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Abstract—Physical platforms such as trapped ions suffer
from coherent noise that does not follow a simple stochastic
model. Stochastic errors in quantum systems occur randomly
but coherent errors are more damaging since they can accu-
mulate in a particular direction. We consider coherent noise
acting transversally, giving rise to an effective error which is a
Z-rotation on each qubit by some angle 6. Rather than address
coherent noise through active error correction, we investigate
passive mitigation through decoherence free subspaces. In the
language of stabilizer codes, we require the noise to preserve the
code space, and to act trivially (as the logical identity operator)
on the protected information. Thus, we develop necessary and
sufficient conditions for all transversal Z-rotations to preserve
the code space of a stabilizer code. These conditions require the
weight-2 Z-stabilizers to cover all the qubits that are in the
support of the X -component of some stabilizer. Furthermore,
the weight-2 Z-stabilizers generate a direct product of single-
parity-check codes with even block length. By adjusting the sizes
of these components, we are able to construct a large family
of QECC codes oblivious to coherent noise, one that includes
the [[4L?,1,2L]] Shor codes. The Shor codes are examples of
constant excitation codes, where logical qubits are encoded as a
code state that is a sum of physical states indexed by binary
vectors with the same weight. Constant excitation codes are
oblivious to coherent noise since a transversal Z-rotation acts
as a global phase. We prove that a CSS code is oblivious to
coherent noise if and only if it is a constant excitation code, and
that if the code is error-detecting, then the (constant) weights in
different cosets of the X -stabilizers are identical.

Index Terms— Coherent noise, decoherence-free subspace
(DFS), transversal Z-rotations, necessary conditions, constant
excitation code.
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I. INTRODUCTION

UANTUM error correction is essential to developing

scalable and fault-tolerant quantum computers. The the-
ory of stabilizer and subsystem codes has led to several
promising error correction schemes that provide resilience to
quantum noise. In quantum systems, noise can broadly be
classified into two types — stochastic and coherent errors.
Stochastic errors occur randomly and do not accumulate over
time along a particular direction. Coherent errors may be
viewed as rotations about a particular axis, and can be more
damaging, since they can accumulate coherently over time [2].
As quantum computers move out of the lab and become
generally programmable, the research community is paying
more attention to coherent errors, and especially to the decay
in coherence of the effective induced logical channel [3], [4].
It is natural to consider coherent noise acting transversally,
where the effect of the noise is to implement a separate unitary
on each qubit. Consider, for example, an n-qubit physical
system with a uniform background magnetic field acting on the
system according to the Hamiltonian H = Z; + Zo+- - -+ Z,,,
where Z; denotes the Pauli Z operator on the i" qubit. Then
the effective error is a (unitary) Z-rotation on each qubit by
some (small) angle 6, i.e., exp(10H) = exp(:02)%™, where
1=+/—1.

While it is possible to address coherent noise through
active error correction, it can be more economical to pas-
sively mitigate such noise through decoherence free subspaces
(DFSs) [5], [6]. In such schemes, one designs a computational
subspace of the full n-qubit Hilbert space which is unperturbed
by the noise. In the language of stabilizer codes, we require the
noise to preserve the code space, and to act trivially (as the log-
ical identity operator) on the protected information. Inspired
by the aforementioned Hamiltonian, which is physically moti-
vated by technologies such as trapped-ion systems, we develop
conditions for all transversal Z-rotations to preserve the code
space of a stabilizer code, i.e., exp(10H)pexp(10H)! = p
for all code states p in the stabilizer code. When all angles
preserve the code space, the logical action must be trivial
for any error-detecting stabilizer code (see Appendix A-A).
The conditions we derive build upon previous work deriving
necessary and sufficient conditions for a given transversal
Z-rotation in the Clifford hierarchy [7]-[9] to preserve the
code space of a stabilizer code [10]. The key challenge is
handling the trigonometric constraints, and we exploit the
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celebrated MacWilliams Identities in classical coding theory
for this purpose [11]. Our main result is a structure theorem
that depends on technical arguments which might be of
independent interest to classical coding theorists.

The structure theorem forces a product structure on a
stabilizer code that is oblivious to coherent noise. Given any
even M, and any stabilizer code on t qubits, we construct
a product code on Mt qubits that is oblivious to coherent
noise. The Mt qubits are partitioned into ¢ blocks of M qubits,
with each block supporting a DFS. The product code inherits
the distance properties of the initial stabilizer code. Thus,
the minimal cost of becoming oblivious to coherent noise is
scaling the number of qubits by 2.

The necessary and sufficient conditions for a stabilizer code
to be oblivious to coherent noise require the product code
structure, resulting in a code rate less than 1/2. To relax
the restrictions, we can consider stabilizer codes that are
preserved by all the transversal Z-rotations through angle 7 /2!
up to some finite integer /, inducing the logical identities. The
necessary and sufficient conditions for such error-mitigating
codes can be described through the generator coefficient
framework [12], [13] by requiring the generator coefficient
corresponding to the trivial syndrome and the trivial Z-logical
(logical identity) to have norm 1.

The paper is organized as follows. Section II reviews the
major technical contributions. Section III introduces notation
and reviews background results. In particular, Section III-F
introduces the general encoding map for CSS codes with
arbitrary signs. Section IV relates divisibility of weights in
classical codes to a particular trigonometric identity. Section V
connects stabilizer codes oblivious to coherent noise with
a general form of this identity. Section VI derives our
main result, the structure theorem for stabilizer codes obliv-
ious to coherent noise, Section VII provides constructions.
Section VIII concludes the paper and discusses directions for
future work.

II. DISCUSSION OF MAIN RESULTS

The introduction of magic state distillation by Bravyi and
Kitaev [14] led to the construction of a sequence of CSS
codes [15], [16], where the code space is preserved by a
transversal Z-rotation of the underlying physical space [14],
[17]-[26]. The approach in each paper is to examine the
action of a transversal Z-rotation on the basis states of a
CSS code. This approach results in sufficient conditions for a
transversal Z-rotation to realize a logical operation on the code
space.

In contrast, we derive necessary and sufficient conditions
by examining the action of the transversal Z-rotation on the
stabilizer group that determines the code. Thus we study the
code space by studying the symmetries of the code space.
We start from Rengaswamy er al. [10] which derived necessary
and sufficient conditions for a stabilizer code to be preserved
by a transversal 7 /2! rotation. Note that the condition [ > 2
corresponds to a non-Clifford physical operator. In order
to state the result we need to use the notation introduced
in Section III.
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A Hermitian Pauli matrix =F/(a, b) is determined by binary
vectors a and b. The X -component of +F(a,b) is a and the
Z-component is b. A stabilizer group S is generated by r
independent commuting Hermitian Pauli matrices, subject to
the requirement that if F(a,b) € S, then —E(a,b) ¢ S. The
fixed space V(S) of S is an [[n,n — r|] stabilizer code. Recall
that the Hamming weight wy (v) of a binary vector v is the
number of non-zero entries, and that the support supp(v) is
the index set of the non-zero entries. Let O (1) be the binary
vector with every entry 0 (1). Given ¢E(a,b) € S for some
e € {£1} and a # 0, define

B(a) = {z € F;“H(a) : supp(z) C supp(a),e.F(0,z) € S}
(1)
and

O(a) =Fy" "\ B(a), ©)

Remark 1: To simplify notation, we shall sometimes view z
as a subset of supp(a), sometimes as a subset of the n qubits,
and sometimes as a binary vector either of length wg(a) or
of length n (where entries outside supp(a) are set equal to
zero). The meaning will be clear from the context.

The necessary and sufficient conditions derived by
Rengaswamy et al. [10] are expressed as two trigonometric
constraints on weights of pure Z-stabilizers in S.

Theorem 2 (Rengaswamy et al. [10]):  Transversal /2!
Z-rotation (I > 2) preserves V(S) if and only if for eF(a, b) €
S with a # 0,

9 wi (v) 9 wr(a)
Z €v (ztan 2—7;) = (Sec 2—7) , 3)

veB(a)

o wi (VOw)
Z €0 (ztan ?) =0 forall we O(a). 4
)

veB(a

Here, €, € {%1} is the sign of E(0,v) in the stabilizer
group S, and @ denotes the binary (modulo 2) sum of vectors.
The theorem reveals that the interaction of transversal physical
operators and code states depends very strongly on the signs
of pure Z-stabilizers. Note that the sign ¢, of the pure
Z-stabilizer ¢, E(0,v) takes the form ¢, = (—1)y'"T for
y € [Fy. Note that vectors from the same coset of C; (the
group of logical X operators) determine the same signs. It is
useful to think of y € F5 as a fixed vector when we extend
signs to Pauli matrices outside the stabilizer group.

A stabilizer code is oblivious to coherent noise if and only if
transversal /2! Z-rotation preserves the code space V(S) for
all I > 2 (see Appendix A-A). We prove that the trigonometric
conditions (3) and (4) imply the existence of a large number
of weight 2 Z-stabilizers supported on

= U supp(a). (5

eE(a,b)eS

We define a graph with vertex set I', where a vertex
corresponds to a qubit of the code and two vertices are joined
by an edge if there exists a weight 2 Z-stabilizer involving
these two qubits. Let I'y, ..., I'; be the connected components

Authorized licensed use limited to: Jingzhen Hu. Downloaded on August 22,2022 at 13:35:46 UTC from IEEE Xplore. Restrictions apply.



HU et al.: MITIGATING COHERENT NOISE BY BALANCING WEIGHT-2 Z-STABILIZERS

(] @ @
®5_1 X

@ @!

® Qubits
mm ZeZ ®:2:. X,
Ri29 X
1s @ @ 16
Fig. 1. The [[16, 1, 4]] Shor code constructed by concatenating the [[4, 1]] bit-

flip code and the [[4, 1]] phase-flip code. The filled circles represent physical
qubits, the white (resp. gray filled) squares represent weight-2 Z-stabilizers
with negative (resp. positive) sign, and the three large filled rectangles
represent weight-8 X -stabilizers.

of this graph and let |I'y| = Nj. The weight 2 Z-stabilizers
supported on I'j, take the form

(—1)¥+*" E(0, v) where yx = Ylr, ©

Here y|F represents the restriction of y to T'y. (In yrv”
we add zeros to y appropriately.) Our main result is

Theorem 3: A transversal /2! Z-rotation preserves the
stabilizer code for all [ > 2 if and only if for every ¢E(a, b) €
S with a # 0,

1) supp(a) is the disjoint union of components 'y C

supp(a),

2) Ny is even and wy (yk)

T'), C supp(a).

Note that for every eE(a,b) € S we have a‘rk =0orl
for k =1,...,t. Hence Theorem 3 forces a product structure
on a stabilizer code that is oblivious to coherent noise. It also
provides constraints on the signs of weight 2 Z-stabilizers.

Example 1: The [[16, 1,4]] Shor code is shown in Fig. 1,
and it follows from Theorem 3 that this code is oblivious
to coherent noise. The graph on I' has four connected com-
ponents, and the component I'y;, is simply the k-th row of the
4 x4 array. Condition (1) is satisfied since every X stabilizer is
the sum of an even number of rows. Condition (2) is satisfied
since the choice yr, = [0,1,1,0] for k = 1,2, 3,4 properly
accounts for the signs of Z-stabilizers. Observe that [[16, 1, 4]]
is also a constant excitation code (defined in Sec. III-F). The
quotient space C1/Co = {0,w = (1000) ® (1111)}, where
Cy defines the X-stabilizers and C; defines the logical X
operators. Under the general encoding map, the codewords
are

0) =

= N /2 for all k such that

Z |z ®y) and |1) =
zeCa

2\[9; ez y).
(7

The restriction of w and x € Cs to the k-th row is either
0 and 1. Since wy(yr) = 2 = 3, we have wy(z ® y) =
wy(w @z dy)=_8 for all x € Co.

1
22
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We show that a CSS code is oblivious to coherent noise
if and only if it is a constant excitation code (Corollary 12).
Sufficiency is straightforward since a transversal Z-rotation
acts as a global phase. Given a non-degenerate stabilizer
code preserved by a diagonal physical gate, we have used
the mathematical framework of generator coefficients to show
there is an equivalent CSS code preserved by the same
diagonal physical gate and inducing the same logical gate
(for more details, see [12]). Ouyang [27], [28] observed that
one can construct constant excitation codes by concatenating a
stabilizer code with the dual rail code [29]. His original paper
was independent of and contemporaneous with our original
paper [30]. After we shared our results he realized that he
could connect his dual rail construction to stabilizer code [31].

III. PRELIMINARIES AND NOTATION

A. The MacWilliams Identities

Let F; = {0,1} denote the binary field. We denote the
Hamming weight of a binary vector v by wy (v). The weight
enumerator of a binary linear code C C F4" is the polynomial

me wH('v)ywH( ) )

vel

Pe(z,y) =

The MacWilliams Identities [11] relate the weight enumer-
ator of a code C to that of the dual code C*, and are given by

Pe(r,y) = |CL|PCL(x+y, —y). )
We frequently make the substitution x = cos 22—7[ and
y = —18in é—’,f, and we define
21
P[C] =P ( o7 ~sin ?) (10)

B. The Pauli Group

Let N = 2". Any 2 X 2 Hermitian matrix can be uniquely
expressed as a real linear combination of the four single qubit
Pauli matrices/operators

1o o1 1
12'_[0 1}""—[1 0]’2'_[0
(12)

where + = \/—1. The operators satisfy X2 = Y2 = 72 =
L, XY =-YX, XZ=-ZX, andYZ = —ZY.

Let A ® B denote the Kronecker product (tensor product)
of two matrices A and B. Given vectors a = [a1,aq, ..., ay,]

_01] .Y =X Z,

and b = [b1,b2,...,by,] with a;,b; = 0 or 1, we define the
Operators
D(a7 b) = X n Zb1 ® Xazzbz R - ® Xa"LZb"L7 (13)
f?(a7 b) = ZabT (mod 4)1)(0/7 b) (14)

We often abuse notation and write a, b € F7, though entries
of vectors are sometimes interpreted in Zy = {0,1,2,3}.
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Note that D(a,b) can have order 1,2 or 4 (order means the
smallest positive integer h such that D(a,b)” = Iy), but
E(a,b)? = 129" D(a,b)2 = 29" (429" [) = Iy. The
n-qubit Pauli group is defined as
Pn = {"D(a,b): a,be Fy,k=0,1,2,3}. (15)
The n-qubit Pauli matrices form an orthonormal basis
for the vector space of N x N complex matrices
CN*N under the normalized Hilbert-Schmidt inner product
(A, B) = Tr(ATB)/N.
We will use the Dirac notation, |-) to represent the basis
states of a single qubit in C2. For any v = [v1,v2, -+ ,v,] €
%, we define |[v) = |v1) ® |v2) ® -+ ® |vy,), the standard
basis vector in CV with 1 in the position indexed by v
and 0 elsewhere. We write the Hermitian transpose of |v)
as (v| = |v)f. We may write an arbitrary n-qubit quantum
state as |¢)) = ZvEJFg aylv) € CV, where a,, € C and
2 very y|* = 1. The Pauli matrices act on a single qubit as

X[0)=[1), X[1) = 10), 2]0) = [0), and Z|1)=—[1).

(16)

The symplectic inner product is ([a,b], [c,d])s = ad” +
be! (mod 2). Since XZ = —Z X, we have

E(a,b)E(c,d) = (—1)![@bled)s p(e d)E(a,b). (17)

C. The Clifford Hierarchy

The Clifford hierarchy of unitary operators was introduced
in [7]. The first level of the hierarchy is defined to be the
Pauli group c) = P,.. For | > 2, the levels [ are defined
recursively as

CY:={U €Uy : UE(a,b)U" € c~1),

for all E(a,b) € P,}, (18)
where Uy is the group of N x [V unitary matrices. The second
level is the Clifford Group [32], C (2), which can be generated
using the unitaries Hadamard, Phase, and either of Controlled-
NOT (CX) or Controlled-Z (CZ) defined respectively as

o 1 (1 1 _ 110
S SN [N TS
CZub = 10)(0]a @ (I2)p + [1){(1]a @ Zp, (20)
CXoop = |0><0|a & (IQ)b + |1><1|a @ Xp. (21

It is well-known that Clifford unitaries in combination with
any unitary from a higher level can be used to approximate
any unitary operator arbitrarily well [33]. Hence, they form a
universal set for quantum computation. A widely used choice
for the non-Clifford unitary is the T gate defined by

1 1 -5 o
T .= Ol _vpozi=|® " O|_c%2z
0 e+ 0 e’s

(22)
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D. Stabilizer Codes

We define a stabilizer group S to be a commutative sub-
group of the Pauli group P,, where every group element
is Hermitian and no group element is —In. We say S has
dimension 7 if it can be generated by r independent elements
as S = (V;E(ci,d;) : i = 1,2,...,7), where v; € {£1}
and c¢;,d; € Fj. Since § is commutative, we must have
<[Cq;7 d,;], [Cj, dj]>s = CidjT + d,;CjT =0 (mod 2).

Given a stabilizer group S, the corresponding stabilizer
code is the fixed subspace V(S) = {|v) € CV : gly) =
|¢) for all g € S}. We refer to the subspace V(S) as an
[[n, k,d]] stabilizer code because it encodes k := n — r
logical qubits into n physical qubits. The minimum distance
d is defined to be the minimum weight of any operator in
Np, (S)\S. Here, the weight of a Pauli operator is the number
of qubits on which it acts non-trivially (i.e., as X, Y or %),
and Np, (S) denotes the normalizer of S in P,, defined by

Np, (S) ={1"F (a,b) € P,, : E(a,b) E(c,d) E (a,b) =
E(c,d) e Sforall vE (¢,d) € S,k € Zy}
={1"F (a,b) € P,, : E(a,b) E(c,d) E(a,b) =
E (c,d) forall vE (¢,d) € S,k € Zs}.  (23)

Note that the second equality defines the centralizer of S in
P,., and it follows from the first since Pauli matrices commute
or anti-commute.

For any Hermitian Pauli matrix F (¢,d) and v € {£1},
the projector %E(cd) projects on to the v-eigenspace of
E (¢, d). Thus, the projector on to the codespace V(S) of the
stabilizer code defined by S = (1, E (¢;,d;) i =1,2,...,7)
is

T

In+VE (ciydi) 1 =
ns = [t = S p e, 0
j:l

. 2
=1

where ¢; € {£1} is a character of the group S, and is deter-
mined by the signs of the generators that produce E(a;,b;):
¢;FE(aj,b;) = HteJc{1,2,...,r} 1 E (eg,dy) for a unique J.

E. CSS Codes

A CSS (Calderbank-Shor-Steane) code is a type of stabilizer
code with generators that can be separated into strictly X-
type and Z-type operators [15], [16]. Consider two classi-
cal binary codes Ci,Cy such that Co C Cp, and let Ci,
C3 denote the dual codes. Note that C{ C Cs. Suppose
that Co = (c1,cCa,...,Ck,) is an [n, ko] code and Ci =
(d1,da,...,dp—k,) is an [n,n — k1] code. Then, the cor-
responding CSS code has the stabilizer group

S = (V(e;,00E (€i,0) ,v0,a;)E (0,d5)) icq1,..k2}.
jE{l,...,?’L—k}l}

= {€(a’0)6(0’b)E (a, 0) E (0, b) ca€Cy,be Cf‘}, (25)

where v(c; 0) ¥(d;,0) €(a,0); €(0,5) € {E1}. The CSS code
projector can be written as the product:

IIs = IIs,ILs,, (26)
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where
HS — ﬁ (IN + V(Ci;O)E(Ci’ 0)) — 20602 6(‘1:0)E(a’ 0)
X bl 2 |C2| 9
(27
and
" (In+ V0.4, E(0,d7))  Yeecy €0.6)E(0,b)
s, = [] -

2 - cf ]

(28)

If C; and CQJ- can correct up to ¢ errors, then S defines an
[n, k,d]] CSS code, k = ki — ko, with d > 2t + 1, which
we will represent as CSS(X,Co; Z,Ci). If G and G are
the generator matrices for Co and Ci- respectively, then the
(n — k1 + ko) X (2n) matrix

G
‘= [Far
1

generates S. The codespace defined by the stabilizer group S
is V(S) := {|v) € CV : g]v) = |[) for all g € S}.

(29)

F. Encoding Map for CSS Codes

Given an [[n, k, d]] CSS(X, C2; Z,Ci-) code with all positive
signs, let Ge, /¢, € F5*" be a matrix that generates for all
coset representatives for Co in C; (note that the choice of
coset representatives is not unique). The canonical encoding
map f : F5 — V(S) is given by [v) = f([v)r) =
ﬁ Y wec, [VGe, e, © x). Changing the signs of stabilizers

changes the fixed subspace. Hence we need to modify the
encoding map to account for nontrivial signs. Define subspaces
B and D as below.
Ci- B+ Ca
| | |
B={z€eCllez=1} C D={xc€Clex=1} Cs

We capture sign information through character vectors
y, u € F5 (note that the choice of y,w is unique only up to
elements in Cy,Cs respectively) satisfying

DL

B =Ci Ny, or equivalently, B = (C1,y), (30)
and
D = Cy Nut, or equivalently, D= = (Cy, u). (31)
Then, for €q,0)€0,p)F (a@,0) £(0,b) € S, we have
€@0) = (1) and ) = (~1)%¥".

The canonical bijective map f : F& — V(S) becomes [12]

©) = f(lv)L) = 1) [vGe, e, DT O ).

e R

(32)

The CSS code is said to be a constant excitation code [34]
if, for each fixed v € F%, the weight wg (vGe, jc, DT DY) is
constant for all & € Cs. Recall that a common kind of coherent
noise is modeled by U = exp(10Z)®" for arbitrary §. When
U acts on a |0)&]|1) computational basis state in a constant

1799

excitation code, each term in (32) generates the same phase
term exp 10wy (vGe, /¢, Dx S y)), leading to a global phase,
which leaves the state invariant. Hence, a constant excitation
code is oblivious to coherent noise.

IV. DIVISIBILITY OF WEIGHTS IN BINARY CODES

The defining property of a divisible linear code [35] is that
codeword weights share a common divisor larger than one.
Codes obtained by repeating each coordinate in a shorter code
the same number of times are automatically divisible, and they
are essentially the only ones for divisors prime to the field size.
Examples that are more interesting occur when the divisor
is a power of the characteristic. For example, the theorem
of Ax [36] governing the existence of zeros of polynomials
in several variables characterizes divisibility of weights in
Reed-Muller codes [36]-[39].

Divisible codes (in particular Reed-Muller codes) appear in
protocols designed for magic state distillation [14], [18]-[20]
which achieves universal quantum computation through
transversal implementation of Clifford gates and ancillary
magic states. Divisibility tests [21], [26] are introduced to
ensure that a quantum error correcting code is preserved
by a transversal /2! Z-rotation. We argue in the reverse
direction, showing that divisibility of weights is forced by the
requirement that the quantum error correcting code is fixed by
a transversal gate. We will make repeated use of the following
trigonometric identity that is equivalent to code divisibility and
may be of independent interest to classical coding theorists.

Lemma 4: Let C be a binary linear code with block length
m, where all weights are even. Let [ > 2. Then,

o wg (v) 27\ "™
Z (z tan — ) = (sec —)
2l 2!

vel

if and only if (m — 2wy (w)) is divisible by 2! for all w € C*.
Proof: We rewrite (33) as

m—wg (v) w (v)
P[C] :Z (COS 22—7;> <z sin 227;> =1. (34)

vel

(33)

Let ty = 00522—? + zsin%—’f and t_ = COSQQ—, — 1sin 22—7,7

After applying the MacWilliams identities, (34) becomes

—Poi (ty,t-) =1. 35
|CL| ct ( +> ) (35)
Since (cosf +1sinf) (cos@ —esinf) = 1 for all 6,
we may rewrite (35) as
m—w wy (w)
CLI >t #(w)wn (W) _ (36)
welCt
which may be further simplified to
1 m—2wg(w)
— =1 37
[ o
welCt

Since 1 € C*, the complement of a codeword in Ct is
again a codeword in C*, so we may rewrite (37) as

1 m—2wg (w —(m—2wgy (w
Zt+2H()+Zt+( 2wy (w)) =2. (38)

L
|C | weC+ weCt
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Since (cos® + 1sinf)" = e, for all 6, equation (38)
reduces to,

1
e 2

welCt

cos (2 (m Z;H (w))w) =1. (39)
We observe that equation (39) is satisfied if and only if
each term contributes 1 to the sum, and this is equivalent to
2! dividing m — 2wp (w) for all codewords w in C*. [ |
Setting C = B(a) in the above lemma provides insights into
the conditions of Theorem 2.

V. TRANSVERSAL Z-ROTATIONS
Given two binary vectors x, y, we write < ¥y to mean that
the support of x is contained in the support of y. We define
Ylsupp(e) € IE‘;JH(:”) to be the restriction of y to supp(x).
Consider the [[n, n—r]] stabilizer code V(S) determined by the
stabilizer group S = (v;F(c;,d;) 1 v; € {£1},i=1,--- 7).
Recall that given a stabilizer e E(a, b) with a # 0, we define

B(a) = {z|supp(a) € IE‘;JH(Q) t€,E(0,z) € Sand z < a}
(40)
and
O(a) =F¥" @\ Bla) = {w e F¥" ™ . w ¢ B(a)}. (41)

Since S is commutative, 1 € B(a)*, and it follows that all
weights in B(a) are even.

Example 2: Consider the [[16,1,4]] Shor code shown in
Figure 1. Setting E(a,0) = &% ,X;, where X; means
Pauli X on the i-th qubit, we have B(a) = F3 ®
<[17 ]‘5 07 0]7 [07 ]‘5 17 0]7 [07 O’ 17 1]>'

We now consider Theorem 2 in the special case [ = 2
(Transversal T'). Let

s = Z €11 (V).

veB(a)

(42)

Since tan% =1 and sec% =2, we may rewrite (3) as

§? = gwa(@) — Z €p€qptVH (V) FwH (W) (43)
v,weB(a)
= Z ev@wzw*’(”@w)*Q”wT. (44)
v,weB(a)
Changing variables to z = v & w and v, we obtain
qun(@ — N7 en@ (LpEEeT g5
z,veB(a)
= 3 @ N ()™t )
zeB(a) veB(a)
=Bla) > e, @7)
z€B(a)NB(a)+

where the second step follows from wvwv? is even. Since
2v1(®) = |B(a)| - |B(a)"| and |B(a) N B(a)"| < [B(a)*],
B(a)* is contained in B(a) and so 1 € B(a). Since B(a)* C
B(a), it now follows that B(a) contains a self-dual code. Since

Bla)|= Y e,

z€B(a)+

(48)

we must have ¢, = 2#(*) for all z € B(a)" .
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Remark 5: The above derivation provides the three nec-
essary conditions given in [10, Theorem 2] that are neces-
sary for a stabilizer code to be preserved by the transversal
T gate.

1) For each eF(a,b) € S with a # 0, the Hamming
weight wy (a) is even.
2) For each eE(a,b) € S with a # 0, the binary code

B(a) contains an |n =wg(a), k= wHT@ self-dual
code.

3) For each z € B(a)™*, the sign of the corresponding

stabilizer F(0,z) € S is given by 2# (%),

Example 3: Consider the [[16, 4, 2]] code that is a member
of the [[2™,(7"),2]] quantum Reed-Muller (QRM) family
constructed in [10]. It is the CSS(X,Ca; Z,Ci-) code, where
Cy = (1) = RM(0, 4) C C; = RM(1, 4) and C{ = RM
2,4) C C2l = RM(3, 4) (see [38] for more details of classical
Reed-Muller codes). The signs of all stabilizers are positive.
We know from [10, Theorem 19] that the code space is
fixed by transversal VT (214 Z-rotation), and direct calculation
shows that the corresponding logical operator is CCCZ up to
some local Pauli corrections. We first verify invariance under
transversal 1" by checking the sufficient conditions given in
Remark 5.

The [[16,4,2]] code has a single non-zero X-stabilizer
a = 1, with even weight, and a single subcode B(a) =
Cf = RM(2, 4). This subcode contains a self-dual code,
denoted RM(1.5,4), which is generated by 1, all the degree
one monomials, and half of the degree two monomials, i.e.,
T1%9, 2123, 124. Since the weights in RM(1.5,4) are 0, 4, 8§,
12, and 16, we have ¢*#(*) =1 for all v € RM(1.5,4). This
matches the signs specified in the definition of the code above.
Hence, the [[16,4,2]] code satisfies the sufficient conditions
for invariance under transversal 7. We note that the logical
operator induced by transversal 7" is the identity (obtained by
applying CCCZ twice).

Finally, we verify invariance under transversal /T by
checking the first of the trigonometric conditions given
in Theorem 2. The weight distribution of RM(2,4) is
given by

P(z) = 1+1402" +4482° + 8702% + 44820+ 1402 + 2.
(49)

Let ay = tan 27 = tan Z. Since (secd)? = 1+(tan 0)* and
€y = 1, for all v € B(a), we have

D

vERM(2,4)

= (1004)" 4 140 (2rs)* + 448 (1004)° + 870 (114)*

€ (za4)wH(v) -1+ ai)s

+ 448 (1004) "% + 140 (100) ™ + (200)"° — (1+ ai)s

= —8a3(1 — ay)*(1+au)?(af+2a4 — 1)%(af — 2a4—1)2
(50)

The first trigonometric condition is satisfied since ay =
V2 —1is aroot of 22 + 2 — 1 = 0. We verified the
second condition directly using MATLAB for each nonzero
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coset representative in F1%/B(a) and it is also implicit
in [10, Theorem 19].
Remark 5 motivates the following extension to Lemma 4.
Corollary 6: Let C be a binary linear code with block length
m where all codewords have even weight. Suppose that

27\ wH () 27\ "
Zev (ztan?) = (SGC?) ,

vel

&1V

where € : C — {£1} is a character of the additive group C.
1) If €, = 1 for all v € C, then 2! divides (m — 2wz (w))
for all w € C+.
2) Ife, 1l forallveC,andif B={veC:e =1},
then 2! divides (m — 2wp (w)) for all w € B\ C*.
Proof: Part (1) follows from Lemma 4.
To prove part (2), rewrite (51) as

m—wg (v) wg (v)
27 . 2m
P[B] - P[C\ B] = g (cos ?) (z&ny)

veEB
COS — 1811 —
2! 2!

=1 (52)

Recall the notations we used in the proof of Lemma 4 that

ty = cos2f +1sin2f and t_ = cos2f — usin 2%, Since

1 € C*+ C B*, we may apply the MacWilliams Identities to
obtain

m—wg (v) wr (v)
2 .27
P[B]+ PIC\ B] = E (cos o ) (z sin o7 )

vel
(53)
1
= @PCL (t4,t-) (54)
1 2(m — 2wy (w))w
= W Z COS < 2lH > .
welt
(55

Note that B C C is a subspace of index 2. Since
|B+| = 2|C*|, we may apply the MacWilliams Identities to
Pg (Cos 22—7{, 1 sin 22—7,7) and obtain

PIB] = - Py. (t4,t-)

B+
cos <2 (m — 2wg (w)) 7T> (56)

1
ER> ]

weBL

Combining equations (55) and (56) gives
1= P[B]—- P[C\ B] =2P[B] — (P[B]+ P[C\ B])

LY (2 mmr)

We complete the proof by observing that each term in (57)
must contribute 1 to the sum. [ ]
Remark 7: 1f m # 0 (mod 2'), then since 0 € C*, it must
be case 2 of Corollary 6 that applies. This is always the case

(57)

1801

when 2! > m. We must have wy(v) = m/2 for all v €
B+ \ Ct, and we remark that if we expand the MacWilliams
Identities using Krawtchouk polynomials [38], then we can
can show that there exist at least m /2 codewords in C with
Hamming weight 2.

By setting C = B(a) in Theorem 2, we see that the
scenario 2! > wpy(a) applies whenever we require that
Theorem 2 holds for all [ > 2. Thus, the observation using
Krawtchouk polynomials implies the existence of a large set of
weight 2 Z-stabilizers in the code. This motivates the study of
stabilizers groups with such structure, which we embark upon
next, noting that existence is proved in Theorem 3.

VI. WEIGHT TWO Z-STABILIZERS

We begin this section by examining the structure of a
stabilizer group S that contains weight 2 Z-stabilizers. Later in
this section we show (in the proof of necessity in Theorem 3)
that if a stabilizer code V(S) is preserved by the transversal
m/ 2! Z-rotation for all [ > 2, then S contains a large number
of weight 2 Z-stabilizers.

Let e;, 1 =1,2,...,n be the standard basis of F5. Recall
the graph with vertex set

r- U

eE(a,b)eS

supp(a), (58)

where vertices ¢ and j are joined if eE(0,e; & ej) € S
for some ¢ € {£1}. Recall that we denote the connected
components of the graph by I'y,--- , T, and set N, = |T'j|
fork=1,2,--- t.
Lemma 8: Each component I'y,, £k = 1,2, --
plete graph.
Proof: 1f a path o, 11, - - -
then rg is joined to 7; since

- ,t is a com-

,Tj connects vertices rg and 7,

j—1
+FE (O,ero ® e"j) = H [iE (076” b e”i+1)] : u
i=0

This implies that the Z-stabilizers corresponding to I'j
are given by all length N} vectors of even weight, i.e., the
[Nk, Ni—1, 2] single parity check code. Henceforth, we denote
the [m,m — 1,2] single parity check code of any length m
by W. Theorem 2 forces us to consider all Z-stabilizers B(a)
supported on the X -component a of some stabilizer eF(a, b).
The next observation shows that a either has full support or
no support on a given I',. Together with the above result, this
means that each Ty either contributes (Ny — 1) dimensions
worth of Z-stabilizers or nothing at all to 3(a). This suggests
that we split the sum that appears in Theorem 2 in terms
of smaller sums over the I'y’s lying within the support of
a. Indeed, we are building up towards such an argument in
Theorem 3.

Given v € F3, let vg, = v‘rk S IFéVk be the restriction of v
tol'y fork=1,...,t

Lemma 9: If £FE(a,b) is a stabilizer in S, then ar = 0
or 1.

Proof: +E(a,b) commutes with +F (0, e,, ® e,,) for
all 4,7 € T'. ]
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The Z-stabilizers supported on Iy take the form
(=1)¥=*" E(0,v), where v is a vector of even weight sup-
ported on I'y. Here vy, is a fixed binary vector supported
on I'y,. We now investigate trigonometric identities satisfied
by the weights in these component codes }V representing
Z-stabilizers from I'y.

Lemma 10: Let W be the [m, m — 1] code consisting of all
vectors with even weight, and let ¢,, = ( —1)”yT be a character
on W. Then

2 'wH('v) 2 m
Z €v (z tan 2—7;) =cos7 - (Sec 2—7) , (59)

veEW
where 7 = 72”“”_22;“”1(”)).

Proof: 1If € is the trivial character, then y = 0, and we
have

S e (1tan 37)""

S =PW]. (60)
(sec ?)
We apply the MacWilliams Identities to obtain
1 27 27
PW] = |WJ_|PwL (cos 5 —l—zsm 21 €08 o — 1 sin 21)
|)/;J_|PwL (612_7[ e_zz_l)
2
= cos %, (61)
which means
27\ 4 () oM [ 2 \"
Z (z tan —W) = cos T <sec —7T> (62)
2! 2! 2!

veWw

If € is a non-trivial character, then there exists y € F5* with
y # 0 or 1 such that
B={veW:e, =1} = (1,y)* (63)
and
BY=(1Ly)={0,1y, 10y} (64)

Note that [B] = | and [B+| = 2)W|. We rewrite
o7\ W # ()
Z €v <ztan—>
2l
veEW
w (v)
= Z (ztan—) -

veB veEW\
(65)
2w wa (V) 2w wi (v)
= 22 (ztany> - Z (ztan?) ’
vEB veW
(66)
so that
v 1tan 2% wa (v)
Zoew© U F) T opim_ppw. )
(sec %)
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We apply the MacWilliams Identities to obtain

1 W2m 2w
P[B]:@PBL (6 21,6 21)
1 2mm 2n(m — 2w (y))

=3 [cos 5T T cos 5 (68)

We combine with (62) to obtain

2 -2

2P [B] — P W] = cos 22 2le W) (9
as required. |
When B(a) = W, the second trigonometric identity in

Theorem 2 becomes a sum over all odd weight vectors
(F5* \ W). The character ¢ is given by ¢, = (—1)”yT for
some y € F5' and we extend the domain of € from W to F3*.
If € is trivial, then

wy (v)
D verpyw o (vtan 3F)""
s = P[F5'\ W]
(e )
=P[Fy']— P[W]. (70)
We apply the MacWilliams Identities to obtain
P[Fy] = Py (/5,75 (71)
~\m—0 2\ 0
S
2 2
= cos % + 28in % (73)

It now follows from equation (62) that

21 (m — 2wy (0))

m . 2mm .
P[FQ]—P[W]:zsmT:zsm 5
74
If € is non-trivial, let B’ = {x € F§'le, = 1}. If B/ =
then
x\wH (v)
ZveFM\W ev (¢tan %l )UH h . 2mm
pr = —usin ——
o)
2 —
= sin ( 2wn (1))
ol
(75)

Note that since (y) C (1,y) = B*, we have B C y= .
It remains to consider the case where e is non-trivial and
B’ # W. Here B’ = y* where y # 1.

Lemma 11: Let W be the [m, m — 1] code consisting of all
vectors with even weight. Let €,, = (—1)”yT, let B={ve
Wlew = 1} = (1,y)*, and let B’ = {x € FJ*|e, = 1}.Then

o wg (v) o m
Z € (ztany) :ZSin’y-(seCy> , (76)

VERP\W
where N = 27 (m— 2'wH(y))
Proof:  See Appendlx A-B. [ |

We now consider a stabilizer code V(S) that is preserved
by m/2! Z-rotation for all | > 2. The sign €, of the
Z-stabilizer €, £(0,v) is given by €, = (=1)¥*", and we let
Yp = y‘Fk be the restriction of the binary vector y to I'.
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Given €E(a,b) € S with a # 0, we now investigate the
trigonometric conditions satisfied by Z-stabilizers supported
on supp(a). We first show that supp(a) is the disjoint union of
components I';, C supp(a). We then glue together the trigono-
metric conditions satisfied by the Z-stabilizers supported on
these components I'.

Theorem 3: A transversal /2! Z-rotation preserves the
stabilizer code for all [ > 2 if and only if for every eE(a, b) €
S with a # 0,

1) supp(a) is the disjoint union of components I'y, C

supp(a),

2) Ny is even and wp (yk)

Ty C supp(a).

Proof of Necessity: First, we need to show that the hypoth-
esis implies the presence of many weight 2 Z-stabilizers,
and hence that the discussion of I'j is material. Though we
remarked on their presence in Remark 7, we will see in this
proof that such a structure is revealed by the trigonometric
conditions in Theorem 2 itself. For now, we begin by assuming
their presence and introducing related quantities.

We divide the weight 2 Z-stabilizers in ['; into two classes
of sizes P, and Qi where P, = [{v € IF‘ el wpr (v ) =2

= Nj/2 for all k such that

and €, = 1} and Q = [{v € IF‘F"l : wy(v) = 2 and

€y = —1}|. Setting wy (yr) = s, we have
s\ [(Np—s s N — s
a-n=() (") () (") @
N\ N

=2(s—=k) 4+ =£ 78

(s : > + 7®)

Thus, Qi — P, < ’“, and equality holds if and only if

wy (y) = k. Theorem 2 implies all wy(a) are even and

Z € (ztan&)wH(”) =

(sec§)"™ (@ = (14 (tan§)2) =™

veB(a)

(79)
for all 0 = ; with [ > 2. Let Boj(a) = {z € B(a)|lwu(z) =
2j}. We have

wp (a)

2

2. > o«

7=0 weByj(a )

wp (a)

= (1+ (tan@)?) >

(tan §)

(80)

for all = 5 with [ > 2. Since a finite degree polynomial (in

(tan 9)2) cannot have infinitely many roots (tan %)2, it must
be identically zero and we may equate the coefficients of
(tan #)” to obtain

sz(a) = Z € (—1)=

veBa(a)

>

k:T'y, Csupp(a)

(Qr — Pr). (81)

Note that this observation has established the presence of
weight 2 vectors in B(a), as we intended. It follows from (78)
that

wHQ(a) < Z

k:T';, Csupp(a)

wiy(a)
2

dips 82)
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Therefore equality holds in (82) and Q — P, = % for all
k such that Ty, C supp(a), which completes the proof.

Proof of Sufficiency. Let WY be the [Ny, Ny — 1] single-
parity-check code and let W} = FY* \ WY, Let W(r) =
Dr.r\ Csupp(a) Wi* Where T € F‘{k ThCsupp(a)) and 7y, is
the entry of r correspondmg to I'y,. Then, for all r,

9 wg (v)
Z €o (ztan 2—7;) = H felre),  (83)

vew(r) Fkgsu)pp(a)
where
wr (n)
T T
fx(0) = Z (=1)vyen (ztan 7) , for 6 € {0,1}.

news;
(84)

Here, yi = y‘rk be the restriction of the character vector

ytoly. Let vy = M We apply (62) and (76) to
simplify (84) as
27\ Vi .
cos7y - (sec £F if 6 =0,
fuls) = § o5 bees)
1sin7y - (8667) if 0 =1,
if 6§ =0,

(85)

_ { (sec 37) ™

0 if 6 =1.

Therefore, the summation (83) is nonzero if only if » = 0
(i.e. summing over W(0)).

To show the first trigonometric identity in Theorem 2,
we note that B(a) D W(0). Then, for all [ > 3

wr (v) wr (v)
Z <z tan 227;> = Z €v (z tan 2;)
veB(a) veEW
o\
= H (sec ?>

k

'y Csupp(a)
o wy (a)
= (Sec ?) . (86)
To verify the second condition, let w € O(a) = Fy" (@) \

B(a) and we change variables to 8 = v @ w and w on the
right hand side (note that we have extended the ¢, to all binary
vectors). Since WW(0) is not contained in any nontrival coset
of B(a), we have

o wh (VOwW)
Z €v (ztan )
2l

veB(a)
o' wi (B)
= Y. 3 <ztan?> =0, (87)
BEwdB(a)
for all [ > 3 and w # 0. |

We now use the two conditions in Theorem 3 to show that if
a CSS code is oblivious to coherent noise, then it is a constant
excitation code.

Corollary 12: A CSS code is oblivious to coherent noise if
and only if it is a constant excitation code.

If the CSS code is error-detecting (d > 1) then the weights
in different cosets of the X -stabilizers are identical.
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Proof: Consider an [[n, k, d]] CSS(X, Ca; Z, Ci) code with
a fixed character vector y for Z-stabilizers. If w is a coset
representative for Co in Cy, then w L Ci- so w‘F =0orl.
If © € Cy, then by Lemma 9, we have alr:|F = 0or 1 for
all k. Theorem 3 implies wy (yr) = ‘F"l for all k, where
Y = y|F Since (w @ x) =0 or 1 on any Iy, adding yy to
the sum either leaves yg unchanged or just flips all entries of
Yk In both cases, the Hamming weight of the sum (w@®xDy)
is exactly |F—;‘ onany ['y. If I' = UZ=1 g, then

_ Z};:l |Fk|
=5

H(wdzdyl|) (88)

If V.= {1,2,...,n} \ T, then the first condition in
Theorem 3 implies that wH(a:|V) =0, so that for fixed w

+wg(w® T ® y|V)
(39)

Hwdzoy)=wy(wozdy[)

is constant for all x € Cso, and the CSS code is a constant
excitation code. The sufficiency follows from the observation
that a transversal 6 Z-rotation acts as a global phase on a
constant excitation code. If the CSS code is error detecting,
then for all ¢ € V' there exists ¢; € {£1} such that ¢; (0, e;)
is a Z-stabilizer. Hence 'w|v = 0 for all coset representatives
w = vGe, e, of Ca in Cy. It now follows from (89) that
wy(w) = % + wH(y|v) is constant. [ |
VII. CONSTRUCTION OF QUANTUM CODES
OBLIVIOUS TO COHERENT NOISE

Let A C A; be two classical codes with length ¢, and let
Rs, Ry respectively be the rates of Ay, A;. We may construct a
[[t, (Ra—Ry)t, d = min{dmin (A1), dmin(A3)}]] CSS code by
choosing X-stabilizers from A, and Z-stabilizers from Aj".
Let M > 2 be even, and let W be the [M, M — 1] single
parity check code consisting of all vectors with even weight
of length M. Consider the CSS(X, Co; Z,Ci") code where

Cr = A ® 1y, 0)
¢
Cf:{(b@el)eaw:beflf‘andwe@W}7 oD

k=1

and 1,, is the all-ones vector of length M. Note that the
code Ci- includes the direct sum of t single-parity-check
codes WW. We determine signs of elements in Ci- (Z stabilizers)
by choosing a character vector y € FiM, and we satisfy
condition (2) of Theorem 3 by choosing wy(yg) = M/2,
where yi = y|Fk. The sign ¢, of the Z-stabilizer ¢, F(0, z)

is given by €, = (—1)ysz. The number of logical qubits is

tM — dim(Ci) — dim(Cs)

=tM —t(M —1) — (1 — Ry))t—Rot = (Ry—R1)t. (92)

If z is a vector of minimum weight that is orthogonal to all
X -stabilizers, then either z is a Z-stabilizer of z is a vector
from A5 interspersed with zeros. Hence the minimum distance
d of the CSS code is at least min(dmin (A1) M, dmin(Az)).
Thus, we have constructed a CSS code family with parameters
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[[lfM, (RQ — Rl)t, > min(dmin(Al)M, dmin(.AQL))]], that is
oblivious to coherent noise.

For fixed M, if we choose a family CSS codes with finite
rate, then the new CSS family also have finite rate but with
possible higher distances. If we allow both M and t to
grow without bound, then the new CSS family may achieve
increased distance but will have vanishing rate.

Example 4: We may choose A; = F3%, A,, and M = 2L
to be the [2L, 2L — 1] single-parity-check code to obtain the
family of [[4L2,1,2L]] Shor codes.

The dual-rail inner code [29] is the CSS code determined
by the specific stabilizer group S = (—Z1Z5). Ouyang [27]
observed that it was possible to construct a constant excitation
code by concatenating an outer stabilizer code with an inner
dual-rail code. This is simply because concatenation maps |0)
to |01) and |1) to |10). In this case the number of physical
qubits doubles. When M = 2, the construction described
above coincides with the dual-rail construction. However, our
approach has shown that any CSS code can be made oblivious
to coherent noise, without requiring a special stabilizer group
as in the original dual-rail construction. In fact, our approach
can be extended to any stabilizer code as shown below.

Consider an [[n, k, d]] stabilizer code with generator matrix

n
-1

R

Here, r = n—k, and the matrix C' is the generator matrix of

the space {z € FJ|e.E(0, z) € S} (thus the matrix A has full

row rank). The stabilizer code derived from our construction
has generator matrix

93)

nM nM
rA® 1y B ® e r—1
Gs = C@e l 04
L L, Wl n(M-1)

where the (M —1) x M matrix W generates the single-parity-
check code. We choose signs of the n(M — 1) stabilizers
generated by I,, ® W so that the new stabilizer code is
oblivious to coherent noise.

Theorem 13: The minimum distance d’ of the stabilizer
code generated by G satisfies d < d’ < Md.

Proof: Suppose that (x, y) is not in the row space of G/

and Gs/(y,x)T = 0. Note that M | wy (x). We may write

x = f ® 1y where f € F5, (95)

and y = (1y ® (w1,...,wy)) & (g ® e1) where w; €

W and g € F5. Then

Gsi(y,x)" = [ i’% ] (9. )" =

The weight of (x, y) is at least the weight of (f, g) which is
at least d, and so d’ > d. Furthermore, there exists a weight d
vector (u,v) not in the row space of G5 and Gs(v,u)? = 0.

(96)
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Then, we have (u®1)7, v®eq) is not in the row space of G/
and Gs' (v ® e1,u ® 137)T = 0. Hence,

d <wp(u®ly,v®er) < M- -wy(u,v)=Md. ]

The next example also demonstrates that the dual-rail
construction may sometimes increase minimum distance, and
this may be a reason to investigate M > 2 in the above
construction, where the distance d’ satisfies d < d' < Md
(Theorem 13).

Example 5: Consider the [[5, 1, 3]] stabilizer code with gen-
erator matrix Gs = [A|B] where

and B =

S = O =
_ o = O
o~ oo
_ o O =
o O = O
o O O
o O o
S O = =
O = = O
__= 0 O

o7)

The code is not a CSS code. The stabilizer code derived
from our construction has generator matrix

Ge = [A®[1,1] |

Consider (y,x) such that (x,vy) is not in the row space of
Gs and Gs/ (y,z)T = 0. We observe that 2 | wy (z). If © =
0, then y = w ® [1,1] ® 15 ® [1,0] for some w € F3, then
after possibly applying the cyclic symmetry, we may assume
x =e; ®ezand (A® [1,1])y? = [0,0,0,1]T. We observe
that neither [0, 0,0, 1] nor [1,0,1,0] ® [0,0,0,1] = [1,0,1,1]
is a column of A. It follows that the distance d’ > 4. In fact,
we see d’ = 4 by taking

(98)

B®[1,0]] +
I5®[171]J -

(«',y')=11,1,0,0,0,0,0,0,0,00,0,1,0,0,0,0,0,1,0].
99)

Hence, the stabilizer code derived from the above construc-
tion has parameters [[10, 1, 4]].

By choosing y to be either [0, 1] or [1, 0] for each of the five
connected components with size M = 2, we ensure V(S’) to
satisfy Theorem 3, and thus it is oblivious to coherent noise.
We now consider the cases that when some qubits are not
involved in any X -stabilizer.

Example 6: Consider the [[5,1,2]] CSS code with the
character vector y = [1,0,1,0,1] defined by the following
generator matrix

1111 0]
1 1.0 00
Gs = 00110 (100)
00 0 01
Here, we have two connected components I'y = {1,2}
and I'y = {3,4?. Since supp([1,1,1,1,0]) = I'y U T, and
wy(yg) = |FT’“ = 1 for k = 1,2, the two conditions in

Theorem 3 are satisfied. Hence, the [[5,1,2]] CSS code is
oblivious to coherent noise, and we use (32) to compute
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computational states to verify it is a constant excitation code:

1
0) = ﬁ(|01011> +[10101)), (101)
1) = i(|10011> +[10101)). (102)

V2

Here, the constant excitation is 3 # g (half of the number
of physical qubits). After the concatenation, we may introduce
extra physical qubits by adding zeros to the current X-
stabilizers and including all weight 1 Z-stabilizers on the extra
qubits. This construction reduces rate, but provides a large
class of codes that may be useful in implementing logical
gates.

Given any [[n,k,d]] stabilizer code, the theoretical con-
struction in (94) and the observation in Example 6 provide
a [[Mn+ s, k,d']] stabilizer code that is oblivious to coherent
noise, where d < d’ < Md, M > 2 is even, and s > 0.

VIII. CONCLUSION

We derived necessary and sufficient conditions for a stabi-
lizer to be oblivious to coherent noise, We showed that a CSS
code that is oblivious to coherent noise must be a constant
excitation code. These results were obtained by analyzing
stabilizer codes for which the code space is preserved by
transversal 7r/2l Z-rotations for all [ > 2. We intend to
investigate the finite length setting, where the code space
is only preserved by transversal 7/2! Z-rotations for [ <
Imax- We expect these codes to prove useful in fault-tolerant
implementations of non-Clifford gates.

APPENDIX A
PROOFS FOR SOME RESULTS

A. Proof for Logical Identity Induced by Infinite Transversal
Z-Rotations

Assume S defines an error-detecting code [[n,n — r,d]],
i.e., d > 2, which is invariant under all the transversal % Z-

rotations. Set ¢ = 7. Then, we can write the Taylor expansion

éezGlZ,; _ é i (Zelkz!i
=1

i=1 k=0

k n
r QL2 +16:2; + O(67) I2)

i=1

(A1)
=DIn+10(Z1 Q0L Ih+1L®Z01,Q-- QI
+o At L ®L® - ® Zy) + O0] ) Ian.

(A2)

We can choose [ large enough (say [ > L for some positive
integer L) in order to ignore the last term,

n
Qe
=1

Nl + 10210 L@ Lo+ LR 2R L@ - @1
+ -+ LOLY - QZy). (A3)

On one hand, since the code can detect any single-
qubit error, it can detect any linear combination of them
(Theorem 10.2 in [40]). Therefore, X" 1 e¥1Zi is detectable

i=
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TABLE I

SIGN PATTERNS FOR DIFFERENT WEIGHT ENUMERATORS P[A] WITH A C F3*: THE ENTRIES OF EACH ROW SPECIFY HOW THE
SET CORRESPONDING TO THE SUBSETS A CAN BE WRITTEN AS A UNION OF SUBSETS IN DIFFERENT COLUMNS

T

A FFAW)N (FF \y FZ\W)ny*- | Wn(EFz\y*)
F7\ W + + 0
Fo\y* + 0 +

W\ Wnyl) 0 0 +

(i.e., it maps all the codewords outside the codespace
or acts trivially on the codespace). On the other hand,
R, e1Zi preserves the code space by assumption. There-
fore, @, e""'Zi act trivally on the codespace, which implies
that the logical operator induced by (8z 1 e Zi is identity
for all | > L. Note that the logical operator induced by
R, e'%Zi is identity for larger [ implies that the logical
operator induced by @;_, €% is also identity for smaller
l via repeated applications. Therefore, the logical operator
induced by @', e¥'Z: is identity for all [. [ ]

B. Proof of Lemma 11

We may assume that y # 0,1, and that the subspaces W,
y® and their duals (1), (y) intersect as shown below.
The edge label is the index of the smaller subspace in the group
larger subspace.

/\/\
\/\/

Wwnyt

We have

w (v)
D werp\w €v (vtan 37)""

(sec Z2)™

=P [Fy\W)ny']

(5 \y )] -
(B4)

—P[F;\W)N

Table I specifies how subsets 7T appearing (B4) can be
expressed as disjoint unions of subsets A that appear in the
MacWilliams Identities. It follows from Table I that we may
rewrite the right hand side of (B4) as

\wa(v)
Y verpw €v (2tan 3F)
(sec 22—77)
= P[F3' \W] - 2P [F3' \ y*] +2P W\ (W ny')].
(BS)
It follows from (74) that
PFR\ W] = 1sin 22 (B6)

2l

We rewrite (73) as

Tm

PFy\y'] =ed

Recall that we define ¢, = cos 21 + 2sin 2[ and t_ =

cosé—’f — zsm . We apply the MacWilliams Identities to

obtain

- Ply]. (B7)

1
1
P [y } = |<y>|P|<y>| (t4,t-)

1/ ,2zm 2m(m 2wy (1))

=S () )
so that

1 nm m(m—2wy (y))

PF3\yt] =3 (6* — e ) (BY)
It follows from (62) that
2

PIW\WNyh)] =cos =" —PWny'].  (BIO)

We apply the MacWilliams Identities to obtain

PWnyt]
1
Py ()
(L)1
17 ,2zm _,2mm 22w (v)) L, 2r ey () —m)
:Z[e 2l 4 e 2l 4 e 2l +e 2l }
(B11)
so that
1 2 2 -2
PW\ (Wﬁyl)] =5 |cos ;Tlm—cos m(m zle(y))} .

(B12)

We now use (B6), (B9), (B12) to rewrite the right hand side
of (BS) as

. 2mm ,25m Z%(m—?;m(y» 2mm
zsmT—e 2l +e 2! +COST
2m(m — 2w
— cos m( 5 1(y)) ; (B13)
which reduces to (76). [ |
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