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Abstract

First, a canonical form for stabilizer parity check matrices of arbitrary
size and rank is derived. Next, it is shown that the closely related canoni-
cal form of the Clifford group can be computed in time O(nd) for n qubits,
which improves upon the previously known time O(nG). Finally, the re-
lated problem of finite blocklength bounds for stabilizer codes and Pauli
noise is studied. A finite blocklength refinement of the hashing bound is
derived, and it is shown that no argument that uses guessing the error
as a substitute for guessing the coset can lead to a significantly better
achievability bound.
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1 Introduction

Stabilizer codes [I} 2], quantum analogues of classical linear codes, are a widely
studied method for protecting quantum states from noise. This article considers
canonical forms and finite blocklength bounds for stabilizer codes.

Matrix decompositions and canonical forms have long been important in
mathematics. In quantum error correction, various decompositions of Clifford
group elements have been proposed, with applications ranging from compilation
of quantum circuits to generation of uniformly random Clifford group elements;
see for example [3, [ [5l [6] and references therein for more details.

In another recent work [7], a joint matrix decomposition of a pair of orthog-
onal matrices plays an important role in the design and analysis of the proposed
family of quantum Calderbank-Shor-Steane codes. The codes in [7] have a set
of linearly dependent stabilizer measurements, and therefore can be used to cor-
rect errors on the qubits and errors in the syndrome simultaneously. The matrix
decomposition in [7] gives information about both the quantum CSS code and
the classical linear code that protects against errors in the syndrome.

It would be desirable to generalize the matrix decomposition of [7] from CSS
to arbitrary stabilizer codes. This is achieved in the present article. Theorem
below gives a canonical form for stabilizer parity check matrices of arbitrary
size and rank.

The main idea in the proof of existence of the matrix decomposition, both in
[7] and in Theorem [5|in the present article, is to use a variant of Gaussian elim-
ination with both row and column operations, with the additional restriction
that the column operations are chosen so as to preserve the symplectic prod-
ucts of the rows at each step. Thus, the algorithm for computing the matrix
decomposition is a close relative of the disentangling algorithms for the Clifford
group, such as the one described in [8, Theorem 10.6 and Exercise 10.40] and
more recently in [4, Section II].

To prove uniqueness of the matrix decomposition for stabilizer codes, the
present article extends and simplifies the methods used previously in [4] to
establish a canonical form for the Clifford group. [4] describes a collection of
subgroups of the Borel group, parametrized by elements of the Weyl group.
This collection of subgroups is then used to describe the canonical form and
prove its uniqueness. See also [0, Section V] for a more detailed description of
the Borel subgroup, the Weyl subgroup, and the Bruhat decomposition of the
symplectic group.

The approach in [4] is not directly applicable to stabilizer parity check ma-
trices; the obstacle is roughly speaking that the latter are not invertible and
need not even have linearly indepedent rows. To overcome the difficulty, the
present article defines a more general family of groups of lower triangular matri-
ces. These groups are shown to arise naturally during Gaussian elimination, and
are used to describe and prove uniqueness of the canonical form for stabilizer
parity check matrices.

An approach centered on Gaussian elimination has various theoretical and
practical advantages. Besides yielding a canonical form for stabilizer parity



check matrices, it also gives new insights into the canonical form for the Clifford
group.

For example, [4, Section II] gave a two-stage algorithm to compute the canon-
ical form of the Clifford group. The first stage, a disentangling algorithm closely
related to Gaussian elimination, takes time O(n?) for n qubits. However, the
second stage takes time O(n®), so the overall runtime to compute the canonical
form is O(n").

The present article gives a more precise analysis of the Gaussian elimination
stage. In Theorem [0] below, it is shown that Gaussian elimination produces the
canonical form directly, without the need for post-processing. Thus, the overall
runtime is reduced from O(n®) to O(n3), which roughly squares the number of
qubits for which it is practically feasible to compute the canonical form.

Moreover, the present article gives a simplified description of the relevant
subgroups and self-contained proofs. The exposition here relies only on the
structure of Gaussian elimination, rather than on more advanced topics such as
Bruhat decomposition and (B, N)-pairs.

Insights in the structure of stabilizer codes may be applied to further prob-
lems. For example, the canonical form in Theorem [5| gives an encoding circuit
for a given stablizer parity check matrix. The canonical form can also be used
to generate a uniformly random stabilizer parity check matrix of a given size
and rank by an algorithm that uses the optimal number of random bits.

These applications are not considered in detail here. The argument for the
encoding circuit is similar to [7, Section III], where a decomposition of CSS
parity check matrices is used to derive the encoding circuit. The algorithm for
generation of uniformly random stabilizer parity check matrices of given size
and rank is similar to the algorithm in [4, Section III] for the generation of
uniformly random Clifford group elements.

Instead, this article considers the following question: given Pauli noise af-
fecting a finite number n of qubits, what is the highest rate of a stabilizer code
that keeps the error probability below a target e, and what is the lowest error
probability of a stabilizer code of a given rate r?

Theorem [7] below gives a finite blocklength refinement of the hashing bound,
applicable to arbitrary n-qubit Pauli noise. Then, Theorems [§] and [9] show how
the general bound can be computed efficiently in the important special cases
of n independent qubit erasure channels and n independent qubit depolarizing
channels. Theorem [I0] shows that the bounds can be computed in polynomial
time in the case of n independent identical Pauli channels.

Given an achievability bound, it is natural to ask whether it is in some sense
optimal. In classical error correction, there is a well developed theory of finite
blocklength bounds [I0]. In particular, in the special cases of the classical era-
sure and binary symmetric channels, the finite blocklength achievability bounds
come with nearly matching finite blocklength converse bounds.

Unfortunately, the corresponding problem in quantum error correction is
less well understood. [11] focuses on achievability bounds for stabilizer and CSS
codes on the depolarizing channel, but does not give any converse bounds. [12]
derives both achievability and converse bounds applicable to general quantum



error correcting codes, not just stabilizer codes. However, the achievability and
converse bounds of [I2] nearly match only in the case of the qubit dephasing
channel, which is closely related to the classical binary symmetric channel, and
in the case of the quantum erasure channel with classical post processing, which
is closely related to the classical erasure channel. On the other hand, for the
depolarizing channel, there is a constant size gap between the achievability and
converse bounds of [12], which corresponds to the gap between the hashing lower
and dephasing upper bounds on the capacity of the depolarizing channel.

In this context, the present article makes the following contribution: it shows
that the finite blocklength refinement of the hashing bound in Theorems [§| and
[]is nearly optimal among a certain class of arguments: those that use guessing
the most likely error from the syndrome as a substitute for guessing the most
likely stabilizer coset from the syndrome.

Such a result is important because the relaxation from guessing the coset to
guessing the error is widely used in the literature on stabilizer codes. In par-
ticular, the previous finite blocklength achievability bound of [I1] for stabilizer
codes on the depolarizing channel also uses this relaxation.

The rest of the article is structured as follows: Section [2|covers preliminaries
and some background material. Section [3]introduces a family of groups of lower
triangular matrices, and Section [4 uses these groups to establish canonical forms
for unrestricted and stabilizer parity check matrices and for the symplectic and
Clifford group. Section [5| gives the finite blocklength refinement of the hashing
bound and the proof that it is nearly optimal among the class of arguments
that substitute guessing the error for guessing the coset. Section [6] concludes
the article and gives some directions for future work.

2 Preliminaries and notation

This section introduces notation that will be used later on, and covers some
background material on quantum stabilizer codes and Pauli channels. Some
prior acquaintance with quantum computation and quantum information is as-
sumed; see, for example, [§].

After some basic notation (subsection , the Pauli group (subsection
and Clifford group (subsection are introduced, along with the associated
homomorphisms to vectors and matrices over the field with two elements. Next,
the class of Pauli channels is described in subsection [2:4} these channels apply a
random Pauli error and possibly give some classical side information correlated
with the error. This class of channels has a number of useful properties: it is
closed under conjugation by the Clifford group (subsection , closed under
preparation and measurement of a subset of the qubits in the computational
basis (subsection , and closed under Pauli corrections conditional on the
side information (subsection . Moreover, the diamond distance of a Pauli
channel from the identity can be easily computed (subsection . The preced-
ing observations show that the search for the optimal stabilizer code to correct
Pauli noise admits a convenient combinatorial description (subsection 2.9). A



relaxation of this combinatorial problem is given in the final subsection

2.1 Some notation

Let [n] denote the finite set {1,...,n}. Let Fy denote the field with two elements
and [Fy denote the space of column vectors with n components from Fy. For
i € [n], let e,,; denote the i-th standard basis vector of Fy. Let F5'*" denote
the space of m x n matrices over Fs. Let I,, denote the n x n identity, and let
), denote the n x n reverse diagonal matrix

n
Q, = Z en,ie;br,n—&-l—i (1)
i=1

2.2 The Pauli group

Consider a quantum system with n qubits. Let X, ;, Z, ; denote the Pauli X
and Z operations acting on the i-th qubit, and let

Q2n = (Xn,17~-~7Xn,naZn,na-~-7Zn,1) (2)

be the 2n-tuple of single qubit Pauli X and Z operations ordered in a particular
way. The reason for this particular ordering will become clear later. Individual
components of ()2, will be denoted by Q2,4; for example, Q2,1 = X, 1 and
Q2n,2n = Zy,1 are the Pauli X and Z operations on the first out of n qubits.

The Pauli group on n qubits P, is generated by the components of (s, and
by ilan. Two elements P, P’ of the Pauli group either commute or anti-commute;
this will be denoted as follows:

1 if PP+ P P=
(ppy= L TP 0 3)
0 ifPPP—PP=0

The operation {,) has the following properties
(P,P"y = (P, P)
(PP',P"y=(P,P"y® (P, P")
(P,P"y=(UPU" ', UP'U")

—~ o~
(2 SENTEN
=

—~
=)
=

for any P, P’, P” € P,, and any unitary U.
Finally, the map ©,, : P,, — F2" given by

<Q2n,2na P>
<Q2n,1a P>

is a surjective group homomorphism with kernel {+1I, +iI}. ©,, sends Q2 ; to
€2n,i- Additinally, the identity

VP,P' € P,,(P,P) = 0,(P)Q,0,(P") (8)
holds.



2.3 The Clifford group

The Clifford group on n qubits consists of unitary matrices that map Pauli
group elements to Pauli group elements under conjugation:

Co={WeC¥*? . WW't=TIand VP e P,, WPW ! € P,} (9)

The symplectic group consists of matrices in ]FS”XQ" that preserve the symplectic
form " Qa1
SPap = {C € F3*" 1 0T Q9,C = oy, } (10)

The map ¥, : C,, — 8P, defined by
Vi, j € [2n]ae2Tn7i‘I’n(W)€2n,j = (Q2n20+1-i» WQan ;W) (11)

is a surjective group homomorphism with kernel {¢P : ¢ € C,P € P,}. Addi-
tional useful properties of ¥,, are

U (W) = Q, 0, (W) T Qg (12)
VP € P,,0,(WPW™) =v,(W)O,(P) (13)

2.4 Pauli channels

Definition 1. An n qubit Pauli channel with side information (or just Pauli
channel) is specified by the joint distribution pyy of a random variable U taking
values in F3" and another discrete random variable V. The channel specified
by the joint distribution p will be denoted by N,; it transforms n qubit states as
follows:

pi= No(p) = puv (u,0)Q4,0 (Q3,)T @ [v) (v] (14)
where @Y, = Q4 1Qa7: o -+ Q527,,-

Examples of Pauli channels are the qubit erasure channel and the qubit
depolarizing channel. The qubit erasure channel with parameter ¢ transforms
the state p of a single qubit to

E(p)=(1-08)px]0)(0]+ g (p+ XpX+ZpZ+XZpZX)®|1)(1] (15)

The side information indicates whether an erasure has occurred or not. The
qubit depolarizing channel with parameter § transforms the state p of a single
qubit to

)
Ds (p):(1—5)p+§(XpX+ZpZ+XZpZX) (16)

In this case, there is no side information.



2.5 Conjugation of a Pauli channel by a Clifford group
element

Conjugating a Pauli channel by a Clifford unitary gives another Pauli channel.
Specifically, if is conjugated by W € C,, the resulting channel transforms
n-qubit states as follows:

pr Y puv (u, ) WQE,W W (Q4,) W @ v) (v

U,v

= S v (w0 (%) o ) bl (17)

u,v

2.6 Preparation and measurement

Consider now the n-qubit Pauli channel specified by . Suppose the n qubits
are divided in two registers: the first m qubits, and the remaining & = n —
m qubits. Suppose further that the first m qubits are prepared in the zero
state, then the channel is applied, then the first m qubits are measured in the
computational basis. These operations transform the n-qubit Pauli channel into
a k-qubit Pauli channel acting on the last k qubits. The channel on the last k
qubits transforms k-qubit states as follows:

p = ZpUV(u7U)

uU,v

S3F, eaki€dn maps Un(W)u S ean i mis Un(W)u f
* Qo p | Qay

® (18)

v, Z emJeQTn,i\I/n(W)u> <v, Z emyie;nvi\I/n(W)u
i=1 i=1

2.7 Conditional correction

Finally, a Pauli correction is applied on the remaining qubits to transform
into a channel that is close to the identity. To simplify notation, rewrite (18] as

’ ’ T
p= Z Py (W 0)Qap (ng) ® [v') (V'] (19)

A conditional correction specified by some conditional probabilities ﬁU'\V'v fol-
lowed by tracing out the side information result in the channel

’ ~ 1 ’ ~ 1 T
p— Z p’vaf (Ula U/)p(y,‘v, (U/|U/)ng+u 14 ( Z;f“ ) (20)

u’ v’ a!



2.8 Diamond distance from the identity

The diamond distance [I3, Section 9.1.6] between the channel in equation
and the identity channel is 2P (U "£ U ) Indeed, the triangle inequality shows

that the diamond distance is at most 2P (U’ U’ ), and using a maximally en-
tangled state in the maximization problem for the diamond distance [I3, The-
orem 9.1.1] shows that it is at least 2P (U' # U’).

2.9 Optimal stabilizer codes and coset decoding

Given a finite blocklength n and an n-qubit Pauli channel N, it is desirable to
understand the highest rate of a stabilizer code that can correct the noise N,
while keeping the probability of error below a given €, and the lowest probability
of error of a stabilizer code of a given rate r. The preceeding discussion shows
that these can be defined combinatorially as follows:

Definition 2. Let pyy be a joint probability distribution of a random vector U
in F2" and another discrete random variable V .

For C € §Ps,, partition n = m+ k of the qubits and decoding algorithm D,
the probability of error is

m 2k
P (D (v, Zemﬂ-e;,icv> # Zezk,ie;,wcv) (21)
i=1 i=1

For € > 0, let Repset (Puv,€) be the mazimum value of k/n such that there
exist C, D with probability of error at most e.

Forr =k/n, let coset (Duv, ) be the lowest error probability of a pair C, D
that uses m = n — k bits of syndrome.

Note that .-, em,ie;n,g,ﬂ_l_iCU is irrelevant to the distance from the iden-
tity channel, and therefore it is also not mentioned in the combinatorial formu-
lation in Definition[2} Thus, the Pauli error U, about which m bits are observed
as the syndrome and 2k bits are guessed by the decoder, is determined only up
to a coset of a vector space of dimension m.

2.10 Guessing the error from the syndrome

Analyzing the optimal rate and error probability for coset decoding presents
considerable difficulties. Therefore, it is worthwhile to introduce a relaxation
of this problem, and to consider the optimal rate and error probability for the
related task of guessing the error from the syndrome.

Definition 3. Consider a probability distribution pyy as before.
For C € §SPs,, partition n = m+ k of the qubits and decoding algorithm D,
the probability of incorrect guess of U from the syndrome is

P (D <V, iem,ie;’iCU) # U> (22)

=1



For € > 0, let Rerrorguess (Puv, €) be the mazimum value of k/n such that
there is a pair C, D with the probability of guessing U incorrectly at most €.

For r = k/n, let eerrorguess (Puv,T) be the lowest probability of guessing U
incorrectly of a pair C, D that uses m = n — k bits of syndrome.

Since a pair C, D that can guess U can be adapted to coset decoding with
equal or lower error probability, the optimal rates and error probabilities satisfy

Rerrorguess (pUV, 6) < Reoset (pUV, 6) (23)
Ecoset (pUV7 T) S Eerrorguess (pUVa T) (24)

3 Groups of lower triangular matrices

Subsection [3.1] introduces a family of groups of lower triangular matrices. Sub-
section shows that each of these groups is generated by a suitable subset
of the Gaussian move matrices. Subsection [3.3] considers the intersection of
these groups with the symplectic group and Subsection shows that these
intersections are generated by suitable symplectic analogues of the Gaussian
moves.
3.1 A family of groups from transitive sets of pairs
Definition 4. Forn € N, let

Pairs(n) ={(i,7) : i,j € [n],i > j} (25)
Definition 5. A subset T of Pairs(n) is called transitive if

(1,j) €T, (k) €T = (i,k) €T (26)

Definition 6. To a transitive subset T, associate the set of lower triangular

matrices
L, (T) =1, + span {67,,71‘6;]4 2 (i,§) €T} (27)

Lemma 1. £, (T) is closed under matriz multiplication and matriz inverse.

Proof. Take any

A= Z ai’jen’ie;j, B = Z bk,len’ke;l (28)
(i,9)€T (k,HeT

From the transitive property, deduce AB € span {en e, ; : (i,j) € T'}. Then,
I, +A)I,+B)=I1,+A+B+ABe L, (T) (29)
Moreover, A is nilpotent. Let d be the largest integer such that A% # 0. Then,
(I, — A)™ = (T + A) (I + A%)(I + AY) ... (I + A*) (30)

is also an element of £, (T). O



Some examples:
1. The lower triangular group is L, (Pairs (n)).

2. Matrices with off-diagonal entries only in certain rows and columns: take
subsets R, C of [n]. Then, T = Pairs (n) N (R x C) is transitive. £, (T)
is a group of lower triangular matrices whose non-zero off-diagonal entries
appear only in rows in R and columns in C.

3. The inversions and non-inversions of a permutation: let m be a permuta-
tion of [n]. Let

(
(

Both inv(w) and ninv(m) are transitive. The associated groups £,, (inv(m))
and L, (ninv(m)) played a role in the canonical form for invertible n x n
matrices [4].

) si > gym(i) < m(5)} (31)

nv(r) = J
J) i >g,m(@) > w(j)} (32)

{(,
ninv(r) = {(4,

3.2 Generators and canonical form of the groups £, (T')
For i # j € [n], let
Gn,i,j =1I,+ en,ie;br,j € ngn (33)

denote the corresponding Gaussian move matrix over Fy. Left multiplication
by G.i,; adds row j to row 4. Right multiplication by G, ; ; adds column ¢ to
column j. Gy ;,;Gn,jiGn,i,j acts on the left as a row swap and on the right as
a column swap.

Consider the identity:

Lemma 2. Let {a;;: (¢,j) € Pairs(n)} be any collection of elements of Fo
indexzed by Pairs (n). Then,

Lt Y, agenien;= 16U (34)
(4,§)EPairs(n) (i,§)€Pairs(n)
where in the product, the order of terms from left to right is
(2,1),...,(n,1),(3,2),...,(n,2),...,(n,n—1) (35)

Proof. Think of the product as a polynomial in the standard basis vectors and
their transposes. The ordering is such that all terms of degree 4 and higher
vanish, and only the terms of degree 2 and the identity remain. O

This identity gives a set of generators and a canonical form for all the groups
L, (T).

10



Corollary 1. Take n € N and transitive T C Pairs(n). The group L, (T) is
generated by

{Gn,i,j : (Za]) € T} (36)
Each element of L, (T) can be uniquely written as a product
II @ (37)
(i,J)€ET

where the product respects the order

3.3 Intersection of the groups L,, (T') with the symplectic
group

Definition 7. A subset T' of Pairs (2n) will be called closed under reversal if
(1,j) €T <= 2n+1—j2n+1—-0)eT (38)

Definition 8. To a subset T that is both transitive and closed under reversal,
associate the group

Bayn, (T') = Loy, (T) NSP2y, (39)

3.4 Generators and canonical form of the groups By, (T)
3.4.1 The Clifford Gaussian moves
Fori# je{l,...,2n} let

VQ2n,i ifi+j=2n+1
Wan,ij =4 5(I + Q2n 2041 (40)
+Q2n,i — Q2n,2n+1—jQ2n,;) otherwise
These unitaries will be called the Clifford Gaussian moves, because they play a
role analogous to the classical Gaussian moves G, ; ;.

The Clifford gaussian moves are also related to the standard Clifford one
and two qubit gates:

1. For i € [n], Wap_i2n+1—i is a phase gate conjugated by a Hadamard gate
on qubit 1.

2. For i € [n], Way, 2n41—i,; is a phase gate on qubit i.

3. Fori € [n], Wan 2nt1-i,iWon,i2nt1—iWaon 2nt1—ii = \/ Zn,i/ Xn,iv/ Zn,i =

%an is a Hadamard gate on qubit i.

4. For i # j € [n], Wanij = Wap (2n41—j),(2n+1—4) is @ CNOT gate with
control qubit j and target qubit .

5. For ¢ 75.] € [TL], WQn,i,jWZn,j,iW%z,i,j is a SWAP of qubits 1,7.

11



6. Fori>n>j,i+7#2n+1, Wan,j = Woponti—jont1—i is a CZ gate
on qubits 2n + 1 —1,J.

7. For i <n < j, Wanij; = Wanonti—j2nt1—i is a CZ gate conjugated by
Hadamard gates on qubits 4,2n + 1 — j.

3.4.2 The symplectic Gaussian moves

The symplectic Gaussian moves are the images of the Clifford Gaussian moves
under the homomorphism ¥,,: for i # j € {1,...,2n} let

Ly + e2p,i€9, ; ifi+j=2n+1
Sonij = Un(Wanij) = { Ton + e2n.i€sy 5 (41)
T .
+€2n,2n+1—j€2p 2n4+1—; Otherwise

3.4.3 Clearing entire rows and columns

It is well-known that there are simple combinations of classical Gaussian moves
that can be used to clear entire rows and columns. It is less obvious that there
are combinations of the more complicated Clifford and symplectic Gaussian
moves that have similar properties. To illustrate the similarities and differences
of the classical and symplectic case, both are now given explicitly.

With classical Gaussian moves: Take ¢ € [n]. Take a vector

v = Z’Uje’fhj e Fy (42)
j=1

such that the i-th component is 0 (i.e. v; = 0). Let

Gn,v,i =1I,+ ’Ue»,TL’z' = H ij (43)

7,351
J#i

and let G,, ; ,7 = G

n,v,t"
With symplectic Gaussian moves: Take i € [2n]. Take a vector

2n

v = Z Vj€an.,j € ]an (44)

Jj=1

such that the i-th component is 0 (i.e. v; = 0). Let

T T T
Sonw,i = Ion +veg, i + Qone2n v Qon + V2nt1-i€2n,2n4+1-i€2p, ;

2 =1 Vivanti—j v;
= SQn,QnJrlfi,i | | S2n,j,i (45)
J#i

and let Sy, ;,7 = S’;—n,w. Similar combinations of Clifford gates appeared
previously in [4, Lemma 4].

Some relevant properties of Sy, . ; are:

12



Lemma 3. 1. For fized i the symplectic Gaussian moves {Say j; = j € [2n]\{i}}
commute.

2. The two different expressions for So, . in equation , one with the
identity and outer products, the other with the symplectic Gaussian moves,
are equal.

N

n,v,i

3
4. Son v, 15 supported only on the main diagonal, column i and row 2n+1—1.
5. Sonw,i€oni = €2n,i +U

6. If e;—mu =0 Qouu =0, then Sopn it = u.

Proof. From the definitions using simple calculations. The most work is required
to show that the two expressions in equation are equal. To do this, consider
the action of the two expressions on the standard basis vectors, exploiting the
commutativity from part 1 and the fact that S, ;; acts as the identity on all
standard basis vectors except €an j, €2n,2n+1—i- O

3.4.4 An identity reveals the generators and canonical form of the
groups By, (T)

In the classical case, the generators and canonical form of the groups £, (T)
were obtained from the identity in Lemma A symplectic analogue of that
identity will now be given.

Because of the symplectic constraint, the off-diagonal entries of matrices
in Loy, (Pairs(2n)) N SPay, cannot all be chosen freely. The following linear
function focuses on a set of entries that can be chosen freely, and that together
determine the rest.

Definition 9. Forn € N, let V,, : F3"*?" — F3"*" be the linear function

n 2n4+1—j

Vn(B):Z Z egn,ie;—n’iBegn’jez’j (46)

j=1 i=j+1
Now, consider the identity:

Theorem 1. For every B € By, (Pairs (2n)),
B = Son v, (B)en 1,1920.V, (B)en 2.2 - - - 920V, (B)en. n.n (47)
Proof. Define a sequence of matrices by
By = B, By = San v, (B)en n kBe-1,k=1,...,n (48)
It will be shown by induction on & that the matrices By satisfy:

T . . .
eoniBean; ifi,je{k+1,....2n—-k
eZTn,inemLJ —{ 2R 7t ;

T , :
€20,i€2n,j otherwise

(49)

13



For By = B, the claim holds. Suppose the claim holds for B;_;. Note that

By = 520, v, (B)en 1o,k Br—1
= Br_1 + Vn(B)en,kegn,kBk71 + 62n,2n+17ke;|;kvn(B)TQZanfl

T T
+ €20, 2n+1-k€2p 2n+1-k Be2n k€2 k Br-1 (50)

Since eQTn)kBk_l = e;l’k, the second term is supported only on the k-th column.
The third and fourth terms are supported only on row 2n + 1 — k. Thus,
By, — By_1 is supported only on column k£ and row 2n + 1 — k. Moreover,
column k of Bj_1 is eap i + Vi (B)en i, 50 column k of By is just eay, . Finally,
row 2n + 1 — k of By is determined by column £ via the symplectic constraint:

T T T T T T
62n,2n+1—kBk = 62n,k92an = 62n,kBk Qo By, = e2n,k92n = Can2n+1—k (51)
This completes the induction. Then, B,, = I5,, which proves the theorem. [

The following Theorem gives properties of the groups Ba, (T) related to
generators and a canonical form:

Theorem 2. Let T C Pairs (2n) be both transitive and closed under reversal.
Then,

1. (Z,]) eT implies Sgnﬂ‘,j € Ba, (T)

2. If i € [2n] and v € F3" are such that v is supported on positions {j :
(],Z) S T}, then SQn,v,i S Bgn (T)

3. {Somyij:j€n,j+1<i<2n+1—j,(i,5) € T} generates Bay (T).

4. The identity in Theorem [1| provides a canonical expression of each B €
Bay, (T) in terms of the generators.

Proof. Part 1 follows directly from the definitions.
Part 2 follows from part 1, equation and the following claim, which is
used to deal with the correction term SQZHJ;:ﬁQ:; "7 in equation :
Claim: (4,i)) e TA2n+1—-75i) €T = (2n+1—-4,i) €T (52)

Indeed, closure under reversal implies (2n + 1 —i,2n + 1 — j) € T and then
transitivity implies (2n +1 —14,i) € T.
Parts 3 and 4 follow from part 2 and Theorem [I} O

4 Canonical forms for unrestricted and stabi-
lizer parity check matrices, and for the sym-
plectic and Clifford groups

The preparatory subsection introduces the main ideas in the simpler case
of unrestricted matrices. It also establishes notation and some Lemmas. Next,
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subsection [4.2] gives the canonical form for stabilizer parity check matrices. Fi-
nally, subsection [{.3] considers the canonical form for the symplectic and Clifford
groups.

4.1 Gaussian elimination produces a canonical form for
matrices of a given size

An application of the groups £,, (T") will now be described. Groups of this type
will be seen to arise naturally during Gaussian elimination. They will be used
to show that the associated matrix decomposition is in fact a canonical form.

One of the many variants of Gaussian elimination will now be recalled in
some detail, with special attention on which row and column operations can
potentially be used, as a function of the pivot positions.

The search for pivots must proceed in some definite order; different orders
result in different but analogous matrix decompositions [14]. The present article
uses the order ”left and down”: the search for pivots starts in the first row from
the last element to the first, then in the second row from the last element to the
first, etc. This choice produces decompositions with lower triangular matrices
both on the left and on the right.

The positions of the pivots can be described using a pair of functions. Let
a : [r] = [m] be increasing, and let 8 : [r] — [n] be injective; to these functions
correspond the r pivot positions («(i), 3(¢)),i = 1,...,r. These r pivot positions
can also be summarized in a matrix: let

(a, B) = Z em,au)eia(i) (53)
=1

II(«, B) may be called an incomplete permutation matrix, because it has at most
one 1 in each row and column, but may be non-square and may have zero rows
and columns.

During Gaussian elimination, the pivot positions are not revealed all at once,
but step-by-step. Take s > r, and suppose that increasing o’ : [s] — [m] and
injective B8’ : [s] — [n] agree with «, 8 on [r]. Then, call (o/,3") an s-extension
of (a, ), and call (v, B) the r-predecessor of (o', 5’). A given collection of pivot
positions can have many possible extensions to a given higher rank, but it has
a unique predecessor at a given lower rank.

The algorithm progresses by taking a partially reduced matrix and simpli-
fying it further. For a, 3 as above, call A € F3'*" («, 3)-partially reduced if
rows 1,...,a(r) and columns B(1),...,3(r) of A coincide with the correspond-
ing rows and columns of I(«, 3). If in addition A = I(«, 3), then A is fully
reduced, and the algorithm ends.

If A is partially but not fully reduced, then extend (a, 8) to (a/,8’) so that
o/(r+1),8(r+1) is the position of the next pivot in the left and down order.
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Then, transform A to a matrix A’ that is (o, §)-partially reduced:

’
m T B'(r+1)—1 T
’ €m,iACn 37 (ri1) em,a/(r+1)Ae”J
A= H Gm,i,a’(r+1) A H Gn’ﬁ’(r+1)»j (54)
i=a/(r+1)+1 j=1

Now, observe that on the left, only Gy, ; or(r+1) With i > o/ (r + 1) are used.
Similarly, on the right, only G, g/(r41),; With j < #'(r + 1) are used. However,
on the right, there is an additional restriction: since columns 3(1),...,3(r) of
A are already reduced, G, g (r41),; With j € Im(j3) are not used[|

These observations prompt the following definitions.

Definition 10. For increasing « : [r] — [m], let
T (o) = {(4,5) : j € Im(a),i > j} C Pairs (m) (55)

Definition 11. For injective 8 : [r] — [n], let

TR (B) = {(i,4) = i € Im(B),j <,
j&{BQ),....8 (87 (i) — 1)}} C Pairs(n) (56)

Note that these sets are transitive and behave naturally under extensions:
for o/ an extension of a, TT¢ft () € TEeft (o), and for B’ an extension of j3,
TRight (B) C TRz'ght (ﬂ/)

Putting everything so far together gives the following matrix decomposition:

Theorem 3. For all A € FJ'*" there exist v < min(m,n), increasing « :
[r] — [m], injective B : [r] — [n], and matrices L € L, (T*/*(a)), R €
L, (TR (B)) such that

A= LI(a, B)R (57)

(r,a, 8,L,R) can be computed from A in time O(mnr) by Gaussian elimina-
tion

Proof. Encode the evolution of Gaussian elimination in a sequence: take Ay =
A, and for i > 1 take

1. (a(i), B(i)) to be the position of the i-th pivot in the left and down order.
2. u; = Ai_1€p 8(i) — €m,a(i) to be the column of A; ; below the i-th pivot.

3.0 =el A — elﬁ(i) to be the row of A, 1 to the left of the i-th

7 m, o (1)
pivot.

LIf the search for pivots proceeded along columns rather than along rows, i.e. in the
order last column top to bottom, then second last column top to bottom, etc., the additional
restriction would be on the left rather than on the right.

2 Assuming L, R are output as lists of off-diagonal non-zero positions; otherwise, outputting
the full L, R would take time O(max(m?,n?)).
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4. A; = Gm_,uha(i)Aqun’B(i)’vr to be the remaining matrix after row (i)
and column S(i) have been cleared.

Induction shows that for each 7, rows 1,...,a(i) and columns $(1),...,3(i) of
A; match the corresponding rows and columns of 22:1 emwa(k)ezﬁ(k). Then,

the sequence must terminate; let A, = II(«a, 3) be the last term. Then, A =
LII(a, B)R with

L= Gm,ul,a(l)Gm,uQ,a(Q) o Gm,ur,a(r) S ﬁm (TLEft (a)) (58)

and

R= Gn,ﬁr,v;r Gn,ﬁ(rfl),v;l cee Gvn,ﬁ(l),vir €L, (TRight (ﬂ)) (59)

1

Now, consider the complexity of the algorithm. For each i, (a(7), 8(2), ui, vi, A;)
can be computed from (A;_1, (i —1)) in time O(mn). Then, the time to reach
step r is O(mnr).

It remains to consider the time to compute L and R. It is shown below that
the non-zero off-diagonal positions can be computed in time O(mr?) for L and
in time O(nr?) for R.

Consider the sequence L1 = Gy 4y ,001) and Ly = Li 1Gpy u, a) for i =
2,...,r. Let L; be such that L; = I,,, + L;. Then,

Li=L; 1+ ’U/ie'rTma(i) + Ei—l“ie;’a(i) (60)

Note that L;_1, L; are supported on some subsets of TL¢/t (), so they have at
most 7 non-zero columns. Then, L; can be computed from (L;_1,u;, (i) in
time O(mr), so L = L, can be computed from (u1,...,u., a(1),...,a(r)) in
time O(mr?).

Similarly, consider the sequence Ry = G, 5(1),,7 and R; = Gn,ﬂ(z‘),iji—l
fori=2,...,r. Let R; be such that R; = I,, + R;. Then,

Ri = Ric1 + e piyv + enpiyoi Rica (61)

Note that R;_1, R; are supported on some subsets of TH9" (), so they have

at most 7 non-zero rows. Then, R; can be computed from (R;_y, 3(i),v, ) in

time O(nr), so R = R, can be computed from (3(1),...,8(r),v{,...,v}) in

yur

time O(nr?). O

The given matrix decomposition is in fact unique; thus, it is a canonical form
for m x n matrices. This will now be proved in detail. For convenience, say that
a quintuple (r, o, 8, L, R) is (m,n)-allowed if < min(m,n), o : [r] — [m] is in-
creasing, B : [r] — [n] is injective, L € L,, (T**/" () and R € L,, (TT9" (B)).

Theorem 4. Let (r,a,8,L, R), (r',a/,58', L', R’) be (m,n)-allowed quintuples
such that
LI(a, B)R = L'II(c, B') R’ (62)

Then,
(T‘7 057 B7L7R) = (T’, al7/8/7L/7R/) (63)
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Proof. The first step is to establish uniqueness of the incomplete permutation
matrix. In [4, Lemma 14], an argument for the case of full permutation matri-
ces is given; unfortunately, it is not clear how to extend this approach to the
case of incomplete permutation matrices. On the other hand, a rank-of-minors
argument is given in [14], also for the case of full permutation matrices, and this
proof extends without problem to the case of incomplete permutation matrices.

Lemma 4. LetII(a, 8), II(a/, ') be two mxn incomplete permutation matrices.
If there exist lower triangular L € L, (Pairs(m)), R € L, (Pairs(n)) such that

LI(ev, B) =T1(c/, B)) R (64)
then U(a, B) = II(/, B').

Proof. Take any k € [m],l € [n], and divide the matrices into blocks with
(k,m — k) and (I,n — ) rows/columns:

(Ln 0 ) <H(a,ﬂ)11 H(Oé,ﬁ)m)
La1  Lyp) \Il(a,B)21r (a, B)22
= (s ) (R i) @

Then, the upper right blocks (e, )12, (a’, 5')12 have the same rank. This
holds for any k,1, so («a, 8) = II(/, 5). O

The next step is to establish uniqueness of the right factor. For the case of
full permutation matrices, both [14, [4] argue by considering whether conjugating
a lower triangular matrix by a permutation leads to another lower triangular
matrix. Unfortunately, this approach breaks down for incomplete permutation
matrices, and a different approach is needed.

Lemma 5. Let 8 : [r] — [n] be injective, and let R be in L, (TR (3)). If
there exist m, lower triangular L € L,, (Pairs (m)), and increasing o : [r] — [m)]
such that L1(«, 8) = (e, B)R, then R = 1.

Proof. Take any i,j € [n]. The goal is to show e, Renj = 611 . Consider
cases.
Case 1: i < j. Then, e, Ren = ;L'—Len ; because R is lower triangular.

Case 2: 1> 7,1 ¢ Im( ) Then, e, ;Re, ; = 0 because R € L,, (TH9" (3)).
Case 3: i>j, Ik :i=pP(k), j %Im() Then,

e;iRemj = e,Tn,a(k)H(a,B)Remj = ejn,a(k)LH(O‘aﬁ)en,j =0 (66)

Case 4: i > j, Ik, 1 :i=B(k),j = B(I),l < k. Then, e iRen j = 0 because
R € L, (THi9ht (B)).
Case 5: i > j, 3k, 1 :i=p(k),7 = B(l),k <l. Then,

€n, zRe”LJ m,(x(k)H(a7 B)Re"aj
= e;’a(k)LH(a,ﬁ)en’j = 67—;@(;@)L€m,a(l) =0 (67)
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because « is increasing and L is lower triangular. O

Finally, note that since incomplete permutation matrices are not necessar-
ily invertible, uniqueness of the left factor does not follow automatically from
uniqueness of the incomplete permutation matrix and of the right factor. For-
tunately, the following Lemma holds:

Lemma 6. Let o : [r] — [m] be increasing, and let L be in L, (T*/* ().
If there exist n and injective 8 : [r] — [n] such that LII(«, 8) = («, B), then
L=1

Proof. Take any i € [m]. If i ¢ Im(c), then Le,, ; = e, by the definition of
Ly, (THe (). If i € Im(c), then

Lem,i = LH(CY, B)en”@(afl(i)) = H(a7ﬁ)€n,5(a—1(i)) = em’i (68)
Thus, Ley, ; = en,; holds for all ¢ € [m)]. O
Lemmas [6] imply Theorem O

4.2 Canonical form for m x 2n stabilizer parity check ma-
trices

Now, an application of the groups Bs, (T') will be described. Recall from sec-

tion that Gaussian elimination produces a canonical form for unrestricted

matrices in F5'*". Now, consider m x 2n stabilizer parity check matrices. This

section shows that Gaussian elimination modified to use symplectic Gaussian

moves on the right produces a canonical form for such matrices, and the right

factor belongs to a group Ba, (T') for T a suitable function of the pivot positions.
First, some definitions:

Definition 12. A € FJ"**" is a stabilizer parity check matriz if AQg, AT = 0.

When Gaussian elimination is performed on a stabilizer parity check matrix
with symplectic moves on the right, the column indices of the pivots have special
structure:

Definition 13. Let g, : [2n] — [n] be the function
qn (1) = min(i, 2n + 1 — ) (69)
that maps each i € [2n] to the qubit on which Pauli Qo ; acts.

Definition 14. A function 3 : [r] — [2n] will be called qubit-injective if q, o B
[r] = [n] is injective.

As in the classical case, there is a set of off-diagonal positions that are
associated to a collection of column indices:
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Definition 15. To qubit-injective 8 : [r] = [2n] associate the sets

Tmoves (8) ={(i,7) : 1 € Im(B),j <1,
(7)€ {an(B)), .-, aa(B(B™ (1) = 1))}}  (70)
T (B) = {(4,4) : @n+1—j,2n+1—1) € T (5)} (71)
thr (ﬂ) — moves (5) ureY (ﬂ) (72)

T™meves () is the set of index pairs (i, j) such that Say, ; ; can potentially be
used during the elimination algorithm described below when the column indices
of the pivots are given by 8. T (3) is the elementwise reversal of T™°V¢* (3);
since Sy i ; = Son,2n4+1—j.2n+1—i, it is natural to consider also this set. 7" (3)
is the transitive, closed under reversal set that defines the associated group
Ba, (T*" (8)). Relevant properties of 7" () are shown below:

Lemma 7. If B : [r] — [2n] is qubit-injective, then T*" (B) is transitive and
closed under reversal.
If B’ is qubit-injective and extends (3, then T (3) C T*" (5').

Proof. T (B) is closed under reversal by construction.

Now, take any (i, ), (j,k) € T*" (3) and consider cases:

Case 1: (i,j), (j, k) € T™° (8). Then, i,j € Im(B) with 371(j) > B71(3).
Moreover, ¢ > j > k and

qn(k) ¢ {Qn(ﬁ(l))a R Qn(ﬁ(ﬁil(]) - 1))}
D {gn(BL)); -, qn(B(B™H(0) = 1)} (73)

Then, (i, k) € T™°v¢ (3).
Case 2: (i,7), (4, k) € T™ (B). Then, (2n+1—k,2n+1—3), 2n+1—j,2n+
1—4) e T™v%5 (), s0 2n+1—k,2n+1—14) € T™%5 (B), so (i, k) € T (5).
Case 3: (i,5) € T (8),(j,k) € T (8). Then i > j > k and 4,2n +
1 —k € Im(B). Consider subcases:

L If B 2n+1—k) > B71(4), then (i,k) € T™°v (B).

2. If B71(2n+1—k) < B71(i), then (2n+1—k,2n+1—1i) € T™ (), so
(i, k) € T (B).

Case 4: (i,5) € T™ (B), (j, k) € T™°v¢5 (B). Then, j,2n+1—j € Im(p).
This is a contradiction, because 3 is qubit injective. This case does not occur.

Combining the cases implies that 7" () is transitive.

Finally, if 38 extends [, then T™ove¢s (') > Tmoves (B) so T (B') D
thr (6) 0

Now, consider Gaussian elimination using symplectic moves on the right.
The typical step of this algorithm is:
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Lemma 8. Let a: [r] = [m] be increasing and (8 : [r] = [2n] be qubit-injective.
Let A € IF;"“" be a stabilizer parity check matriz that is (o, 8) partially reduced,
but not fully reduced. Let (o/, ') extend (a, B) so that (/(r +1),8 (r + 1)) is
the position of the next pivot in the left and down order. Let u € FJ', v € F3"
be such that

Ao (r+1) = €m,a/(r41) T U (74)
6In,a'(r+1)A = e;n,,li’/(r—&-l) +ol (75)
and let
A" = G (r41) Ao 7 (r41) 07 (76)
Then,
1. Gryar(r1) € Lo (T ().

2. B is qubit injective.

8. Son.pr(r41)07 € Ban (T (B)).

4. A is a stabilizer parity check matriz and is (!, 8') partially reduced.
5. (o, ', u,v, A’) can be computed from (A, «, ) in time O(mn).

Proof. Part 1: Since A is («, 8) reduced, u is supported on a subset of {j : j >
o (r+1)}.

Parts 2 and 3: Since A is (a, 3) reduced, and since A, AT = 0, the
following holds for the columns of A:

Vi € [T} : A€2n,5(¢) = €m,a(i) 74\ A62n,2n+1—ﬂ(i) =0 (77)
Therefore, g, (8’ (r+1)) ¢ {g.(8(1)),...¢.(8(r)}, and v is supported on a subset
of {i i <f'(r+1),qn(i) & {g(8(1)), ---,qn(ﬂ(T))}}

Part 4: First,
AIQQn(AI)T = Gm w,a’ (r+1) ASQn B/ (r+1), vTQQnSZﬂ B (r+1), yTA Gm Ju,of (r+1)
= G (rp1)AQ20 A Gy oy =0 (78)
Next, check the rows: for i < o/(r + 1),
67—;,1‘*’4/ = eT Gm u a’(r+1)ASQn B (r+1)0T = 6 AS2n B/ (r+1),v (79)
Consider cases:
1. If i ¢ Im(a’) then e;,iASgnﬁ,(TH)’UT =0
2. If i = a(k), k € [r] then
e;,iASmB/(rH),vT = e;,a(k)ASZn,ﬁ’(H-l),vT

T T
= ezn,,e(k)sznﬁ'(rﬂ),ﬂ = Can,B(k)
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3. If i = &/(r + 1) then

T T T T
em,iASQn,ﬂ’(r—i-l),vT = (62%5/(74_,'_1) + v )SZn,ﬁ’(T‘+1),UT = 62n,ﬂ’(7’+1)

Next, check the columns: for i € [r + 1]

Ale2n,ﬁ’(i) = C"Ym,u,o/(r—i—l)A~S2n,ﬁ’(r+l),vT €2n,8’ (i)
= Gm,u,a/(r+1)A62n,6’(i) (80)

Consider cases:

1. If i=7r+1 then
Gl (r1) A28 () = G,/ (r+1) (Emar (r41) + 1) = €myar(r41)
2. If i <r then
G usar (r41) AC2n,50()) = Gmu,al (r41)€m,ali) = €m,ali)

Part 5: Computation of (¢/, 8, u,v) can clearly be done in time O(mn). For
the computation of A’, use the sparsity of Gy, u,a’(r+1)s S2n,8/ (r+1),07- FOr any
r € F', Gry w00 (r+1)2 can be computed in time O(m); since A has 2n columns,
this gives time O(mn) to compute Gy, 4o/ (r+1)A. Similarly, for any y € 3",
yTSQn’ﬁ/(T+1))UT can be computed in time O(n); for m rows, this gives time
O(mn) to compute G, v o/ (r+1)AS2n,8/ (r4+1),07 - O

Repeated application of the elimination step in Lemma [§] produces a matrix
decomposition for stabilizer parity check matrices that is in fact a canonical
form. To prove uniqueness of the decomposition, a modification of Lemma [5| is
needed:

Lemma 9. Let (3 : [r] — [2n] be qubit-injective and let R € Bay, (T*" (B)). If
there exist lower triangular L € L, (Pairs (m)) and increasing o : [r] — [m]
such that LIl(«, B) = II(«, B)R, then R=1.

Proof. Take any (i, j) € T*" (). The goal is to show ey, ; Rea, ; = 0. Consider
cases.

Case 1: (i,j) € T™°"¢* (5). Then, i = (k) for some k € [r] and
6;rn,iR62n7j = e;)r@,a(k)H(Oér ﬁ)Re2n7j = e;,a(k)LH(av B)eZn,j (81)
Consider subcases:
1. If j ¢ Im(B), then I(c, B)e2,,; = 0.

2. If j = B(I) for some I € [r], then [ > k and ey, (k) Lem o) = 0 because «
is increasing and L is lower triangular.
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Case 2: (i,7) € T (). Then, 2n+1—j,2n+1—14) € T™°* () and
2n+1—j = B(k) for some k € [r]. Apply the identity RT = Qq, Ry, which
holds for any element of SPs,,:

e;n)iRegnJ = e;n)jRTegmi
= €9, ;Qon R Qonean,;
= €9 omi1 R e ont1-i
= emat (e, B)R e 2n 11—
= em,(x(k)Liln(aa B)GQn,QnJrlfi (82)

Now, proceed as in case 1 to conclude that this is zero. O

Now, all the ingredients for a canonical form for stabilizer parity check matri-
ces are in place. To state the theorem, it is convenient to introduce the following
terminology:

Definition 16. Say that (r,«,8,L,R) is (m,2n) stabilizer allowed if r <
min(m,n), «a : [r] — [m] is increasing, B : [r] — [2n] is qubit-injective,
Lecl, (TLeft (04))7 R € Ba, (thr (6))

Theorem 5. 1. For every stabilizer parity check matriz A € anx%’ Gaus-
sian elimination with symplectic moves on the right produces (m,2n) sta-
bilizer allowed (r,c, B, L, R) such that

A= LI(o, B)R (83)

Moreover, the algorithm runs in time O(mnr) (assuming L, R are output
as lists of off-diagonal mon-zero positions; otherwise, outputting the full
L, R would take time O(max(m? ,n?))).

2. If (r,a, 8,L,R) and (r',o/, ', L', R") are (m,2n) stabilizer allowed and if
LTi(a, §)R = L'Ti(a, §) R (4)

then
(r,e, B,L,R) = (r',a/, ', L', R) (85)

Proof. Part 1 follows by repeated application of Lemma [8] The elimination
step in Lemma |8 needs to be performed r times, so the total time is O(mnr).
It remains to consider the time to compute L and R. It was shown in the proof
of theorem (3| that the non-zero off-diagonal entries of L € L, (T*/* (a)) can
be computed in time O(mr?). Next, consider the computation of

R = SZn,,(i’(r),vI SZn,ﬁ(r—l),le . S2n75(1)7U1T € Ba, (thr ([‘3)) (86)

where v ..., v, is the sequence of vectors that arises from the r applications

»rr

of Lemma @ Consider the sequence Ry = S, 5(1),,7 and R; = Sy, 5,7 Ri-1
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fori=2,...,7r. Let R; be such that R; = I, + R; and let S; be such that
52"75(1'),1)7 = Is, + S;. Then,

RZ‘ = Ri_l + 5'1 + SiRi_l (87)

Note that R;_1,R; are supported on some subsets of T%¢" (8), which in turn
is a subset of Pairs (2n) N ((Im(B) x [2n]) U ([2n] x (2n+ 1 — Im(p)))). Note
also that S; has non-zero entries only in row (i) and column 2n + 1 — ().
Therefore,

Claim: R; can be computed from (I:Bi,l, S'l) in time O(nr).

Proof of claim: Partition 7% (/) into three sets:

Ty = {(k,1) € T"" (B) : k # B(i)} (88)
Ty = {(k,1) €T (B) : k= B(i),l ¢ (2n+1—Im(B))} (89)
T3 = {(k, 1) € T*" (B) : k = B(i),l € 2n+ 1 — Im(B)} (90)

and note that |T1| = O(nr), |Tz| = O(n), |T5| = O(r). For each (k1) € Ty,

T P, T D, T R
€2n,kRz‘e2n,l = e2n,kRi—1€2n,l + 62n7k5i62n7l
T Q T B
+ €0 19520 20 41— B(i) €2n 2 41— () Lli—1€2n,0 (91)

can be computed in time O(1). For each (k,1) € T,

T 5 T 5 T 5
€on ik Ri€2n1 = g, L Ri—1€2n1 + €5, pSi€2n1

+ > egupSiconjeg, ;Rioreany (92)
JEIM(B)

can be computed in time O(r). For each (k,!l) € T3,

T 5 T 5 T &
on k Ri€2n,1 = €2,  Ri—1€2n1 + €9, 1 Si€2n,

T Q T B
+ E €on kSi€2n jeon jRi—1€2n1  (93)

J€[2n]

can be computed in time O(n). This completes the proof of the claim.

Using the claim, deduce that the non-zero off-diagonal positions of R can be
computed from (3(1),...,B(r),v{,...,v,}) in time O(nr?). This completes the
proof of Part 1.

Part 2: First, Lemma 4| implies II(«, 8) = II(e/, §). Next, Lemma@implies
R = R'. Finally, Lemma implies L=1". O

Ezample: Consider the [[5, 1, 3]] stabilizer code with generators X5 1 Z5 275 3 X5 4,
X5’2Z5’3Z574X5’5, X5’1X5’3Z5’4Z5’5 and Z5’1X5’2X5’4Z5’5. Consider also the
product of the first two generators X5 125 9X59X54254X55. This gives the
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stabilizer parity check matrix

100100071710
0100101100

A=|1 101101010 (94)
10100711000
0101010001

where the third row is the sum of the first two.
The first pivot in the left and down order is in the first row and ninth column,
so a(1) =1, B(1) =9. To clear the ninth column, take

and G5,u’1 == (95)

<

I
co—~ oo
cor~roOoR
coor o
cor~oo
o~ ocooo
—oocoo

(3,1),(4,1),(5,1)} and G5 4,1 has a non-zero

At this stage, T/t (o) = {(2,1),
1). Left multiplication by Gs,,1 gives

2,
off-diagonal position only at (3,

100100071710
0100101100
Gsu1A=]0 100 10 1 1 0 0 (96)
1010011000
01 01010001
To clear the first row, take
v'=(1 001000 1 0 0 (97)
and
1 00 000O0O0O0OTO OO
01 0000O0GO0TO0O
01 100000GO0O0
0001000UO0UO0O0
000O010O0UO0TG 0O
510007 =10 0 000100 0 0 (98)
01 0000T1UO0TGO0O0
000O0O0OGOT1TUO0O0
1 001000110
01 0000O0O0TO01

At this stage, T (8) = {(9,§) : j < 9}, T" (8) = {(i,2) : i > 2},
T (B) = T™°vs (B) U T (B) and the non-zero off-diagonal positions of
S10,0,,7 are only in the second column and the ninth row. Right multiplica-
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tion by Sygg9,7 gives

G'5,u,148510,0.07 =

_= o oo
oS O OO

0 0

o o O

0

o O o O

O = = O

0

_ o o O

1

O~ Rk R, O

O = = O

0

oo o+

0

o o oo

1

(99)

At this point, the first row and ninth column contain only the first pivot. The
second column, which corresponds to the same qubit as the ninth column, is

entirely cleared.

The second pivot in the left and down order is in the second row and eigth
column. Extend a,f to o/, " with o/(2) = 2, 5/(2) = 8. To clear the eight

column, take

:\
Il
cor oo

and G57ul,2 =

S o oo

OO == O

OO = OO

_— o o o

0

_— o O o O

(100)

At this stage, T/ (o) = {(2,1), (3,1), (4,1, (5, 1), (3,2), (4,2), (5,2)} and the
non-zero off-diagonal positions of G . 2 belong to this set. Left multiplication

by G{,,u/’g giVGS

Gs,u,2G5u,1A810,0.07 =

o= O OO
(el evlenllen B en)

To clear the second row, take

o= O oo

_— o o oo

OO o+ O

= =0 OO

O = O = O

OO o= O

OO OO

v'=0 00010100 0

and

510,8,1;'T =

At this stage,

1 00
01 0
0 01
0 01
0 0 0
0 0 1
0 0 0
0 0 0
0 0 0
0 0 0

S OO OO O H O OO

OO OO R OO OoOO

OO OO, OO OO Oo

OO R P OO0 OoOOoOOo

SO OO0 oo oo

O OO OO OoOOoOoOo

—_ O OO OO o oo

_ o O O O

(9,9) 15 <9YU{(8,5):7 <85 #2}
(i,2) 10> 2} U{(i,3) 13 > 3,i £ 9}
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and Tt (8) = T™oves (8') U T (B'). The non-zero off-diagonal positions of
S10,8,,7 belong to this set. Right multiplication by Sy g,/ gives

000000GO0TO0T10
000000O0T1O0O

G5, 2G5,u1 4510057 S10507 =0 0 0 0 0 0 0 0 0 0f (106)
1000011000
0001010001

At this point, the second row and eight column contain only the second pivot.
The third column, which corresponds to the same qubit as the eight, is com-
pletely clear.

The third pivot in the left and down order is in the fourth row and seventh
column. Extend o/, to o, 8" where o”(3) = 4, 8”(3) = 7. The seventh
column is already clear except for the pivot. To clear the fourth row, take

T=(1 0000100 0 0 (107)

and

Si07,00T = (108)

OO HOOO OO
DS OOoO R HRHROODOOO
O OO OO O OO
OO OOOOO OO
O OO OO OO Oo
—_ O OO0 O OO

OO OO OO O oo
S OO OO OO+ OO
— O OO R FOOO
OO DD DO, OO OO

At this stage,

T (B7) ={(9,4) 15 <93 U{(8,4) 1 j <8,j # 2}
U{(7,5) :j <75 #2,3} (109)

T (B") = {(3,2) i > 2} U{(i,3) : i > 3,i # 9}
U{(i,4) :i>4,i£8,9} (110)

and T (") = T™°ves (") UT" (B”). The non-zero off-diagonal positions of
S10,7,0»7 belong to this set. Right multiplication by Sy 7,7 gives

G50 ,2G5,.4,14510,9,07 510,80/ T 510,707 T
0

(111)

O O OO

OO O OO
O OO OO
OO O OO
OO O OO
_o0 o oo
o= O OO
oo o~ Oo
OO OO
_ o O O O
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At this point, the fourth row and seventh column contain only the third pivot.
The fourth column, which corresponds to the same qubit as the seventh, is
completely clear.

The fourth pivot in the left and down order is in the fifth row and tenth
column. Extend o, " to o/, 8" where o'”(4) = 5, 5"(4) = 10. The tenth
column is already clear except for the pivot. To clear the fifth row, take

W"T=(0 0000100 0 0) (112)
and
1 0000O0OGO0GO0O0 O
010000O0GO0TO0 O
001 00O0O0TG 0T 0O
00010000O0TO0O0
1000100000
S101007T =100 0 0 0 1 0 0 0 0 (113)
000000O0T1UO0UO0O0
000000O0O0T1O0O0
000000O0O0GO0T1O0
0000010001

At this stage,

Tmeves (B8") = {(9,5) 1§ <9y U{(8,4) : 5 < 8,5 #2}
U{(7,5):j <7, #2,3}
U{(10,5):j < 10,5 #2,3,4,7,8,9} (114)

T (") ={(3,2) : 1 > 2} U {(i,3) : i > 3,i # 9}
U{(,4):i>4,i+# 8,9}
u{@,1):i>1,i+#2,3,4,7,8,9} (115)
and Tt (") = T™oves (8") UT"* (B""). The non-zero off-diagonal positions
of S1¢.10,,+7 belong to this set. Right multiplication by Sy 19,7 gives

G5, ,2G5,u,14810,9,07510,8,0' 7 510,7,07 T 510,10,07 T

0 000O0OO0OO0OTO0DT1ITO
0 000O0OO0OO0OT1O0UO0
=0 0 0 0 0 0O 0O 0 0 O (116)
0 000O0OO0OT1TO0O0TUO
0 000O0O0OTO0TO0TO0T1

which is the incomplete permutation matrix II(a/”, 5”"). Therefore, the canon-
ical form of A is A = LII(«”, 8"”")R, with

10000
01000
L=G5u1Gswa=|1 1 1 0 0] €Ls (T (o)) (117)
00010
00001
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and

R = 510,10,7///T Slo,m//T 510,8,1/T S10,9,N

100 0000UO0TUO0DO
001 00 0O0O0UO0UO 0O
01 1.00000O0TUO0TO
01 1 10000O0TU00O0
/1111100000
~]l01 10010000
1010011000
01 00101100
1001 000T1T10
01 01010001
€ By (T*" (B")) (118)

4.3 Canonical form for the symplectic and Clifford groups

For an element of SPa,, it is natural to apply Gaussian elimination with sym-
plectic moves both on the left and on the right, in order to preserve the sym-
plectic products of the rows and of the columns. This algorithm produces a
canonical form for SPa,, in time O(n3). The tableau version of the algorithm
produces a canonical form for C,, in time O(n?). Details follow.

Since elements of SP,, are invertible, they have a pivot in every row. There-
fore, the increasing function « that was used previously to describe the row
indices of pivots becomes superfluous. Thus, for injective § : [r] — [2n], let

II(B3) = Z €2m,1€9m 5(i) (119)
i=1

and say that A € SPs, is § partially reduced if rows 1,...,r and columns
B(1),...,B(r) of A coincide with the corresponding rows and columns of II(3).

As in the case of stabilizer parity check matrices, the symplectic constraint
can be used to extract additional information about 3 reduced elements of SPs,,:

Lemma 10. Take r <n and let B : [r] = [2n] be injective. Let A € SPa, be
partially reduced, i.e.

Vie[r]: Aesnpiy = €mi A e;—n’iA = e;—nﬁ(i) (120)

Then, B is qubit-injective and the following rows and columns of A are also
reduced:

Vi€ [r]: Aeonont1-8() = €2n2ni1—i N €onont1—iA = € oni1pe (121)

Proof. B is qubit-injective because rows 1,...,r of A have pairwise symplectic
products 0.
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Next, use AQyp AT = ATQo, A = Qa, and e;n ﬁ(i)A—r = e;—m,ATegn’i =
€2an,5(i) as follows:

Aean ont1-p3) = AQanean gy = Q2n(AT)_162n,ﬁ(i)

= Qopeon; = € onti—i (122)

e;—n,ZnJrlfiA = e;—n,iQQHA = egn,i(AT)_lgbn
T T
= €on i) 22n = €2y 0t 1-pa)  (123)
This completes the proof. O

This Lemma shows that the pivots in the first n rows uniquely determine all
the rest and motivates the following:

Definition 17. For r < n and qubit-injective 8 : [r] — [2n], let

T

™ (8) = (€2n,i€2Tn,5(i) + eQn;2n+1_ie2Tn,2n+175(i)) (124)

i=1

As before, Gaussian elimination with symplectic moves both on the left and
on the right takes a partially reduced matrix and simplifies it further. The
typical step of this algorithm is:

Lemma 11. Take r < n, qubit-injective 8 : [r] — [2n], and B partially reduced
A € SPayy,. Let B’ extend 8 to [r+1] so that (r+1,6'(r+ 1)) is the position of
the next pivot in the left and down order. Let u,v € F3" be such that

Aeon pr(r+1) = €2n,r41 + U (125)
e;n,r+1A = €2n,8/(r+1) T v’ (126)
and let
A" = Son w1480, g1 (r41),07 (127)
Then:

1. S2n,u,r+1 S Bgn (Pairs (2’[1))

2. B is qubit injective.

3. S2n,ﬂ’(r+1),vT € B2n (TtCT (6/))

4. A" € 8Ps, is B partially reduced.

5. (8", u,v, A’) can be computed from (A, B) in time O(n?).
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Proof. Parts 1, 2 and 3: Since A is § partially reduced, Lemma implies

gn(B'(r+1)) € {gn(B(1),...,q.(B(r))}, uis supported on a subset of {j : r+1 <
Jj <2n+41—r}, and v is supported on a subset of {j : j < 8'(r +1),q,(j) ¢

{an(B(1)), ... an(B(r))}}.

Part 4: A’ is a product of three elements of SPs,, so A’ € SPy,. Next,
check the rows: for i € [r + 1]:

eaniA = €3y 192 ,ur+1482 g1(ri1),0T = € iASan g1 (i 1),07 (128)
Consider cases:
1. If ¢ < r then
e;—n,z’ASQTL,B’(r+1),vT = e;—n,ﬁ(i)SQTb,ﬂ’(T-H)WT = e2Tnﬁ(z‘)
2. If i =7+ 1 then
ezTn,z‘ASM,B'(rH),N = (ezTn,ﬁ/(rH) + ”T)52n,ﬁ/(r+1),vT = e;—n,ﬁ’(r+1)
Next, check the columns: for i € [r + 1]:

Alesn,pr(i) = S2n,ur+14890 61 (r11),07 €20,6'() = S2nur+14€20,5(:)

o {SZn,u,TJrleQn,i = €2n,i if ¢ <r

. (129)
S?n,u,r+1(€2n7r+l + U) = €2n,r+1 ifi=r+1

Part 5: As before, the sparsity of Say, 41 and Sy, gr(r41),,7 implies that
multiplication by them can be performed in time O(n?). O

Now, all ingredients are in place to show that Gaussian elimination with sym-
plectic moves on both sides produces a canonical form for SPa, in time O(n?).
To state the theorem, it is convenient to introduce the following terminology:

Definition 18. Say that (8, L, R) is SPa, allowed if 5 : [n] — [2n] is qubit-
injective, L € Ba, (Pairs(2n)) and R € Ba, (T*" (B)).

Theorem 6. 1. For every A € SPa,, Gaussian elimination with symplectic
moves on both sides produces SPay, allowed (8, L, R) such that

A= LII™(8)R (130)
Moreover, the algorithm runs in time O(n3).
2. If (B,L,R) and (B', L', R") are SPa,, allowed and if
LIIPY™(B)R = L'TI*Y™ (8" R’ (131)
then

(8,L,R) = (8, L', R') (132)
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Proof. Part 1 follows from repeated application of Lemma

Part 2: Lemmaimplies msy™(B8) = 1I15v™(f’), so B = B’. Then, Lemma@,
applied to the first n rows of (L')~*LII*¥™(3) = II*¥"(B)R'R~1, gives R = R'.
L = L/ follows. O

Example: Consider the following matrix in SPg:

011010
000 111
01 1011
A= 110100 (133)
001110
110111

The first pivot in the left and down order is in the first row and fifth column.
Take B(1) = 5. To clear the first row, take

v'=(0 11 0 0 0) (134)
and
100000
010000
001000
Ses0" =10 101 0 0 (135)
011010
000001

At this stage, T (8) = {(5,j) : j < 5}, T""(B) = {(,2) : @ > 2},
T (B) = T™°vs (B) UT™ (B). Sg5.,7 has non-zero off-diagonal entries only
in the second column and fifth row. Right multiplication by Sg 5,7 gives

000 O0T1O0
001 1 11
00 0 0 11
ASG,5,’UT — 1 0 0 1 O 0 (136)
0001 10
1111 11
To clear the fifth column, take
0 10 0 0 0O
1 110 0 0O
1 1 01 0 00
u = 0 and Sﬁ,u,l = 000100 (137)
1 100 010
1 1 1.0 1 1 1
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Left multiplication by Sg .1 gives

56,u71ASG7571,T == (138)

OO = O OO
_— 0 O O oo
SO OO~ O
O = = O RO
OO OO o
SO O == O

At this point, rows 1 and 6 and columns 2 and 5 are reduced.
The second pivot in the left and down order is in the second row and sixth
column. Extend S to 8’ with /(2) = 6. To clear the second row, take

=0 0 1 1 0 0) (139)
and
100 0 0 O
01 0 0 00
101 0 0 O
60" =11 0 0 1 0 0 (140)
0 00010
0 01 101
At this stage,
Tmeves (B) = {(5,4) 1 § <5y U{(6,4) 1 j < 6,5 #2,5} (141)
T () = {(1,2) 1> 2} U{(i,1) i > 1,i £2,5) (142)

and Tt () = T™oves (8') UT e (B'). The positions of non-zero off-diagonal
entries of Sq ¢ ., belong to this set. Right multiplication by S¢ ¢,/ gives

000010
00 0 0 O01
0 01 1 01
S6,u,1456 5,07 566,07 = 000100 (143)
10 01 0 O
01 00O0O
To clear the sixth column, take
0 10 0 0 0O
0 01 00 00
|1 ~]J0 1.1 0 0 O
= o] mdSew2=10 9 0 1 0 0 (144)
0 000110
0 0 00 0 01
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Left multiplication by Sg .2 gives

S6,u'296,u,1456 5,07 S6.6,0/ 7 = (145)

O = OO OO
_— O O o oo
SO ooOoO OO
SO == OO
SO O OO
[N eleNol -]

At this point, rows 1, 2, 5 and 6 and columns 1, 2, 5 and 6 are reduced.
The third pivot in the left and down order is in the third row and fourth
column. Extend 8’ to 8” with 8”(3) = 4. To clear the third row, take

V'T=0 0 1 0 0 0) (146)
and
100000
010000
001000
56,4,11”T = 001100 (147)
000010
000001

At this stage,
Tmeves (87) = {(5,4) 5 <5 U{(6,5) 1 5 < 6,5 #2,5}U{(4,3)}  (148)

T (8") = {(3,2) : i > 2y U{(i,1) :i > 1,i # 2,5} U {(4,3)} (149)

and T (B") = T™°ves (") UT" (B”). The positions of non-zero off-diagonal
entries of Sg 4 ,»7 belong to this set. Right multiplication by Sg 4,7 gives

0 00 O0T1O0
0 000 01
0001 0O
S6,u’256,u,1A56,5,vT SG,ﬁ,?J/T 56,4,11//T == O 0 1 1 O O (150)
10 0 0 0O
01 00 0O
To clear the fourth column, take
0 10 0 0 0O
0 01 00O0O0
s |0 1001 0 0 O
ul =1y and Sg 3 = 001100 (151)
0 0 000 T1O0
0 0 000 01
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Left multiplication by Se . 3 gives

00 0 01O

00 0 0 01

0001 0O
SG,’LL”,3S6,u/256,u,1A56757'UTS6)67'U/T S6,4,U"T == 0 0 1 0 O 0 (152)

10 0 0 0 O

01 0 00O

which is II5¥"*(3"”). Therefore, the canonical form of A is A = LII*¥"(8")R
with

1 000 0O
1 1.0 0 0 O
1 110 00 )
L= Sﬁ,uJSG,u/’QSG,u//B = 00110 0 S Bgn (Pazrs (2n)) (153)
1 011 1 0
1 1.0 0 1 1
and
1 0 00 0O
01 0 0 0 O
1 01 0 0 O or
R = 564,756,657 5507 = 011 100l|E€ Bay, (T*"(8”)) (154)
0 1 1 01 0
01 1 1 0 1

5 Finite blocklength bounds for stabilizer codes
and Pauli noise

The preparatory subsection [5.1] establishes a property of the uniform distribu-
tion over the symplectic group that is used to derive the achievability bound.
Another preparatory subsection establishes notation necessary to state the
bounds. Next, subsection [5.3| states and proves achievability and converse
bounds on €e¢prorguess (Puv, ) and Rerrorguess (Puv, €) for arbitrary pyy. Sub-
section [5.4] and subsection show how the general bounds can be computed
efficiently in the cases of the qubit erasure and depolarizing channels respec-
tively. Moreover, it is seen there that the achievability and converse bounds on
the rate differ by O(1/n) for n qubits. Subsection shows that the achiev-
ability and converse bounds can be computed in polynomial time in the case of
n independent identical Pauli channels with side information.

5.1 The uniform distribution over symplectic matrices

The following Lemma will be useful later on:

35



Lemma 12. Let C be uniformly distributed over SPay,, and let u be a non-zero
vector in F3™. Then, Cu is uniformly distributed over non-zero vectors.

Proof. Take non-zero vectors v,v’. Take symplectic matrix C’ such that C'v =
v'. Then, P(Cu=v) = P(C'Cu=1") = P(Cu=1"), because C'C' is also
uniformly distributed over symplectic matrices. O

The proof of Lemmauses the fact that SPa,, acts transitively on F5™\{0}.
Previous expositions of the hashing bound also implicitly establish and use this
transitive action; see for example [I5, Section 3.2.3]. A short proof based on the
symplectic Gaussian moves is as follows:

Lemma 13. Let u,v be non-zero vectors in F3". Then, there exists C € SPa,
such that Cu = v.

Proof. If there is 7 such that e;—mu = e, v = 1, then let v/ = u — ean,
v/ = v — egp,;. Then, Lemma implies that Sop v iSon,u it = Son,v i€2n,i = .

If there is no ¢ such that ey, ;u = eQTm-v =1, then let 7 # j be such that u has
an i-th but not a j-th component and v has a j-th but not an i-th component.
Then, Sa,.;:u has a j-th component, which reduces this case to the previous
one. O

5.2 Some additional notation

Take a distribution pyy of a random vector U in F3" and another discrete
random variable V. For each value v that V can take, sort the vectors u € F3"
in decreasing order according to the probability of the event U = u,V = v,
resolving ties arbitrarily. Summarize this in a funciton &: for each v, £(1,v),
£(2,v), ..., £(227,v) are the 22" vectors in F3" sorted so that

buv (5(1’ U)7 U) > pUV(§(27 U)v U) > 2 pUV(g(Qva U)7 U) (155)

Let random variable J taking values in [22”} be such that for each j and v,
the event J = 4,V = v is the same as the event U = £(j,v),V = v.

5.3 General bounds

Using the notation in section[5.2] it is possible to formulate the following general
bounds:

Theorem 7. For every distribution pyy and rate r = k/n, let

Ecrrorguess (Puv,T) =P (J >2™) (156)
Eorrorvarss? (puv, ) =P (J >2™)

+E(I(J<2™)(J—1)27™) (157)
where m =n — k and 1(+) is the indicator of an event. Then,

converse < 6achievab1lzty

Eer'r‘orguess (pUV’ 7’) S 667"7“07"57’&683 (pUV’ 7‘) errorguess (pUVv T) (158)
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Moreover, let

Rep raieas (puv, €) = max {r : efrisreali™ (puv,r) < €} (159)
R orness (Puv,€) = min {r: eg00=e (puv,7) > €} (160)

Then,
REIeo I (puv, €) < Rerrorguess (puv, €) < Regraase . (puv,e)  (161)

Proof. First, consider the converse bound on the optimal error probability.

Without loss of generality, the optimal strategy is deterministic, so there is

a fixed symplectic matrix C' and the decoder D is a fixed mapping of pairs (s, v)

of syndrome and side information to vectors u € F3". For every v, if U takes a

value outside the image of D, then an error occurs. In the best case, for every

v, the 2™ possible syndromes are mapped to the 2™ most likely vectors £(1,v),
.., &(2™,v). Then, the probability of error is at least

DD puv(Eiv),v) =P (] >2m) (162)
v j=2m41

Now, consider the achievability bound on the optimal error probability. Let
C be uniformly distributed over symplectic matrices. Let the decoder D proceed
as follows: try the vectors £(1,v), £(2,v), ... in order until one matches the
syndrome. Conditional on J = j,V = v, the union bound and Lemma [I2]imply
that the probability that for some i < j, £(i,v) produces the same syndrome as
&(j,v) is at most min(1, (j — 1)27™). This proves the achievability bound.

Finally, bounds on the optimal error probability lead to bounds on the op-
timal rate.

If gachicvability (pyy,r) < e, then there is a strategy of rate r and error
probability at most €, $0 Rerrorguess (Duv,€) > r. The best lower bound that
can be obtained in this way is Rgffgf;ﬁl;ilgty (puv,€).

If egorirness (puv, ) > €, then no strategy of rate r has error probability at
most €, 80 Rerrorguess (DUv,€) < 7. The best upper bound that can be obtained

. . : CONVErse
in this way is Rerrorguess (pUV’ 6)' -

5.4 The qubit erasure channel

As a first example, consider the qubit erasure channel . Let pyy correspond
to n independent erasure channels with parameter . The side information V' is
a vector of n independent Bernoulli(d) random variables; it specifies the erased
qubits. Conditional on V = v, U is uniformly distributed over the 22/*! vectors
supported on the erased qubits, and J is uniformly distributed on [22‘“].

These observations show that for the erasure channel, the general bounds in
Theorem [7| can be expressed in terms of the cumulative distribution function
of the binomial distribution. Since the CDF of the binomial can be computed
efficiently and only a few calls to this function are needed, this gives an efficient
algorithm for computing the bounds. Moreover, the resulting bounds on the
rate differ by at most O(1/n) from a simple function of n,  and e.
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Theorem 8. Let F (n,p,i) denote the probability that a Binomial(n,p) random
variable is at most i:

F(n,p,1) = Z (?,)p’(l —p)n " (163)

i’ =0

Let pyvy correspond to n independent erasure channels with parameter .
Then,

ceatries (puver) = F (n1=0n = | Z] =1)
—gm (4;35>n}‘ (n i%;lg,n - [%J - 1) (164)

and

achievabili 1 m 1
gerﬁorguzslsty (puv,r) = <1 M 2m+1) d (n, 1—6,n— {5J - 1) ~ gm+1

2m 41 (4—-35\" 4—46 m
T3 (4) f(”’w’”‘bJ—l)

(1+36)" 44 m
+ g (g (7)) 069
where r = k/n and m =n — k.

Moreover, for fixed 0, €, and for sufficiently large n,

21 o(l—9¢ 1
Re'rrorguess (pUV, 6) =1-20+ (G)ﬁ ( ) + O <n> (166)

where ® (z) = 1/v2m [*_ e=t*/2dt is the cumulative distribution function of the
standard normal distribution.

Proof. For the converse bound on the error probability,

IE”(J>2’”):Z]P’(V:v)IP(J>2’” Vzv) (167)

and P (J > Qm‘V = v) is zero when 2|v| < m and is 1 —2"2I"l otherwise. This

gives

ceometries (puv,m) = E (1V] > m) (1 - 2772V)) (168)
Next,
m
E(L(2]V]| > m)) :]-"<n,175,n7 bJ 71) (169)
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and

—E (1(2|V] > m)2m=2V1)

— _gm ig (?) 51471 (1 = 8)" 1 (2i > m)

() 5 0) () (55) e

— _gm (W) F (n j%ﬁ,n - {%J - 1) (170)

For the achievability bound on the error probability,

“M

E(I(J<2™)(J—-1)2"™)
— Y P(V=0)E (]I(J <2m)(J — 1)2—’”‘1/ - v) (171)
and

E (H(J <2m) (] — 1)2—*”‘1/ - v)

22|v[-m—1 _ 9—m—1 if 2 <
_{ if 2lv| <m (172)

2m—2|v|—1 _ 2—2\v|—1 if 2|U| >m
This gives
oot (py,r) = E (L@V] > m) (1 - 2m=2VImt — g-2Vi1))
E (1[ 2|V] < m) (22|V‘*m*1 - 2*’”*1)) (173)
Next,

E (11 @|V| > m) (1 _gm-2\V|-1 _ 272W|71>)
=]-"<n,1—5,n— {%J —1)

2™ 41 (4—-36\" 4 —45 m
T2 ( 1 ) f(n’4—35’"_[2J_1> (174)
and

E (H(2|V| < m) QQIV\*”H) = g—m-1 Z ( )514% 8" (2i < m)

=0

= 9-m=1(1 4 36)" f% (?) (1 iésay (11;356)711- 1(2 < m)

46 m
__ o—m—1 n
=2 (1+36) f(n,1+35,{2J> (175)
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and
__9—m—1 < _ _o9—m—1 E
9=m=1E (I(2V] < m)) = —2 f(n,s,[QJ)
_ _o9—m—1 _ _ |
— 9 (1 ]—'(ml 5, [QJ 1)) (176)
For the converse bound on the rate, return to the expression from equation
(1170)):
m=2|V|\ _ N\ Gigq  s\n—iom—2i
E(H(2\V\>m)2 ) = (,)5(1 8)"=i2 (177)

(3
2i>m

The ratio of the (i 4+ 1)-st to the i-th term is

(n—1)d (n—m/2)d6
4i+1)(1=0) ~ 4(m/241)(1—9)
for m > (2nd — 8(1 — 4))/(4 — 35). Therefore, for m in this range the sum

in (177) is upper bounded by the first binomial probability times a convergent
geometric series. Therefore,

<1 (178)

centiyitn, Govo) = F (1 -on- [ 2] <1)+0 (=) am)

Next, the Berry-Esseen theorem [16] [I7] gives

nd —|m/2| —1 (1)
Eorrorguess =0 ——————|+0(—= 180
gues (PUV27) ( no(1— o) ) Vi (180)

Finally, Taylor expansion of ®~! (¢ + O (1/4/n)) shows that choosing

m = 2nd —2y/nd(1 —0)® 1 (¢) + O(1) (181)
suffices to ensure egonore  (puv, ) > €

For the achievability bound on the rate,

(1+2ml+1>]-"<n,1—6,n— {%J —1>_2m%
P (- 15)-)
<® (%) +0 (%) (182)

similarly to the argument for the converse bound. Moreover, the remaining term

from equation is
E (]I (2|V| < m) (22|V\—m—1)) _ Z (ZL) (51(1 o 5)n—i22i—m—l (183)

2i<m
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The ratio of the (¢ — 1)-st to the i-th term is

=) _ (m/2)(1-9)
dn—i—1)0 ~ 46(n —m/2+1)

<1 (184)

when m < 85(n+1)/(1+35). Therefore, for m in this range, the sum in (183)) is
upper bounded by O(1/4/n), again by the binomial probability times convergent
geometric series argument. Thus, for m < 8j(n + 1)/(1 + 39),

evabili §—|m/2) —1 1
gachievability 7)< P no—mja] — 1 +0 ( ) 185
errorguess (pUV ) >~ mS(l = 5) \/ﬁ ( )

Therefore, choosing

m = 2nd — 2y/né(1 —0)®" 1 (¢) + O(1) (186)

achievability (4, 1) < e. This completes the proof. O

suffices to ensure egym00 S

5.5 The qubit depolarizing channel

As a second example, consider the qubit depolarizing channel . Consider n
independent qubit depolarizing channels with parameter §. In this case, there is
no side information. The distribution of U is P(U = u) = (6/3)!*/(1 — §)»~ 14,
where |ul is the number of qubits for which the corresponding two entries of u
are not 00. Conditional on |U| =i, J is a uniformly distributed integer between

|{u:|u|§i1}|+14”}"(n,i,i1)+1 (187)
and 3
HwMgmzﬂf@%Q (189)

where the notation for the binomial CDF from equation (163)) is used.
These observations show that the cumulative distribution function of J can
be computed in terms of the CDF of the binomial.

Lemma 14. For every n,p, extend the binomial CDF F (n,p,-) from equation
(163) to a piecewise linear function whose graph connects the points (—1,0),
(0, F (n,p,0)), ..., (n,F(n,p,n)). This extension is an increasing bijection
that maps [—1,n] to [0,1]; let F~1 (n,p,-) be the inverse function.

With this notation, the CDF of J for n independent depolarizing channels
with parameter § is

P(J<j) =I<n,5,f—1 <ni4]n>> (189)

Proof. For each i =0, ..., n, the events J/4™ < F (n,3/4,i) and |U| < i coin-
cide. Therefore, the CDF of J/4™ can be extended to a piecewise linear function
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[0,1] — [0,1] whose graph connects the points (0,0), (F (n,3/4,0),F (n,d,0)),

.oy (F(n,3/4,n),F (n,6,n)). This can equivalently be expressed as the com-
position of two piecewise linear functions: F~! (n,3/4, ), whose graph connects
the points (0, —1), (F (n,3/4,0),0), ..., (F (n,3/4,n),n), and F (n,d, ), whose
graph connects the points (—1,0), (0, F (n,0,0)), ..., (n,F (n,d,n)). O

Knowing the CDF of J in terms of the CDF of the binomial gives an efficient
algorithm for computing the general bounds of Theorem [7] in the case of n
independent depolarizing channels. Moreover, the resulting bounds on the rate
differ by at most O(1/n) from a simple function of n, § and .

Theorem 9. Let py correspond to n indepedent depolarizing channels with
parameter §. Then,

gconverse (pU7 ,r.) _ ]:(TL, 1-6n—1-— E) (190)

errorguess

and
achievability 1
€errorguess (pUa T) =1+ W -/—"(n, 1— 5, n—1-— E)

Le]+1
! +2m1<15>n< ) )

- gm+l 3-30
L (16-160)" (340 % 5N 2,85 (1o)
g \3-35) =2 \3-3 e

where r =k/n, m=n—k and { = F~* (n, 3, 27).

Moreover, for fixed §, € and for sufficiently large n,

Rerrorguess (PU7 6) =1- h(é) - 610g2<3)

M= () o, (3(15—5)>

1 losaln) <1) (192)

2n n

where h(-) is the binary entropy.

Proof. For the converse bound on the error probability,

P(J>2") =1-B(J <2 =1—f(n76,f‘1 (nii»

=1-F(n,6,6) =F (n,1 —6n—1-10) (193)
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For the achievability bound on the error probability,
P(J>2")+E(I(J<2™)(J-1)2"™)

—P(J>2m) - 2ml+1]P’(J o)+ L (H(J§2m) <J_1>>

2m

1 1

+ QLmE (]I(J <2m) (J - ;)) (194)

Next, partition the event J < 2™ into the disjoint events

w

4”f<n,i,¢—1)<Jg4"f<n,,'), i=0,... 10l (195)

e

and 5
4"]-'( VR M) < J<4"F (n,

and note that for ¢ =0, ..., |£],

(o3 £ 2r(:3) ()

4
1 3 3
mar 3. <4 3.
IE(J 24}"(71,4,2 1><J_4.7-'<n,4,z)>
, 3 3 5\" :
— n 2 ) n 21 o  \n—i
(4 f(n,4,) 4}'<n,4,z ))(3) (1)

L AMF (n,3/4,0 = 1) + 4"F (n,3/4,1)
2

_ (16 —2166)" (3535>i (]—' (niz)2 —}'(n,i,i—1>2> (197)

and, similarly,
(1) £ 10)6-0)
Z, f(ni m>2> (198)

(16— 165)" W“
N 2 3— 35 "

,z) =gm (196)

»&\w
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Rearrange slightly to conclude that
1 1
_— < 9gm i
2mE(H(J_2 )<J 2))
_(16—-160)" [ & ”J“F 3, 2
Tt \3-3 T

[£] i 2
(16 — 168)" /3 — 49 5 3
T 3-35 > 5-35) T \mpt)  (199)

=0

and use F (n,3/4,¢) = 2™ /4™ in the first term.
For the converse bound on the rate, note that the Berry-Esseen theorem

implies
ny—1-—1¢ 1
Eerrorguess (PUST) = @ | e | + 0 | —= 200
i (7] ( nma)) () 200
Next, Taylor expansion of @1 (¢ + O (1/4/n)) shows that choosing
L =nd —\/né(1 — 8@t (e) +O(1) (201)

suffices to ensure eg7r0c e (py, ) > €. According to Lemma [15| below, this
choice of ¢ corresponds to

m = n(h(d) + dlogy(3))
+/n6(1 —8)@ ! (¢) log, (3(16_6))
_ %logQ(n) +0(1) (202)

For the achievability bound on the rate, (209) in Lemma [15| combined with
the Berry-Esseen theorem and Taylor expansion of ®~! (e + O(1/y/n)) imply
that choosing

{=n8—/né(1—-06)® " (e) + O(1) (203)
suffices to ensure that

achievability
Eerrorguess (pU7 T)

—P(J > 2m)—2,n%P(J§2m>+2imE (]I(J<2m) (J_D)

)
SF(”’l“S’”—l—fHO(\}E) <e (204)
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As before, Lemma [I5] implies that this choice of ¢ corresponds to
m = n(h(d) + dlogy(3))
+ \ 715(1 — (5)@71 (6) 10g2 <3(156))
1
—5 log,(n) + O(1) (205)

This completes the proof. O

The next Lemma establishes estimates that are used in the proof of Theorem
{]

Lemma 15. For fized 0, € and for sufficiently large n, if

3 2m
and
L =nd —\/né(1 —86)® " (e) +O(1) (207)
then

m = n(h(d) + 6log,(3))
+/n6(1 —8)@* () log, (3(16_5))

— %logz(n) +0(1) (208)

2%1@ (H(J < 2m) (J - ;)) <0 (\/lﬁ> (209)

where the implied constant does not depend on £.

Moreover,

Proof. Claim 1:

(@0 (39300 @) e

Proof of Claim 1: The lower bound follows immediately. For the upper bound,

note that "
3 n\ /3\ [1\""
b < el -
Pt =2 () () (3) (21)

and the ratio of the (i — 1)-st to the i-th term in the sum is




for the given range of £ and for 6 < 1/4 (which can be assumed without loss of
generality because the hashing bound is negative already at 6 = 1/5). Therefore,
the sum can be upper bounded by the last term times a convergent geometric
series.

Claim 2:

3 |3 1
logy F (n, 47£> =-nD <nH4) ~3 log,(n) + O(1) (213)

where D (+]|-) is the relative entropy.
Proof of Claim 2: Follows from (210) and the estimate [I8, Chapter 10,
Lemma 7]:

1 1
log, ( " ) =nh(\) — = logy(n) — = logy(A(1 — X)) + O(1) (214)

An 2 2
Note also that for the given range of ¢, the logy(A(1 — X)) can be absorbed in
the O(1). Similarly, the differences between ¢, |¢| and [¢] amount to no more

than O(1).

Claim 3:

p(il2) -2 ()

Proof of Claim 3: Follows from the Taylor expansion

.%'0(1 — y)

(1—1'0)y> + 0] ((LL' — {L‘())Q) (216)

D (1) = D (zall) + (2 ~ an)ogs (
and the given estimate for £.

Claim 4: (213) and (215)) and the identity 2 — D (6]|3/4) = h(d) + & log,(3)
prove (208).

Proof of Claim 4: follows by basic rearrangement.

Claim 5:
4] i 5 " ,
Y 3 7[5 3
o) T\t Sal\sze) Tl 217
;(3—35) (n,4,z> < <3_35> (n,4,u> (217)
Proof of Claim 5: From (212) deduce that

F(n3/4i-1) _ 2

F(n,3/4,49) ~ 3(1-20) (218)
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then bound the sum by the last term times a convergent geometric series with
ratio

3(1-19) 452 < 16

5 9(1—26)2 — 27

for 6 < 1/5 (which can be assumed without loss of generality because the hashing
bound is negative at 6 = 1/5).

(219)

Claim 6:

Le(ier (s-1)

(16 —165)" [ &
<
=" omil \3-35

3 \? 27 346
() (145557

1 27(3—46) 2 A
< (Z 28\ =) meq1 _ s\n—[€]-1 [ Y
= <2+ 226 )2 (1-9) (3)
(1, 23-) (wnﬂ)(gmﬂ yn-lel-1
AR n [J+1 1 yn—Le]-1
Y () (DTG )
(L TG -W) ) gl gyl
=\2 226 ES!

<0 (\/173) (220)

where the implied constant in the last line does not depend on ¢. This proves
(1209)).

Proof of Claim 6: The first step follows from (217) and (199)). The second
and third step follow by rearrangement. The fourth step follows from (210)).
The last step follows from the upper bound O(1/4/n) on individual binomial
probabilities. O

5.6 Finite blocklength bounds for n independent identical
Pauli channels

This subsection shows that the achievability and converse bounds of Theorem
can be computed in polynomial time in the case of n independent identical
channels. After some preliminaries, the result is stated in Theorem and
proved in a sequence of Lemmas.

5.6.1 Preliminaries

A Lemma about orbits
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Lemma 16. Let G be a finite group that acts on a finite set T. Fort € T,
let Gt = {g € G : gt =t} be the subgroup that stabilizes t. If t' = gt for some
g € G, then Gy = gGyg~*

Proof. h € Gy is equivalent to ht = t, which is equivalent to ghg ‘gt = gt,
which is equivalent to ghg~'#' = t/, which is equivalent to ghg~! € Gy . O

Lemma 17. Let G be a finite group that acts on finite sets S,T. Consider
the action of G on S x T given by g(s,t) = (gs,gt). Take any (s,t) € S x T.
Partition the orbit G(s,t) of (s,t) according to the second element:

G(s,t) = Upeat ((S x {t'}) NG(s,t)) (221)

Then, the size of all sets in the partition is the size of the orbit Gis of s under
the subgroup that stabilizes t.

Proof. The elements of the orbit G(s,t) that have second element ¢ have the
form (gs,t) with g € G;. Therefore, |(S x {t}) N G(s,t)| = |Ges|.

Now, take any other (s',t') = g(s,t) € G(s,t). Similarly to before, deduce
(8 % 1) N G(s, )] = [Gurs'].

Next, G(s',t') = G(s,t). Moreover, Lemmagives |Gy s'| = |gGig™1gs| =
|gG+s| = |Gts|. This completes the proof. O

Types and type classes For a finite set S, let A(S) be the set of probability
mass functions on S. For n € N, let A,,(S) be the discrete subset of A(S) where
each element has probability of the form k/n,k € {0,1,...,n}. The number of
elements of A,,(9) is ("T;lls_lzl)

The type of an n-tuple s = (s1,...,s,) € S™ is the probability mass
function p; € A,(S) that assigns to each element s’ € S the probability
ps(s’) = Y1 I(si =5")/n. The type class of a probability mass function
q € A,(S) is the subset T(g) C S™ consisting of all n tuples whose type is
q. The number of elements of the type class T(q) is n!/ ([T, cs(nq(s'))!). The
collection of all type classes {T(q) : ¢ € A,(5)} is a partition of S™.

5.6.2 Computing the bounds

Theorem 10. Take a subset S of F3%. Take a finite set T. Take p € A(S xT);
p specifies a Pauli channel with side information N, acting on a qubits (as in
equation (T4)).
Let puv (u,v) = [1i—, p(u;, v;); p specifies the Pauli channel with side infor-
mation Ny = N2™ acting on N = na qubits. Then:
1. egietaness (buv, 1) and eZf1omoatli™ (puv,r) for allr = k/N, k=1,....N
can be computed in time O (n'SHT‘).

converse and Rachzevabzlzty

2. The marginal cost of computing REY7OE0E (Puv,e€) e orguess (Puv,e€)

for a given € > 0 is O (log(n)).
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The proof of Theorem [10| has a number of steps.
First, given the points where the CDF of J changes slope, the bounds of
Theorem [7] can be computed as follows:

Lemma 18. Let the CDF of J be a piecewise linear function whose graph con-
nects the points (ao, fo) = (0,0), (ay, Bi) fori =1,..., L, and (ap+1,Br+1) =
(4N 1), and suppose the points (ay, B;),i = 1,..., L have already been computed.
Then:

1. g orguess (Duv,r) forallr =k/N, k=1,...,N can be computed in time

O(NlogL).

2. gachievability (5,0, ) for all v = k/N, k = 1,...,N can be computed in

Eerrorguess

time O (NL).

3. The marginal cost of computing REY\oroee.  (Puv,e€) for a given e > 0 is
O (log(N)).

4. Tize m(arg)énal cost of computing Rg;ﬁg:;gﬁgl;ty (Puv,€) for a given € > 0 is
O (log(N)).

Proof. Part 1: For each k, let m = N—k. First, find ¢ such that a; < 2™ < ;413
this takes time O (log L) using binary search. Then, compute

]P’(J>2m):1—]P’(J§2m):1—(Bi+(2m—ai)w) (222)
Qi1 — Oy
This takes time O(1).
Part 2: Continuing from Part 2, note that
E(I(J<2™)(J—1)2"™)
=E (I(a; <J <2™)(J—1)27™)

i—1
+) E(M(ar < J < apq) (J-1)27™)
=0
=P(o; <J<2ME((J —1)27" oy < J <2™)

i1
+ Z P(O&i/ <J < OLZ‘/_H)]E ((J — 1)27m|04i/ <J< 041'/_;'_1)
7=0
Bit1 — Pi a; +2™ — 1
( a)am—ai ST

i—1
oy + gy — 1
+ > (Birp1— Bi')—QmH (223)

/=0

and this can be computed in time O (L).

Part 3: Given egricrse  (pu,r) for all 7, the smallest rate such that eg7r0cr>e  (py, ) >

e can be found in time O (log N) by binary search.
Part 4: Given edehictability (p; 1) for all 7, the largest rate such that e20¢rse (py,r) <

€ can be found in time O (log N) by binary search. O
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Therefore, it suffices to compute the points where the CDF of J changes
slope. Equivalently, it suffices to compute the x coordinates and the slope of
each line segment:

Lemma 19. Let 0 = ap < o1 < - < ap < @41 = 4N and V15Y2s e+ oy VL+1
be such that the CDF of J has slope 7; on the interval (a;—1,a;). Then,
Boy- -+, PBLe1 as in Lemma can be computed in time O(L).

Proof. Let fp =0and fori=1,...L+ 1, let 8; = Bi—1 + vi(o; — @;j—1). O

The representation of the CDF of J via the pairs a;,7; as in Lemma[I9 may
be called an interval-slope representation of a piecewise linear function. It is
convenient when computing a sum of such functions:

Lemma 20. Let f, f' be piecewise linear functions on [0,4"] such that f(0) =
17(0) = 0 and whose interval-slope representations are a;,v;, i =1,...L+1 and
o yii=1,...L'+1. Let f" = f+ f'. Then, the interval-slope representation
of f"" contains at most L + L' + 1 pairs of,, vl and can be computed in time
O(L+ L.

More generally, for all i in some finite range, let f; be a piecewise linear
function on [0,4™] with f;(0) = 0 and with L; + 1 pairs in its interval-slope
representation. Then, the interval-slope representation of the sum Y. f; has at
most 1+, L; pairs and can be computed in time O (3, L;).

Proof. Consider first the stamement about two functions f and f’. Initialize
i,i',¢" :=1. Whilei < L+1and¢ < L'+ 1:

2. If a; < af, then o), = o, i :=i + 1;

3. If a; > @, then o), :=al,, i =i +1;
4. If oy = afy, then o), ==y, i =i+ 1,7 =i +1;
5. i =i + 1;

Note that apy1 = af, .y = 4%, so the while loop is executed at most L+ L' +1

times. At the end, the arrays o/, 7" contain the interval-slope representation of
f//.

The statement about a sum of more than two functions follows by induction.

O

In order to use Lemma [20] to compute the CDF of .J, note that

P(J<j)= > PUI<iVeT()) (224)
q'€AL(T)

Therefore, it suffices to compute the interval-slope representation of P (J < 5,V € T(¢))
as a function of j for each ¢’ € A, (T'). This is achieved in the following:
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Lemma 21. Consider the following algorithm:

1. Pre-processing: For each ¢ € Ap(S X T) compute:

(a) The size of the type class T(q) C (S x T)", namely |T(q)| = n!/ (H(si)esxT(nq(s, t))!),

(b) The probability that U,V equals any particular element in T(q), namely
9—n(H(q)+D(qllp))

(c) The marginal ¢'(-) = Y, cqa(s,-) € An(T).
(d) The size of the type class T(q') C T™, namely |T(q")| = n!/ ([1,er(nd' (1))!).

Then, sort the elements ¢ € A, (S x T) in decreasing order according to
the probability that U,V equals any particular element of T(q).

2. Construction of the interval-slope representations: go over the ¢ € A, (S X
T) in the established order. For each q, update the interval-slope rep-
resentation corresponding to its marginal ¢'. Specifically, append to the
interval-slope representation of P(J < j,V € T(q¢')) an interval of length
I'T(q)|/IT(¢")| and slope |T(q)|2~ (@ +Ple).

Then, this algorithm runs in time O (n'S”T‘), and outputs the interval-slope
representation of P(J < 4,V € T(¢')) as a function of j for all ¢ € A,(T).
Moreover, the total number of intervals in all the representations is O (n‘S”TPl)

Proof. First, consider the total number of intervals. One interval is added for
each ¢ € A, (S x T), so the total number of intervals is

1AL (S x T)| = (" TSE ;|T_|I 1) ~0 (n‘SHTl—l) (225)

If |S|™ < 4%, then after the completion of the main loop, it is necessary to ap-
pend the interval (|S|™,4") with zero slope in order to match the form required
by Lemma This adds |A,,(T)| intervals.

Next, consider the running time. Computation of type class sizes, marginal
and probability of a particular element takes time O(n) for each ¢, so the to-
tal time is O (nlSlI71). Sorting takes time O (|A,(S x T)|log|A, (S x T)|) =
O (n'S 1T1=11og n) Construction of the interval-slope representations takes time
0] (nISHT\*l),

Next, consider the correctness of the algorithm. Consider a three-level par-
tition of (S x T')™. First,

(S X T)n = Uq’EAn(T)Sn X T(q,) (226)

At the second level, for each ¢’ € A, (T),

Sn X T(q’) = quAn(SXT):Zsesq(S,'):qlT(q> (227)
At the third level, for each ¢ € A, (S x T') with marginal ¢’ € A, (T),
T(q) = Uver(e) (T(q) N (5™ x {v})) (228)
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Note that the sizes of the sets on the right-hand-side of are all the same.
This follows from Lemma 17} because the type classes T(q) and T(q") are orbits
of the group of permutations of n elements acting on S™ x T™ and on T™
respectively. Therefore, for each ¢ € A, (S x T) with marginal ¢’ € A, (T) and
for each v € T(¢'),

I'T(q)|

T(q")]
Consider now the piecewise linear function P (J < j,V = v) for any v. It de-

pends only on the tuple (pyv (u,v)),cgn- The value pyy (u,v) = 2~ n(H(Pu,0)+D(Pu.vllp))

depends only on the joint type p, , of u,v. The number of times that 2~"(H (Puv)+D(Pu.vlIP)

appears in the tuple (pyv (u,v)),cgn 18 [T(Puw)l/|T(Pv)|, according to (229).
This has two consequences:

[T(g) N (S x {v})| =

(229)

1. The interval-slope representation of P (J < j,V = v) contains intervals of
length |T(q)|/|T(p,)| and slope 2-"(H(@+D(@lP) "sorted according to the
slope, where ¢ ranges over all joint types whose marginal is p,.

2. If v,v’ have the same type, then P(J < 4,V =0v) =P (J < 45,V =4') for
all 7.

Therefore, for any ¢’ € A, (T) and any v € T(¢'),
B(J <j,VeT() = T(q)BJ <4V ="0) (230)
so the algorithm outputs the correct interval-slope representations. O
This completes the proof of Theorem In summary:

1. Lemma gives an O (n‘s ||T|) time algorithm to compute the interval-
slope representations of P(J < j,V € T(¢')) as a function of j, for all
¢’ € An(T). The total number of intervals is O (nlSIIT1=1).

2. Lemmagives an O (n'S”T‘_l) time algorithm to combine these into the
interval-slope representation of the CDF of J, with L+1=0 (n‘S”TFl)
intervals. Lemma shows that the coordinates of the L points where
the CDF of J changes slope can be computed in O (n'SHT‘_l) additional
time.

3. Given the coordinates of these L points, Lemma (18| gives an O(NL) =
O (n9IIT1) time algorithm to compute e52m2¢rse _(pyy,r) and edchicvability (5, 1)
for all » = k/N, k = 1,...,N. After these are computed and stored,
an O(log N) = O(logn) time binary search can be used to compute

converse ~ achievability (=~ :
Rerrorguess (pUV> 6) and Rerrorguess (pUV7 6) for a given € > 0.

Remark: In the special cases of the erasure and depolarizing channels, The-
orems [§ and [9] give a more efficient way to compute the bounds than Theorem
because the former take into account the special structure of the erasure
and depolarizing channels.
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6 Conclusion

This article defines a family of groups of lower triangular matrices and uses them
to establish a canonical form for unrestricted and stabilizer parity check matrices
of a given size and rank. It also shows that the canonical form for the Clifford
group can be computed in time O(n3), which improves upon the previously
known time O(n®). Finally, the present article establishes a finite blocklength
refinement of the hashing bound for stabilizer codes and Pauli noise, and shows
that this achievability bound is nearly optimal among the class of arguments
that use guessing the error as a substitute for guessing the coset.

A possible direction for future work is to investigate the relation between
guessing the error and guessing the coset. The concatenated coding examples
of [19] 20} 2T), 22] show that very noisy depolarizing channels can have positive
capacity even though the hashing bound is non-positive at those values of the
channel parameter. It would be interesting to see whether the techniques in the
present article can be used to construct further examples of strict separation
between guessing the error and guessing the coset for stabilizer codes.
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