
at vertices and on edges of the graph G. We depict in red the support
of the representative X (v) of the logical Pauli operator ZCG that is
associated with the vertex v € V.

Let G = (V,E) be a graph with the sets of vertices V
and edges E. We say that a subset of vertices V' C V is an
independent set for the graph G iff no two vertices in V' are
joined by an edge in E. Moreover, we say that a collection
A comprising subsets of the vertices of G is an independent
collection for G iff any two different A, A” € A are disjoint and
no two vertices belonging to, respectively, A and A’ are joined
by an edge in E. Note that an independent set is a special
case of an independent collection. We denote the size of a
maximum independent set for G by «(G) and refer to it as
the independence number of G. Then, the following decision
problem is NP-complete [39].

INDEPENDENT SET
Input: A graph G = (V, E) and a positive integer a.

Question: Is the independence number of G greater or equal
to a,ie., a(G) = a?

Furthermore, for generic graphs and a positive real number
€ the problem of approximating «(G) up to a multiplicative
factor of |V |'~¢ is NP-hard [40,41]. We use this result in our
reduction in the following section.

II. HARDNESS OF FINDING AND APPROXIMATING
THE ¢-DISJOINTNESS

We start this section by constructing a CSS stabilizer code

86 and a logical Pauli operator ZCG for any finite graph G
and positive integer c. Then, we show that the c-disjointness

A((ZCG) can be related to the independence number «(G) of the
graph G. This, in turn, allows us to prove our main theorem
by reducing the problem of finding the maximum independent

set for G to the problem of finding the c-disjointness AL(ZS).

A. Constructing the CSS stabilizer code

Let G=(V,E) be a graph and ¢ be a positive integer
constant. To define a CSS stabilizer code S associated with

the graph G, we first place (L_IVI 1) qubits on every vertex v € V

and on every edge e € E; see Fig. 1 for an illustrative example.
We label each qubit by a pair (v, v) or (e, v), where v C [|V|]
is a subset of ¢ — 1 integers from [|V|] = {1, ..., |[V|}. When
¢ = 1, we place additional one or two qubits at each vertex

v depending on whether (Cly‘l)(deg v + 1) is odd or even, re-

spectively, where deg v denotes the degree of v. When ¢ > 2,
we place additional one or two qubits at each vertex depending
on whether (Clz‘l)(deg v+ 1)+ (C‘Klz)(IVI + |E| —degv — 1)
is odd or even, respectively. We label those additional qubits
by a pair (v, i), where i € [2]. We denote by P, a Pauli op-
erator P = X, Z supported on qubit with label g. We denote
by Q(v) and Q(e) all the qubits placed at the vertex v and
on the edge e, i.e., all the qubits with labels (v, x) and (e, *),
respectively. We also denote by Q the set of all the qubits, i.e.,

0=JowulJoc. )
veV ecE

The stabilizer group S¢ associated with G and c is

S¢ = <X(u)X(v), [12

q€Q

where X (v) denotes a Pauli X operator associated with a
vertex v € V, which we define as follows:

xwy= [T % [1Xww [T X [Xewn- ©

! SV
900 vz géole) 2

u,v € V>, (8)

By definition, X (v) is supported on all the qubits placed at the
vertex v and on the edges incident to v, as well as on the qubits
labeled by (v’, v) and (e, v), where V' # v and e ¥ v. Note that
X (v) is supported on the even number of qubits. Thus, X (v)
and [ [, Z, commute and 86 is an Abelian subgroup of the
Pauli group satisfying —I ¢ S°. Moreover, for any u,v € V
the Pauli X operators X (1) and X (v) are the representatives of
the same nontrivial logical Pauli operator, which we denote

by ZCG. The last statement follows from the fact that X (u)
and X (v) commute with the all stabilizer operators, are not
contained in the stabilizer group SY, and their product forms a
stabilizer operator X (#)X (v). For convenience, for any subset
of vertices A C V we define

X(A) = l_[X(v). (10
veA
Note that if [A] =0 mod 2, then X (A) is a stabilizer oper-
ator; otherwise, X (A) is a representative of the logical Pauli
operator ZCG.

We remark that if the graph G has at least ¢ + 2 vertices,
i.e., |V| = ¢ + 2, then the stabilizer code SL.G associated with
G and c is error detecting, i.e., its min-distance satisfies d; >
1. This, in turn, implies that the disjointness of S is greater
than one, i.e., A(SCG) > 1; see Lemma 2(ii) in Ref. [30]. To
establish the claim that d; > 1, it suffices to check that every
single-qubit Pauli operator anticommutes with some stabilizer
operator from SC. Since the stabilizer operator [ ge0Zq 1
supported on every qubit, any single-qubit Pauli X or Y op-
erator anticommutes with it. For any vertex v € V a Pauli
Z operator on qubit (v,i) or (v,v) anticommutes with a
stabilizer operator X (#)X (v) for any vertex u € V \ {v} or
u eV \ ({v}Uv), respectively. Lastly, for any edge e € E a
Pauli Z operator on qubit (e, v) anticommutes with a stabi-
lizer operator X (u)X (v) for any vertex u € V \ ({w, w'} Uv),
where w, w’ € V are two vertices incident to e. Note that we
use |V| > ¢ + 2 to guarantee that the set V \ ({w, w'} Uv) is
nonempty.
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B. Relating the c-disjointness to the independence number

Let 8¢ and Zf be a stabilizer code and a logical Pauli
operator, which are associated with the graph G = (V, E') and
the positive integer ¢. We abuse terminology and say that
a collection A comprising subsets of the vertices of G is
c-disjoint iff {X(A) | A € A} is a c-disjoint collection for the
logical operator ff of the stabilizer code S¢. We refer to X (A)
as a representative from 4. We remark that A is allowed to
be a multiset. In what follows, we establish three technical
lemmas.

Lemma I. Let G = (V,E) be a graph, V' CV be an in-
dependent set, and ¢ be a positive integer. Then, a collection
A = {{v} | v € V'} is c-disjoint. Moreover, if [V'[(c + 1) =1
mod 2, then A U {V'} is c-disjoint, too.

Proof. If ¢ = 1, then |V'|(c + 1) =0 mod 2 and one can
straightforwardly show that A is c-disjoint. In what follows
we assume that ¢ > 2. Let v € V be a vertex, e € E be an
edge incident to two vertices w, w’ € V, v C V be a subset
of ¢ — 1 vertices, and i € [2]. First note that any qubit (v, i)
supports one or zero representatives from .4, depending on
whether v belongs to V' or not. Let u € V' be a vertex and

X (u) be a corresponding representative of Ij?. If X(u) is
supported on the qubit (v, v), then u € (v U {v}) N V'. Thus,
the qubit (v, v) supports at most |v| + 1 = ¢ representatives
from A. Similarly, X (u) is supported on qubit (e, v), then
ue (wU{w,w}) NV’ Since V' is an independent set, at
most one of w and w’ can belong to V’. We then conclude
that qubit (e, v) supports at most |v| 4+ 1 = ¢ representatives
from A. Thus, A is c-disjont.

Now, assume that |[V'|(c+1)=1 mod 2. Then, X(V’)

is a representative of Ij?. It remains to show that no qubit
supports more than ¢ representatives from .4 U {V'}. Since A
is c-disjoint, thus a potential problem may only arise for qubits
which already support ¢ representatives from A. This, how-
ever, cannot happen for any qubit (v, i), as ¢ > 2. If the qubit
(v, v) supports ¢ representatives from A, then v U {v} C V’,
and subsequently the qubit (v, v) does not support X (V’), as
[vU {v}| =0 mod 2. Similarly, if the qubit (e, v) supports ¢
representatives from A, then it does not support X (V'). We
conclude that A U {V'} is c-disjoint. |

Lemma 2. Let G = (V, E) be a graph and ¢ be a positive
integer. Let A be a collection of subsets of the vertices of
G that is c-disjoint and satisfies |A| > 9¢?/2. Then, there
exists an independent collection A" C A, such that |A'| >
|A| — 3c(c —1).

Proof. If ¢ = 1, then one can straightforwardly show that
A is an independent collection and, subsequently, one can set
A’ = A. In what follows we assume that ¢ > 2 and provide
an explicit construction of A'.

We start by finding the subsets of vertices Ly, ..., Ly—1) €
A and vertices vy, ..., U3c—1), such that v; € L; and v; € L;
for any two different i, j € [3(c — 1)]. Let A; = A. For i =
I,...,3(c — 1) one proceeds inductively to find L; and v;.
Namely,

(1) choose L; to be the smallest subset of vertices in A;,
ie., L; = argming 4 |L|,

(2) choose v; to be any vertex in L; \ Ui'_:l] L;,

(3) define A; to be the collection of the elements of .4; that
do not contain v;, i.e., A, = {L € A; | L # v;},

(4) define A;1; to be the collection of the elements of A;
that are not fully contained within Ui.:l Lj,ie, Aiz1={L e
Al L\U_’/:] L; # 0}.

It suffices to show that |A;| > 1 for any i € [3(c — 1)], as
this would imply that L; and v; can be found in steps 1 and 2.

By construction, we have the following chain of inclusions
A; D Al D Ajyi. We also have

|Aip1] = Al —ic > | Al — (G + De. Y

To show Eq. (11), first note that for every L € A containing
the vertex v;, the corresponding operator X (L) is supported on
qubit (v;, 1). Since A is c-disjoint, there are at most ¢ elements
of A that include v;. Thus, we obtain |A}| > |A;| —c. By
construction, we have |L;| < ... < |L;|, which leads to

i
Uz
j=1

This, in turn, allows us to upper bound the number of elements
of A; that are contained in Uj’=1 L;. By definition of L; in step
1, for any L € A} we have |L| > |L;|. Since A is c-disjoint, so
is A} and we conclude that there are at most

Uz /|Li| <ic (13)
j=1

elements of A} that are contained in Ul,:l L;. This leads to

|Aiy1| = |Aj| — ic, which, in turn, establishes Eq. (11). By
recursively using Eq. (11) we obtain

[Ail > A = [iG+1)/2 = 1]e (14)

>9c%/2 — (9¢* — 15¢ +4)c/2 > 1 (15)

<Y ILj| <Ll (12)
j=1

c

for any i € [3(c — 1)], where the last inequality holds for any
positive integer c.
Now, let us consider

A={LeA| Vie[B3(c—1]:v &L} (16)

Since A is c-disjoint, we obtain |A’| > |A] — 3c(c — 1). To
show that A’ is an independent collection, we assume the con-
trapositive. Thus, there exist L, L’ € A’, such that either (i) L
and L’ overlap and v € L N L’ is the shared vertex, or (ii) L and
L’ are disjoint, and u € L and w € L' are two vertices incident
to the same edge ¢ € E. Let us assume that the proposition (i)
holds and

pm=1{ie[3(c—1DllvelL} a7

Note that || < ¢ — 2; otherwise, qubit (v, 1) would support
at least ¢ + 1 representatives corresponding to L, L', and L;
for i € u. Thus, we can find a subset of indices v C [3(c —
D]\ p of cardinality ¢ — 1, such that v € L; for i € v. This
leads to a contradiction, as the qubit (v, v) supports ¢ + 1
representatives corresponding to L, L', and L; for i € v. Now,
let us assume that the proposition (ii) holds and

p={i € [3(c— DI {u, w}NL; # 0%} (18)

043192-4



FINDING THE DISJOINTNESS OF STABILIZER CODES ...

PHYSICAL REVIEW RESEARCH 3, 043192 (2021)

Note that [1| < 2¢ — 4; otherwise, one of the qubits (u, 1) and
(w, 1) would support at least ¢ 4 1 representatives among the
ones that correspond to L, L', and L; for i € u. Thus, we can
find a subset of ¢ — 1 indices v C [3(c — 1)] \ u, such that
u,w ¢ L; fori € v. This leads to a contradiction, as the qubit
(e, v) supports ¢ + 1 representatives corresponding to L, L,
and L; fori € v. |

Lemma 3. Let G = (V, E) be a graph with no isolated ver-
tices, such that «(G) > 9¢®/2, where ¢ is a positive integer.

Then, the c-disjointness for the logical operator ZCG of the
stabilizer code S is given by

A(LY) = [«(G) + bl/c, (19)

where b = a(G)(c + 1) mod 2.

Proof. Let A be a c-disjoint collection for I_,f of largest
possible size, i.e., |A4| = cAC(ZCG). Lemma 1 implies that a
maximum independent set V' C V for G leads to a c-disjoint
collection for ZCG of size «(G) + b and, thus, by definition of
A, we have |A| > a(G) + b. Let A" C A be an independent
collection within A of largest possible size. Note that | A'| <
a(G), as the size of any independent collection cannot be
greater than the independence number of G. Thus, we arrive
at

Al > a(G) +b 2> a(G) > |A. (20)

Note that |A| = |A’| can hold only if b = 0, and in that case
we recover Eq. (19). In what follows, we thus consider the
case A\ A # @ and choose L € A\ A'.

By definition, A" is the largest independent collection
within A. Thus, Lemma 2 implies that

Al > |Al = 3cc—1)>93/2 —=3c(c = 1) > c+1,
21

where the last inequality holds for any positive integer c. Sub-
sequently, let Ly, ..., L..; € A" be ¢ + 1 different subsets of
vertices and select vertices v; € L; fori € [c 4+ 1]. We can rule
out the possibility that L N |J.A" = @, where for brevity we
write | JA = Uy cq L. Namely, assume LN | JA =¢. In
that case, there must exist an edge e € E incident to u € L and
v € | A’; otherwise, A" U {L} € A would be an independent
collection larger than A’, leading to a contradiction. Without
loss of generality, let v, = v. Then, qubit (e, {vi}ic[c—17) sup-
ports ¢ + 1 different logical operators X (L), X (L;), ..., X (L.),
which is in a contradiction with 4 being c-disjoint. We thus
conclude that L N J A" # 0.

We can show that L D [ J.A' by assuming the contra-
positive. Since LN JA # @, there exists a vertex v €
(JA \ L. Without loss of generality, let v. € LN|JA
and v.y; = v. Then, one of the qubits (v, {vi}ie[e—17) OF
(Vet1, {Vitiee—17) 1s guaranteed to support X (L), on top
of other ¢ different operators, either X(L;),...,X(L.) or
X(Ly), ..., X(Le—1), X(Ley1), respectively. This is in a con-
tradiction with A being c-disjoint. We thus conclude that
LoJA.

Note that ¢ has to be even; otherwise, the qubit
(ve, {vi}ieje—17) would support ¢ 4 1 different logical opera-
tors X(L), X(Ly), ..., X(L.), leading to a contradiction. If ¢
is even, then b = «(G) mod 2 and «(G) + b is even. We also

obtain that A \ A" = {L}; otherwise, there would exist at least
two subsets of vertices L, K € A\ A’ satisfying L, K 2 | J A’
and the qubit (v._1, {vi}icjc—17) Would support at least ¢ 4 1
different operators X (L), X(K), X(Ly), ..., X (L.—1), leading
to a contradiction. We thus conclude that |A| = |A'| + 1.
There are two cases to consider: (i) L = J.A" and (i)
L\ |JA # @. Recall that for any subset of vertices L' C V

the Pauli operator X (L) is a representative of ZCG iff [L'| =1
mod 2. First, assume that the proposition (i) holds. Then,
|A'| =1 mod 2; otherwise,

Ll =|JA|= > II=1A1=0 mod2, (22)
L'eA

leading to a contradiction with X (L) being a representative of
IO Using |A| = |A'| + 1, Eq. (20) and the fact that a(G) + b
is even, we finally recover Eq. (19). Now, assume that the
proposition (ii) holds. Then, A" U {L\ [ J.A’} is an indepen-
dent collection; otherwise, there would exist an edge e € E
incident to vertices u € L\ |JA" and v € |JA’, we could
set v. = v and the qubit (e, {v;}ic[c—17) Would support ¢ + 1
different logical operators X (L), X (L), ..., X(L.), leading to
a contradiction. Since the size of any independent collection
is at most a(G), thus, |A’| + 1 < a(G). Using |A| = |A'| + 1
and Eq. (20), we conclude that » = 0 and subsequently re-
cover Eq. (19). ]

C. Putting things together

Now, we are ready to establish the main result of our
work, which asserts that it is NP-complete to calculate (or
even approximate) the c-disjointness for any positive integer
constant c.

Theorem 1. For any positive integer constant ¢ the decision
problem c-DISJOINTNESS is NP-complete. Furthermore, for
any € > 0 it is NP-hard to approximate the c-disjointness to
within a multiplicative factor of n!=¢/(+D where n is the
number of physical qubits of the stabilizer code.

Proof. First note that INDEPENDENT SET is NP-complete,
even if we restrict our attention to the graphs with no iso-
lated vertices and the independence number greater or equal
to 9¢?/2, which we require in our proof. We can show that
c-DISJOINTNESS is NP-hard by reducing INDEPENDENT SET to
1t.

Let G = (V, E) be a graph satisfying a(G) > 9¢*/2. We
construct a new graph G' = (V’,E’) as follows: for ev-
ery vertex v €V we introduce two vertices vy, v, € V/,
and for every edge (u,v) € E we introduce four edges
(uy, v1), (uy, v2), (U2, v1), (w2, v2) € E’. One can show that

a(G') = 2a(G). (23)
Following Sec. IT A, we construct the stabilizer code S¢ and

the logical operator ZCG,. Since «(G’) =0 mod 2, then from
Lemma 3 we obtain

cA(LY) = a(G) = 2a(G) 24)

and, subsequently, «(G) > a iff cAC(ZCG,) > 2a. We conclude
that the output of the c-DISJOINTNESS problem for the instance

=G .
S8Y, L., and 2a is the output of INDEPENDENT SET for G and

c

a, which, in turn, establishes that ¢-DISJOINTNESS is NP-hard.
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Now we turn to approximation algorithms. Given the graph

G = (V, E), the number of physical qubits in the stabilizer
code 8¢ is

n<IVI((Y) +2) +IEICY) < Vit @8)

where we use |E| < (";'). Depending on the parity of

a(G)(c + 1), the size of the largest c-disjoint collection for the

logical operator ZCG is equal to either o(G) or «(G) + 1. Thus,
for any € > 0 the ability to approximate the c-disjointness

AC(ZCG) to within a multiplicative factor of n{!=9/(+1) implies
that we can approximate «(G) to within a multiplicative fac-
tor of n1=€/*t) < |y |1=€ Because approximating a(G) is
NP-hard, thus approximating the c-disjointness AC(E?) is also
NP-hard.

Finally, we show that c-DISJOINTNESS is in NP. Let us
consider a polynomial time verifier that takes as its witness
a collection A, which supposedly comprises representatives
of the logical operator L specified by its representative L € L.
The verifier needs to check the following three conditions:
(i) the size of A is greater than ca, (ii) every qubit supports
at most ¢ operators from A, and (iii) every element of A is
a representative of L. Conditions (i) and (ii) can be easily
checked in time polynomial in n. Also, condition (iii) can be
stated equivalently as follows: for every P € A the operator
PL belongs to the stabilizer group S specifying the stabilizer
code. Let M be the binary matrix of size (n — k) x 2n that
describes S. In order to check the last condition, for every
P € A the verifier appends to M a row corresponding to a
string of 2n bits representing PL and computes its rank over
the field IF,. The rank is equal to n — k iff P is a representative
of L. Since finding the rank of a binary matrix can be done
in time polynomial in its size, thus the witness can be verified
in time polynomial in n, and, subsequently, c-DISJOINTNESS
is in NP. |

III. DISJOINTNESS IN PRACTICE

In this section we express the problem of calculating the
disjointness as a linear program with exponentially many vari-
ables, which allows us to find the disjointness in exponential
time. We use this linear program to find the disjointness of the
[[14, 3, 3] stabilizer code, and ultimately rule out the existence
of a transversal logical non-Clifford gate. We remark that us-
ing an ordinary laptop and the current implementation of our
linear program it takes around a day to find the disjointness of
a stabilizer code encoding a few logical qubits into fewer than
20 physical qubits.

A. A linear program for disjointness

Let ¢ be a positive integer and L be a nontrivial logi-
cal Pauli operator for an [[n, k, d]] stabilizer code. We can
formulate an optimization problem whose optimal value
is the c-disjointness ALL). Namely, for every represen-
tative L of L we introduce a variable x;, which admits
non-negative integer values and represents the number of
times the representative L appears in a collection A C
L. We want to maximize the size of A divided by
c, ie, Y ;x/c, subject to A being c-disjoint. Note

that this constraint can be equivalently phrased as fol-
lows: for every qubit i € [n] we have } ;005 %/c < 1.

Thus, we conclude that A(L) can be found as a solution to an
integer linear program with 2"~* variables.

We can relax this integer linear program by removing the
integrality constraint of each variable and allowing x; = x;/c
to be a non-negative real number for every L € L. We subse-
quently arrive at the following linear program:

maximize A = Zx/L, (26)
LeL
subjectto Vie[n]: Y  x <1, (27)
LeL:suppL>i
YLeL:x, >0. (28)

We now state the following theorem.

Theorem 2. For any [[n, k, d]] stabilizer code and nontrivial
logical Pauli operator L € £, the optimal value A* attained by
the linear program in Eqgs. (26)—(28) is equal to the supremum
of the c-disjointness for L ie.,

A* = sup Ac(L). (29)

ce€Zy
Moreover, the supremum of the c-disjointness for L is attained
at some positive integer ¢* = 2PV2"H) e
sup Ac(L) = Ae(L). (30)
cely
Proof. Let ¢ be any positive integer and .A be a c-disjoint
collection for L of the largest possible size, i.e., |[A| = cA(L).
If x;, is the number of times a representative L € L appears in

A, then for every qubiti € [n] we have } ) 7.0 X/c < 1,
as A is c-disjoint. Moreover,

A2 x /e = AdD), 31
LeL
leading to
A* > sup A (D). (32)
cel

Note that there exists some finite optimal solution to the
linear program in Egs. (26)-(28) since every variable x;
appears in at least one constraint and, subsequently, every
feasible solution is bounded, i.e., x; < 1forall L € L. More-
over, we can specify the linear program in Egs. (26)—(28)
in matrix form max{c"x | x € R”, Ax = b, x > 0}, where A
is a binary matrix of size 2"% x n that captures the support
of every representative, and b and ¢ are vectors of all ones
of length n and 2"*, respectively. The existence of a finite
optimal solution and the fact that A, b, and ¢ have rational
entries implies that there exists a rational optimal solution
{x]}.cz whose bit size is polynomially bounded in terms of
the bit sizes of A, b, and ¢ [42]. Then, for every L € L we
can find positive integers a; and b}, such that x; = aj /b; and
arbt < 2P0 et ¢* be the least common multiple of all
bjs, ie.,

c* =lem({b]}, ) (33)

Clearly, ¢* < (ZPO]Y("ZH))ZH_= 2ply(n2"™) et A* be a col-
lection of representatives of L obtained by taking xjc* copies

043192-6



FINDING THE DISJOINTNESS OF STABILIZER CODES ...

PHYSICAL REVIEW RESEARCH 3, 043192 (2021)

FIG. 2. The [8, 3, 2] color code is defined by placing qubits
(white dots) on the vertices of a cube. There is one X-type stabilizer
supported on all eight qubits, and six Z-type stabilizers supported on
faces of the cube. Dots colored in red and blue correspond to Pauli X
and Z operators, respectively.

of each L € L. Since A* is ¢* disjoint and |A*| = )", 7 xjc*,
we obtain that

A* = "xf = |A"|/c¢" < Ae(D) < sup An(D).  (34)
LeL c€Zy
Thus, the inequalities in Egs. (32) and (34) have to become
equalities, which implies Egs. (29) and (30). |

Theorem 2 implies the following proposition.

Proposition 1. The disjointness of any stabilizer code S
satisfies the following equality:

A(S) = min sup A.(L). (35)
Lel cel,

Proof. By definition of the disjointness, we have A(S) =
SUp,cz, ming., ALL). Theorem 2 guarantees that for any
nontrivial logical Pauli operator L € L the supremum of the
c-disjointness for L is attained at some positive integer cy. Let
¢* be the least common multiple of all ¢zs, i.e.,

¢ =lem({cr)zep)- (36)
We then obtain
min A.(L) < sup min A.(L) < min sup A.(L) (37)

LeL ceZ, LeL LeLl ceZ,
= min ACT(Z) < min Ax(L), (38)
Lel LeLl

where we use the max-min inequality and the fact that
ALL) < AgL) for any L € £ and a, b € Z.. Thus, all the
above inequalities in Egs. (37) and (38) have to become equal-
ities, which, in turn, implies Eq. (35). [ |
We remark that the linear program in Egs. (26)-(28),
with 2% variables and n constraints, can be solved in time
0(2%3=k)) Thus, the disjointness of the stabilizer code S can
be found in time O(22"~%3%)_ as we can find it by solving this
linear program for all 22 — 1 logical Pauli operators for S.

B. Two illustrative examples

To demonstrate the usefulness of the disjointness and our
linear program, we start with a small example of the three-
dimensional (3D) color code, the [[8, 3, 2]] stabilizer code;
see Fig. 2. The linear program specified in Egs. (26)—(28)
has 256 variables and 8 constraints (excluding the positivity

O 0.0
(O 0

O

FIG. 3. The [[14, 3, 3] stabilizer code is defined by placing
qubits (white dots) on the vertices of a thombic dodecahedron and
introducing X-, Y-, and Z-type stabilizer generators for every red,
green, and blue face, respectively. We depict “the azimuthal pro-
jection,” where the four corner qubits are identified. Dots colored
in red, green, and blue correspond to Pauli X, Y, and Z operators,
respectively.

constraints). We numerically find that the disjointness of the
8, 3, 2] color code is %; see the source code [43]. Together
with the max-distance dy =5 and min-distance d|, = 2, we
find that the transversal gates of the code lie in the third
level of the logical Clifford hierarchy. Indeed, this bound is
saturated, as this code admits a transversal implementation of
the logical CCZ gate [8].

Now, we focus on an illustrative example of the recently in-
troduced [14, 3, 3] stabilizer code [34]; see Fig. 3. We would
like to understand whether any non-Clifford logical operators
for this code can be implemented via transversal gates. If
this was the case, then due to its small size the [14, 3, 3]]
stabilizer code could prove useful in, for instance, magic-state
distillation protocols. Since the [[14, 3, 3] stabilizer code is a
non-CSS code, there are no off-the-shelf techniques to find
transversal gates; however, we can use the disjointness to rule
out the possibility of certain logical operations.

A brute-force approach to computing the c-disjointness,
even for ¢ = 1 and small stabilizer codes, is infeasible. In the
case of the [14, 3, 3] stabilizer code, there are 4> — 1 = 63
different nontrivial logical Pauli operators, and each of them
has 2!! = 2048 representatives. Thus, for each logical Pauli
operator there are 2208 &~ 3.2 x 10°'® possible subsets of its
representatives, and we would need to check the qubit overlap
for each of them (as the 1 disjointness is achieved with a set
rather than a multiset).

Using the linear program specified in Eqgs. (26)—(28),
which has 2048 variables and 14 constraints (excluding the
positivity constraints), we numerically find that the disjoint-
ness of the [[14, 3, 3]] stabilizer code is 2; see the source code
[43]. We also find that the max-distance of the [14, 3, 3]|
stabilizer code is dy = 6. Thus, using the bound from Eq. (1)
we obtain that any transversal gate can only implement log-
ical operations within the third level of the logical Clifford
hierarchy.

We now obtain an improvement of the bound in Eq. (1),
which we subsequently use to rule out the possibility of
any transversal gate that implements a non-Clifford logical
operation for the [14, 3, 3] stabilizer code. Recall that the
main proof idea in Ref. [30] is to evaluate the (nested) group
commutator of the transversal logical gate and M logical Pauli
operators for the stabilizer code S. If for every M-tuple of
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FIG. 4. For the [14, 3, 3] stabilizer code there are four logical
Pauli operators with disjointness 2. We depict their smallest-weight
representatives, where dots colored in red, green, and blue corre-
spond to Pauli X, Y, and Z operators, respectively.

logical Pauli operators the resulting operator is a trivial logical
operator, then the transversal logical gate is in the Mth level
of the logical Clifford hierarchy. To recast this condition, it is
useful to introduce the following quantity:

Qy(S) = max min
{Li}iem Li€L;

, (39)

ﬂ suppL;

ie[M]

where for each M-tuple of logical Pauli operators {L;};ciu
we seek an M-tuple of corresponding representatives L; € L;,
whose intersection ﬂie[M] suppL; is the smallest. Then, we
can formulate the following strengthening of Theorem 5 from
Ref. [30].

Theorem 3. Consider a stabilizer code S with the min-
distance d| . If M is a positive integer satisfying

QM(S) < di’ (40)

then any transversal logical gate for S is in the Mth level of
the logical Clifford hierarchy.

To establish that for the [14, 3, 3] stabilizer code any
transversal gate can only implement a logical Clifford gate,
it suffices to show that €,(S) < 3. First, consider any pair
of logical Pauli operators L; and L,, for which, without loss
of generality, A(L;) > 2. Because the max-distance is dy =6,
we can find a representative L, € L, of weight six. By Lemma
4 from Ref. [30], there exists a representative L; € L; such
that L, and L, overlap on at most two qubits. Thus, we restrict
our attention to the logical Pauli operators L; and L,, such
that A(L;) =2 for i € [2]. There are exactly four of these
operators; see Fig. 4. By a brute-force search we verify that
for all 10 pairs of these operators there exists a choice of
representatives that overlap on at most one qubit; see the
source code [43]. We finally conclude that 2,(S) < 3 for the
[[14, 3, 3] stabilizer code.

IV. BOUNDS ON THE DISJOINTNESS

In this section, we provide bounds on the disjointness for
the CSS codes, concatenated codes, and hypergraph product
codes, which, in turn, lead to the limitations on transversal
gates available in each code family. The methods presented in
this section allow to bound the disjointness for codes of much
larger size than the codes considered in the previous section.

A. CSS codes

Proposition 2. Let S be a CSS code and L = 'L bea
logical Pauli operator written in a standard logical basis. Then,
for any positive integer ¢ and P € {X, Z} the largest c-disjoint
collection for L' can be formed using P-type operators and
the following inequalities hold:

AD) < min, AL, @1
- INGSINGSD)
AlL) 2 ATH)+A(T)-1’ 42)

where AL), ALY), and ACL”) denote the supremum of the
c-disjointness for L, L5, and 7, respectively.

Proof. Let A and A" be the largest c-disjoint collections
for L and L', respectively. Since L is a P-type logical Pauli
operator, there exists a P-type operator L”, which is a repre-

. —P .
sentative of L' . Then, for every representative L e A" we can
express it in the following way:

L=L"S}sz, 43)
where S¥ and S7 are some X - and Z-type stabilizer generators
of S. Note that {L”S? | L € A"} is an example of the desired

- . P .
c-disjoint collection for L' . Similarly, for every representative
L € A we have

L=L*SfL*S}. (44)

Since {LPSP | L € A} is a c-disjoint collection for ZP, we
conclude that A(L) < A(L") and establish Eq. (41).

Theorem 2 guarantees that we can find an integer c
and a c-disjoint collection A7, such that |A”"| = ¢ AT
Note that A" = {LL' | L € A*X,L' € A%} is a collection of
representatives of L of size

P

A = K ATHEAT). (45)

Since there are at most
¢ = KNA? 4+ A AX| - X (46)
= XAATH) + AT -1 @7

elements of A’ that are supported on any given qubit, thus A’
is ¢’ disjoint. This, in turn, allows us to conclude that AD) >
|A’|/c’ and establish Eq. (42). [ |

We remark that Propositions 1 and 2 immediately imply
that

“min AL)/2<AS)< min A@L), (48)
LeLXuL? LeLXuL?

where L£F denotes the set of all nontrivial P-type logical oper-
ators in a standard logical basis for P € {X, Z}. Thus, in order
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to obtain an approximation up to a multiplicative factor of 2
to the disjointness of any CSS code it suffices to consider the
c-disjointness for its X - and Z-type logical operators.

B. Concatenated stabilizer codes

Proposition 3. Let S; be a stabilizer code with the min-
distance di’) > 1, max-distance d\”, and disjointness A(S;),
where i € [2]. Then, the disjointness of the concatenated code
S1 < S, satisfies the following inequality:

A(S1 982) 2 A(SDA(S). (49)

Moreover, if M is the level of the logical Clifford hierarchy
attainable by transversal logical gates for S; <1 S5, then

M < Mgy = max|logo(d”/d")] +2.  (50)
i€[2]

Proof. Let P = {I, X, Y, Z} be the set of single-qubit Pauli
operators (modulo the phase) and n; be the number of physical
qubits of the stabilizer code S; for i € [2]. Let K be a rep-

resentative of the logical operator K for the stabilizer code
S,, where we always choose K' to be the identity operator.
Note that if L = );, P; implements a logical Pauli operator
L for the stabilizer code S;, where P, € P for i € [n], then
the following operator

L< (K }per = QK" (51)
i=1

implements L for the concatenated code S; <1 S,.
Using Theorem 2 and Proposition 1 we can find a positive
integer ¢, such that for any P € P \ {I} we have

A E") = A(S)). (52)
Subsequently, for K’ we can find a c@-disjoint collection
{K']i € Im]}, (53)

where m = [¢® A(S,)]. Similarly, we can find a positive in-
teger ¢, such that for any nontrivial logical Pauli operator L
for the stabilizer code S; we have

AL.m(Z) > A(S)). (54)

This, in turn, implies the existence of a ¢'V-disjoint collection
A for L that satisfies the inequality

JAl = TeDAS). (55)

Let A’ be a collection of representatives of L for the con-
catenated code S; <1 S, defined as

A ={L <K}, ,IL € A iem]}. (56)
By construction, we have
|A'| = m|Al > Ve AS)AS,). (57)

It is straightforward to show that A’ is ¢Vc® disjoint. Thus,
we obtain

A(S1 948) = Aweor(L) (58)
> [A/(Ve?) = ASHAS),  (59)

which establishes the inequality in Eq. (49)

Let M; = log, Si)(d? /dii)). One can easily establish the
inequalities

dy(S1 <1 8y) < dd?, (60)
d)(S 98) > dd?, (61)

which, together with the inequality in Eq. (49), lead to
di(S) 98) < dVd? = dVdP ASH AS) (62)

<dy(S) <S)ASH AS)M (63)
< d(S1 <A S)(A(S)A(Sy))Mm (64)
< dy (S <S)A(S) < S)Mmex, (65)

where we use the fact that A(S;) > 1 and M, > M, for
i € [2]. Then, using the inequality in Eq. (1), we obtain a
bound on the level of the logical Clifford hierarchy attainable
by transversal gates for S} <0 S,, which is the inequality in
Eq. (50). |

We remark that Proposition 3 asserts that the level of the
logical Clifford hierarchy attainable by transversal logical
gates for the concatenated code S; <1 S, cannot exceed the
bounds in Eq. (1) for the stabilizer codes S; and S,. However,
these bounds are not necessarily saturated. Thus, we cannot
immediately rule out the possibility that transversal logical
gates for S} < S, may attain a level of the logical Clifford
hierarchy higher than the levels attained by transversal logical
gates for S; and S;. Lastly, we acknowledge that the bound
in Eq. (49) has been previously independently derived in
Ref. [31].

C. Hypergraph product codes

Let S be a CSS code and LF be the set of all nontrivial
P-type logical operators in a standard logical basis, where P €
{X, Z}. We now introduce the P-type disjointness A”(S) of
the CSS code S as follows:

AP(S) = sup min A.(L). (66)
c=1 LeLP
Similarly as for the disjointness, we can show that the P-type
disjointness satisfies the equality

AP (S) = min sup A.(L). (67)

LeLlPs ¢>1
By definition, we have
AP(S) = A(S). (68)

The P-type disjointness A”(S) is useful when the stabilizer
group S is generated by only P-type operators. In such a
case, the min-distance of the stabilizer code S is one, i.e.,
d, = 1. Subsequently, Lemma 2(ii) in Ref. [30] implies that
A(S) = 1; however, A”(S) might still be greater than 1. This
proves useful in the following proposition, where we establish
an upper bound on the disjointness of hypergraph product
codes.

Proposition 4. Let H; be a full-rank binary matrix of size
m; x n; and S; be a stabilizer code specified by the binary
matrix (H;|0,, ,,), where i € [2]. Let S be a hypergraph prod-
uct code specified by the binary matrix in Eq. (2). Then, the
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following inequality holds:
A(S) < min AY(S). (69)
e

Proof. In what follows, we perform arithmetic operations
modulo 2. Let spanM denote the row span of a binary matrix
M. Note that a Pauli operator L; is a representative of some
nontrivial X-type logical operator L; in a standard logical
basis for the stabilizer code S; iff L; is specified by the
row vector (/1|0;,,) € {0, 1}*", such that /; ¢ span H;. Let
I, € {0, 1} be a nonzero row vector, such that lLH, = 0 ,,
and define

[ = (ll ® 12|01,ngml)~ (70)
Then, we have

(Inl ®H2T|H1T ®Il‘12)lT = 0n1n2,1~ (71)

Moreover, ! & span(H; @ I, |1, ® H); otherwise, we would
obtain that /; € span Hj, leading to a contradiction. We thus
conclude that a Pauli operator L specified by the row vector
(1101 5, my+n,m, ) 18 @ representative of some X -type logical op-
erator for the stabilizer code S.

Let ¢ be a positive integer and A be a c-disjoint collection
for L of the largest possible size, i.e., | A| = cA(L). Since the
stabilizer code S is a CSS code and L is an X-type logical
operator, thus Proposition 2 implies that we can select A in a
way that it contains only X -type operators. Let A € [m,] be a
position of any nonzero entry of [, and define the index subset

A={A+G—Dmy|ie[ml]} (72)

We also treat A as the subset of qubits whose indices belong
to A. By definition of the stabilizer group of the hypergraph
product code, if S is an X-type stabilizer operator from S,
then its restriction S|, to the subset of qubits A is an X-type
stabilizer operator from S;. Moreover, for the representative L
of the logical operator L, its restriction L|, is a representative
of the logical operator L;. Thus, a collection

Ar =1{Kla | K € A} (73)

comprises representatives of L;. Since A is c-disjoint, it has
to be c-disjoint on the subset of qubits A, which immediately
implies that A, is c-disjoint. Thus, we obtain

Ac(LD) = [Anl/c = |Al/c = Ac(L) (74)

and, subsequently, AX(S;) > A(S).

To establish the inequality in Eq. (69), we show that
AX(S;) > A(S) in a similar way. First, we note that for any
X-type logical operator L, for the stabilizer code S, a Pauli
operator L, is a representative of L, iff L, is specified by a
row vector (15|01 ,,) € {0, 1}*"2, such that I, ¢ span H,. Then,
we choose /] € {0, 1} to be any nonzero row vector, such
that [{H, = 01 ,,, and define " = (01 ,m,|/; ® ). Finally, let
¢ be a positive integer. We can then show that any c-disjoint
collection for the logical operator L', whose representative is

specified by the row vector (I'|01 ,,my+nym, )> gives rise to a c-
disjoint collection for L,. This, in turn, implies that ALL) >
A(L') and, subsequently, AX(S,) > A(S). [ |

‘We remark that unlike other bounds in this section, Eq. (69)
provides an upper bound on the disjointness. As such, it does
not lead to a bound on the level of the Clifford hierarchy
attainable by transversal logical gates for the hypergraph prod-
uct code.

V. DISCUSSION

The main result of our work, which is Theorem 1, estab-
lished that for any positive integer constant ¢ the problem of
calculating the c-disjointness (or even approximating it up to
within a multiplicative factor) is NP-complete. Although we
have not shown that calculating the disjointness of stabilizer
codes is hard, Theorem 1 suggests so. In general, our results
indicate that finding fault-tolerant logical gates for generic
quantum error-correcting codes is a computationally challeng-
ing task. Other results presented in our work included (i)
formulating a linear program to calculate the disjointness, (ii)
strengthening the main result of Ref. [30], and (iii) providing
bounds on the disjointness for various stabilizer code families.
Lastly, we remark that the source code [43] can be used to
numerically estimate the disjointness of small stabilizer codes
and, subsequently, rule out the existence of certain transversal
logical gates.

We hope that our work initiates and motivates a thor-
ough search of methods of finding fault-tolerant logical gates.
Moreover, we expect that there exist efficient algorithms to
calculate or approximate the disjointness for certain code
families, such as topological quantum codes. We emphasize
that clever usage of the underlying code symmetries might
further simplify this problem. For example, for codes that are
invariant under certain permutations of qubits, the number
of variables in the linear programming formulation of dis-
jointness can be reduced from 2" to 2" /n. Also, it would be
interesting to find the connection between the disjointness and
other code quantities, such as the price [44].
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