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Abstract We study noiseless subsystems on collective rotation channels of
qudits, i.e., quantum channels with operators in the set £(d,n) = {U®" :
U € SU(d)}. This is done by analyzing the decomposition of the algebra
A(d,n) generated by £(d,n). We summarize the results for the channels on
qubits (d = 2), and obtain the maximum dimension of the noiseless subsystem
that can be used as the quantum error correction code for the channel. Then
we extend our results to general d. In particular, it is shown that the code
rate, i.e., the number of protected qudits over the number of physical qudits,
always approaches 1 for a suitable noiseless subsystem. Moreover, one can
determine the maximum dimension of the noiseless subsystem by solving a non-
trivial discrete optimization problem. The maximum dimension of the noiseless
subsystem for d = 3 (qutrits) is explicitly determined by a combination of
mathematical analysis and the symbolic software Mathematica.
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1 Introduction

A quantum system is vulnerable to external noise. In quantum information
processing and quantum computation, the system must be protected from the
environmental noise one way or another to protect quantum information stored
in qubits.

Suppose n photons are sent through an optical fiber with fixed imperfec-
tions that cause polarization rotation of each photon [I22]. Then all photons
suffer from the same error operator U, which results in the collective rotation
operator U®". Such an error operator is symmetric under an arbitrary element
of the symmetry group S, and one can take advantage of this fact to find a
subspace/subsystem immune to the collective rotation operators. If quantum
information is encoded in this subspace/subsystem, it is protected from the
noise.

The same situation appears when Alice sends n-qubits to Bob without a
common reference frame [Il2]. If Alice employs a basis {|0),|1)} while Bob
employs a basis {|0"), |1')} for each qubit, these two bases are related by a uni-
tary rotation U. Then the frames of n-qubit system are different by U®" and
this “mismatching” of the frames are regarded as a collective rotation. It can
be shown that the same scheme also allows classical information transmission
without a shared reference frame [I12].

For implicitly it is assumed in the above two examples that the number of
qubits does not change during transmission. It can be shown that quantum
information can be protected even under quantum erasure noise, in which a
photon is lost during transmission, if the information is encoded in a suitable
subspace [20l2T[9]. By the same token, one may distribute quantum informa-
tion among n parties in such a way that any k(< n) parties can reconstruct
the quantum information precisely but any k — 1 parties cannot get any infor-
mation concerning the quantum information (quantum secret sharing).

Suppose n-qubit quantum states p are represented as IV X N density matri-
ces with N = 2™ and a quantum channel is realized as a completely positive
linear map @ with an operator sum representation (OSR)

k
b(p) =Y EipE] (1)
i=1
for the error operators E1, ..., Ey; see [22123]. Then the error operators of our

channel can be expressed as tensor products of error operators of the form
wen W e SU(2).

Decoherence free subspace and noiseless subsystem are standard methods
to avoid collective errors; see [29,80,3TL28IT3LI5L19]. It is not hard to explain
the scheme using the OSR of the quantum channel () as follows. Suppose the
finite-dimensional C*-algebra A generated by the error operators admits the
unique decomposition up to unitary equivalence (similarity) as

@(Isj ® My,) with Z sjnj; = N.
J

J
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In other words, there is a unitary matrix () € My such that for every error
operator E; in (),

Q'EQ = @ ©BY)  with BY € M,,

In the context of Lie theory, the algebra A has irreducible representation (ir-
rep) of dimensions ny,na, . ... Then for every index j, we have a decomposition

AC (Iy; ® My,) ® My C My,

where ¢ = N — s;n;. If the channel (1) is applied to a quantum state p =
(p® o) @ Oy according to this decomposition, then we verify

D(p)=(pRop)®0, withop=Y"r BYoB (2)

because of the special form of the error operators in this decomposition. Thus,
the state p € M, encoded as above will not be affected by the errors (noise)
and can be easily recovered. This gives rise to a noiseless subsystem (NS) [14
28 [13[15]. The situation is particularly pleasant if n; = 1, i.e., we use the
one-dimensional irreducible representations of A, so that

Qs(ﬁ@Oq) =p®0q. (3)

In such a case, we get a decoherence free subspace (DFS) [29/30,31LT915].
Needless to say, we must identify an irrep j that has the maximal multiplicity
s; for maximal coding rate in both cases. Now we consider general qudits,
each of which belongs to the vector space C?, instead of qubits. The irrep
can protect log; s; qudits of information from the collective rotation error.
It is the purpose of the present paper to identify such an irrep that attains
the maximal multiplicity achieving the asymptotic coding rate of one. Noise-
less subsystems and decoherence free subspaces for qudits have been analyzed
by several authors [2|1IL[7I4[5][6] but none of them considered the maximal
multiplicity.

In this paper, we study QECC for quantum channel with error operators
on My ® -+ ® My (n copies) of the form U®" with U € SU(d). For this
purpose we analyze the structure of the algebra A(d,n) generated by the set
E(d,n) ={U®" : U € SU(d)}. It is known (e.g., see [8T0,27] and references
therein) that the decomposition has the form

A(d,n) @ If(Pl ----- Pa) ® M, 9(p1,---:pa) (4)

with the multiplicity (the Frobenius formula)

n! H1§i<j§d(pi —i—pj+Jj)
ITi_, (pe — £ + d)!

f(p1,---,pa) =
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and the dimension of the irrep

pi—1—pjtJ
g(pla"'7pd) = H %a

1<i<j<d J -t
where p; > --- > pg are nonnegative integers arranged in descending order
summing up to n. Each sequence (p1,...,pq) corresponds to a partition of n

into d parts, equivalently, a Young (tableau) diagram with n boxes. It is the
purpose of this paper to study which (p1,...,pq) maximizes f(p1,...,pq) for
a set of n qudits and show it gives the asymptotic encoding rate of one.

In Section 2, we summarize the results for the channels on qubits, and
obtain the maximum dimension of the noiseless subsystem which can be used
as the quantum error correction code for the channel. Then we extend the
results to general d in Section 3. It will be shown that the code rate, i.e.,
the number of protected qudits over the number of physical qudits, always
approaches 1 for a suitable noiseless subsystem. Moreover, one can determine
the maximum dimension of the noiseless subsystem by solving a non-trivial
discrete optimization problem. In Section 4, the maximum dimension for the
case when d = 3 (qutrits) is determined by a combination of mathematical
analysis and the symbolic software Mathematica. A conclusion is given in
Section 5. Some technical proofs are collected in Appendix A.

In addition to the study of quantum error correction, the results also
have implications in Lie theory and representation theory concerning the al-
gebra A(d,n). In fact, researchers have considered the asymptotic behavior
of log,(f(p1,-..,pd))/n and the maximum value of f(p1,...,pq); see [27] and
references therein.

2 Collective rotation on qubits
It is known [26] (see also [12]) that

A2n) = B Irm-ig @ Men—i ),
0<j<(n/2]

where f(n—j,j) = (?)*(jﬁl) and g(n—j,j)=n+1-2jforj=0,...,|n/2],
where || denotes the floor of z € R, i.e., the largest integer smaller than or

equal to z. Moreover [2913],

i 1082 f(n = [n/2],[n/2]) _

n—o0 n

1 (5)

so that the code rate, i.e., the number of protected qubits over the number
n of physical qubits, approaches to 1 as n approaches infinity. In case n is
even, f(n —n/2,n/2) = nl/(n/2)!(n/2 + 1)! gives the multiplicity of the 1-
dimensional irrep [29/[13].

Despite the limit equation (@), the maximum value of f(n — r,r) is not
attained at r = |n/2]. Actually, we have the following result providing the
maximum dimension of the noiseless subsystem.
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Theorem 1 Let r* be such that

fn—7r*r*) = max f(n—r,r):max{(n)—( ”1);19@/2}.

1<r<n/2 r r—

Then

* [("“)_W—HJ-

Proof. Note that for r < n/2,

{C)-Cob{Gm) - ()
()2 ()

which is nonnegative as long as r < {(n +2) — v/n + 2} /2. Thus, the maxi-
mum dimension of the noiseless subsystem is attained at (n — r*,r*) with

- {(n+2)\/n—+2J

- 2
as asserted. 0O
It is easy to check that if f(n — r*,r*) is maximum for a given n, then

max{f(n+1—r*,7%), f(n—r",r"+1)} = max{f(p1,p2) : p1 = p2 > 1, p1+p2 = n+1}.

We list the first few values of r* and f(n — r*,r*):

[3[4[5[6] 7] 8] o[10] 11] 12 13] 14] 15

o 1[12]2] 3] 3] 3] 4] 4] 5] 5 6] 6

Fln— =, ") :|2[3]5]9[14[28[48]90]165[297[572[1001]2002
[log, (F(r )] :[1[1[2[3] 3] 4] 5] 6] 7| 8 9 9] 10
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For definiteness, we give an example of NS for 3-qubit encoding [I1]. For
this purpose, we introduce the Young-Yamanouchi basis

73] % (—[ud + du]u + 2[uu]d)
3 1
L2 7 (2[dd]u — [ud + du]d)
1
73] ?(ud —du)u
2. 5 (ud = du)d (6)
?(uud + udu + duu)
\{g(dd + dud + udd)
7 u+ dud +u

I
I
U

where v = |0) and d = |1). The Young diagram in the equation shows respec-
tive symmetry under the symmetry group Ss. There are two 2-d irreps since
there are two ancestors, S = 0 and S = 1, for n = 2 and the Young diagram
for n = 3 shows which ancestor the given 2-d irrep has. The encoding unitary
matrix Ug is obtained by juxtaposition of these vectors as

ve = | 2 BT | (7

Then a collective rotation operator U®? is block diagonalized as
ULU®UE = (I, ® Uz) & U, (8)

where Uy € SU(2) and Uy € SU(4).

In general, it is not easy to implement the encoding and decoding scheme
of QECC of the maximum dimension or of dimension f(n — [n/2],|n/2]) in
the limit equation (B]). In [16], a recursive encoding and decoding scheme pro-
tecting k qubits from collective rotation errors using 2k + 1 physical qubits was
demonstrated, leading to an asymptotic code rate of 1/2. Similarly a recursive
scheme protecting k qudits using dk + 1 physical qudits with asymptotic code
rate of 1/d was found in [I1].

In fact, the existence of noiseless subsystem/decoherence free subspace is
not a consequence of the unitary group but that of the symmetry group [11].
Any collective error symmetric under the permutation of qubit indices can be
shown to have noiseless subsystem by employing the Young-Yamanouchi basis
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([6). In fact, let us replace the unitary error operator U by an arbitrary element
M € GL(2,C), where
ab
M= < ‘ d) |

The collective error M®3 for the 3-qubit system is block diagonalized by the
basis Eq. (@) as
ULM®3Up = (I, ® Ma) @ My,

where
dc

MgzdetMX(
ba

) € GL(2,C),

and My € GL(4, C). The subsystem corresponding to I3 in the above expansion
is immune to the collective noise and hence noiseless. The reader should be
referred to [II] for the case of qudits.

3 Asymptotic behavior of f(p1,...,pd)

In this section, we study the asymptotic behavior of f(pi,...,pq). For every
partition (p1,...,pq) of n = Zle p; with p1 > p2 > ...pg > 0, we can get
a NS of dimension f(p1,...,pq). Here we show that the asymptotic code rate
is 1 for a suitable choice of noiseless subsystem, which was known to some
researchers. Here we give a proof of this fact.

Theorem 2 Suppose d is a positive integer. Then for py = -+ = pg =k, we
have )
lim 084 f(P1, -, pa)

=1.

The proof is given in Appendix [A-Jl Theorem [ states that the choice

p1 = p2 = ... = pg = k gives the asymptotic encoding rate of 1. Note,
however, that the maximum value f(p1,...,pq) for n = dk usually does not
occur at p; = -+ = pg = k. Moreover, n is not necessarily a multiple of d in

general. In general, it is not easy to determine the maximum dimension of the
noiseless subsystem, equivalently, to maximize

n! H1§i<j§d(pi —i—pj+J)
ITi_y (pe — ¢ + )!

This is a highly non-trivial discrete optimization problem. Nevertheless, we
have the following necessary conditions for the optimal solution.

f(plv"'vpd) =

Suppose f(p1,...,pd) attains the mazimum value at (p3,...,p5). Then

f(p*f—l—(sl,---,p:n+5d)§f(pi,._.7p2)

for any (61,...,04) such that the vector has only two nonzero entries equal to
1 and =1, and pi + 61 > -+ > pg+ 4 > 0.
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This gives rise to 2(‘21) inequalities on p7, ..., p;,. When d = 2, the inequalities
reduces to a quadratic expression as shown in the proof of Theorem [l When
d = 3, we will show in the next section that the 2(;1) = 6 inequalities actually
determine the optimal solution. Additional properties of the optimal solutions
will be obtained.

We note en passant that a DFS, corresponding to a square Young diagram
with d rows and k columns (n = dk), gives an asymptotic code rate of 1 even
though it does not attain the maximum multiplicity f. Nevertheless, DFS has
an advantage of protecting quantum information from erasure error [20,2119]
if there is only one missing qudit. Although there are quantum codes that can
correct more missing qudits, these codes require a huge code size, in the form
of one-way computing [25] or surface codes [3l[24], to compensate up to 50%
qudits loss.

4 Maximum dimension of a noiseless subsystem for qutrits

Denote by [z] the smallest integer p such that p > z. For d = 3, we have the
following result giving the complete information of the partitions (p3, p3, p3)
which yield maximum f(p1, p2, ps).

Theorem 3 The mazimum value f(p1,p2,ps) for p1 +p2+p3s =n > 3 can

be determined as follows.

(a) Ifn =3k, then f has a unique mazimum at (p3,ps,p5) = (k+ [ro] , k, k—
[ro]) with

1
=g <3+\/3+3k+ 12+20k+9k2>.

(b) If n =3k +1, then f has a mazimum at (p3,p5,p5) = (k+[rs]+ 1,k k—

[r3]) with
1
ry =7 (~8+ VA0 +24F) .

The mazimum is attained at a unique triple (py,ps,ps) unless rs is an
integer, equivalently, when k = 1 + 8q + 6> or 9 + 16q + 6q2, for some
integer ¢ > 0. In the latter case, f also has a mazimum at (p3,ps,ps) =
(k + |_7“3-| + 2,k k— ’—T3—| — 1).

(¢) If n =3k +2, let

rl:i(—10+\/m724k:),r2=i(—9+\/m>,
ro=1 (~8+ VAT 2IE), ry= (~7+ VIO T 24F).

Note that r1 <19 <13 <r4. Then f has a mazrimum at

(k+1+[r3],k+1,k—1[r3]) if [r1] <roor [r1] > 74,
(p1,p3,p3) =
(k +2+ |_7“1-| ok — |_741-|) if o < |_7“1-| < ry4.
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Furthermore, f (k+ 1+ [rs], k+ 1L, k—[rs])=f(k+2+ [r1].k k—[r1])

if and only if ro or r4 is an integer. We have

1. 7o is an integer if and only if k = 5+ 13q + 6¢% or 10 + 17q + 64> for
some integer ¢ > 0. In these cases, [r1] = ra.

2. r4 is an integer if and only if k = Tq + 6¢° or 3 4 11q + 6¢* for some
integer ¢ > 0. In these cases, [r1] = ry.

The proof of Theorem[lis given in Appendix[A.2] It is based on the analysis

of the following necessary conditions on (pi,p2,ps) for f(p1,p2,p3) to be the
maximum:

f(p1,p2,p3) — f(p1+1,p2—1,p3) >0 (1)
f(p1,p2,p3) — f(p1,p2 —1,p3+1) >0 (2)
f(p1,p2,p3) — f(p1 — L,p2+1,p3) >0 (3)
f(p1,p2,p3) — f(p1,p2+1,p3 —1) >0 (4)
f(p1,p2,p3) — f(p1+ 1,p2,p3 —1) >0 (5)
f(p1,p2,p3) — f(p1 — 1,p2,p3 +1) >0 (6)

The proof shows that these conditions are actually sufficient.

Using Theorem Bl and an additional technical lemma, one can show that

there are close connections between the partition(s) (p1, p2, p3) attaining max-
imum f(p1, p2,p3) and those attaining f(p1, p2, p3) with p1 + p2 + ps = p1 +
p2 + p3 + 1. In particular, one can construct the optimal partition as follows.

(a)

For n = 3k, if f(k + r,k,k — r) is the maximum, then either f(k + r +
1L,k,k—r)or f(k+rkk—r+1) will be the maximum for n = 3k + 1.
It is possible that f(k+r+1,k,k—r) and f(k+r, k,k —r+ 1) are equal
and are both maximum.

Forn =3k+ 1,if f(k+r+ 1,k k —r) is the maximum, then f(k+r +
2,k k—r), flk+r+1,k+1,k—r)or f(k+r+1,k,k—r+1) will be the
maximum for n = 3k + 2.

For instance, f(2,1,1) and f(3,1, 1) are both maxima for n = 4 and n = 5,
respectively; f(4,2,1) and f(4,3,1) are maxima for n = 7 and n = 8§,
respectively; f(21,16,12) and f(21,16,13) are maxima for n = 49 and
n = 50, respectively.

It is possible that f(k+r+2,k,k—r) = f(k+r+1,k+1, k—r) is maximum
or flk+r+1Lk+1L,k—r)=f(k+r+1,kk—r+1)is maximum, but
flk+r+2,kk—r)and f(k+r+1,kk—r+1) cannot be both maxima.
Furthermore, if there is 7 such that f(k+7+1,k, k—7) = f(k+74+2,k, k—
7 — 1) is the maximum when n = 3k + 1, then f(k+ 7+ 2,k,k — ) is the
maximum when n = 3k + 2.

Forn=3k+2,if fk+r+1Lk+1,k—7r)or f(k+7r+2,kk—r)is
the maximum, then f(k+r + 2,k + 1,k — r) will be the maximum when
n = 3k + 3.
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The above discussions can be summarized as the following theorem.

Theorem 4 (Maximum begets maximum) Let f*(n) denote the maxi-
mum value of f(p1,p2,p3) for p1 + p2 + p3s = n. Then we have

(a) If f*(n) = f(p1,p2,p3), then
fr(n+1) = max{f(p1 + 1,p2,ps), f(p1,p2+1,p3), f(p1,p2,p3 +1)}.
(b) If f(p1,p2,p3) = f*(n + 1), then
f*(n) = max{f(p1 — 1,p2,p3), f(p1,p2—1,p3), f(p1,p2,p3 — 1)}

(¢) If f*(n) = f(pl.p3.p3) = f(p1,p3,p3) for two distinct (pi,py,p3) and
(p1,p3,p3), then

f*(n+ 1) = f(plap25p3) with Pi = ma’X{pzlap?} fOT 1= 17253'

The proof of the theorem is given in Appendix [A.3]

5 Conclusion

We study QECC for quantum channel with error operators on My®---®@ My (n
copies) of the form U®™ with U € SU(d) by analyzing the structure of algebra
A(d,n) generated by the set £(d,n) = {U®™ : U € SU(d)}. We show that the
code rate, i.e., the number of protected qudits over the number of the physical
qudits, always approaches 1 for a suitable noiseless subsystem. Moreover, we
have determined the maximum dimension of the noiseless subsystem by solving
a non-trivial discrete optimization problem. The maximum dimension for the
cases when d = 2, 3 are determined by a combination of mathematical analysis
and the symbolic software Mathematica. Additional properties of the partition
(p1,-..,pd) of n attaining the maximum dimension f(pi,...,pq) are obtained
when d = 3.

In general, it is not easy to construct a noiseless subsystem with the max-
imum dimension f(pj,...,p}) for a large n as shown in the cases when d = 2.
For a large n, the encoding and decoding unitary matrices are elements of
U(2") and it is impossible to write down these exponentially large unitary
matrices. It seems to us that recursive implementation making use of encod-
ing and decoding circuits for a small n to build up those for a larger n is the
only sensible way for physical implementation. In fact, we found such recur-
sive schemes for qubits [I6] and qudits [IT]. However, in these cases we have
to sacrifice the code rate, which is 1/2 for qubits and 1/d for qudits in the
recursive schemes. Implementation of encoding and decoding circuits for the
maximal encoding scheme remains a challenging future research.
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A Proofs of Theorems

A.1 Proof of Theorem

By the Frobenius formula [I018l27],

(dk) TT9Z; 0

where

fp1,...,pa) = m = f1(k)f2(k),
N CL) _ [T ¢
filk) = (ke 4 k= M, ((k+1) - (k+d—20)

Now, by Stirling’s formula, we obtain

and

logy fu(k) _ - In(dk)! — dlnkl

lim ————~ = Ilim
k— oo dk k— 00 (lnd)dk
iy (nd) + O(In(dk)) — O(lnk) _
= 1m =
ko0 (In d)dk ’
logy(f2(k)) logg(ITy=1 #) — S0, Y921 loga(k + 5)
lim —4 22— lim = =)= =0.
k— 00 dk k— o0 dk

The result follows. O
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A.2 Proof of Theorem [

Consider the following terms:

f(p1,p2,p3) — f(p1+1,p2 —1,p3) 1)
f(p1,p2,p3) — f(p1,p2—1,p3+1) (2)
f(p1,p2,p3) — f(p1 —1,p2+1,p3) (3)
f(p1,p2,p3) — f(p1,p2+1,p3—1) (4)
f(p1,p2,p3) — f(p1+1,p2,p3 — 1) (5)
f(p1,p2,p3) — f(p1 —1,p2,p3+1) (6)

Clearly, if f(p1,p2,p3) attains the maximum, then each of the above terms is nonnegative.

(a) When n = 3k, there are three cases (a.1) p2 > k, (a.2) p2 < k, and (a.3) p2 = k. We use
Mathematica [32] to show the following.

(a.1) If (p1,p2,p3) = (k+a+bk+a,k —2a—b) with a > 0 and b > 0, the sum of (1) and
(2) is negative and so f cannot attain the maximum in this case.

(a.2) If (p1,p2,p3) = (k+2a+ b,k —a,k —a—>b) with a > 0 and b > 0, the either (3) or (4)
is negative and so f cannot attain the maximum in this case.

(a.3) Let (p1,p2,p3) = (k+r,k,k—r) and define ro = % (73 + \/3 + 3k + V12 + 20k + 9k2).
Then (5) and (6) are both nonnegative if and only if [ro] <r < [rg] + 1.

Moreover, rg in (a.3) is not an integer for all k > 1. Thus, f(k + 7, k,k — r) will attain
its maximum when r = [rg]. Therefore, f has a unique maximum f(k + r,k, k — r) with
r = [ro] when n = 3k as stated.

(b) When n = 3k + 1, we also have three cases (b.1) p2 > k, (b.2) p2 < k and (b.3) p2 = k.
We use Mathematica [32] to show the following.

(b.1) If (p1,p2,p3) =(k+1+a+bk+a,k—2a—0b) witha >0 and b > 0, the sum of (1)
and (2) is negative and so f cannot attain the maximum in this case.

(b.2) If (p1,p2,p3) =(k+14+2a+b,k —a,k—a—>b) with a > 0 and b > 0, then either (3)
or (4) is negative and so f cannot attain the maximum in this case.

(b.3) Let (p1,p2,p3) = (k+1+r,k,k—r) and define r3 = %(—8—}— /40 4 24k). Then (5) and
(6) are both nonnegative if and only if [r3] <r < [r3] + 1.

There is a subtlety that does not exist for the case (a). We show that r3 is a positive integer
if and only if k = 1+ 8¢+ 6¢> or 9+ 16q + 642, for some integer g > 0. In this case, The term
(5) is equal to zero when (p1,p2,p3) = (k+ 1471, k,k—r). Therefore, f(k+ 147k, k—r) =
fk+24rkk—r—1) and f has a maximum value at (p1,p2,p3) = (k+1+r,k,k—7r)
and (k+2+4rk,k—r—1).

(c) When n = 3k + 2, we use Mathematica [32] to show the following.

(c.1) If (p1,p2,p3) = (k+a+bk+a,k+2—2a—0>b) witha >1 and b > 0, the sum of (1)
and (2) is negative and so f cannot attain the maximum in this case.

(c.2) If (p1,p2,p3) =(k+2+a+bk—a,k—a—>b) witha >1 and b > 0, the sum of (3) and
(4) is negative and f cannot attain the maximum in this case.

The cases (c.1) and (c.2) show that the maximum of f(p1, p2,p3) can occur only at po =k
or k + 1. We show by Mathematica [32] that

(c.3) Forr >0, f(k+2+r,k,k—r) < f(k+2+[r1],k,k—[r1]) and f(k+1+r k+1,k—r) <
flk+1+rs], k+ 1k~ [r3]).

(c.4) For r >0 and (p1,p2,p3) = (k+2+r,k,k—r), (3) is non-positive if and only if r > ry
and (4) is non-positive if and only if r < ra.
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By (c.3), the maximum of f occurs at either (p1,p2,p3) = (k+ 2+ [r1],k,k — [r1]) or

1
(k+1+[r3],k+1,k—[r3]). Since 0 < rzg—r1 = % (2— V60 + 24k + /40 + 24k) < > we
have [r1] < [r3] < [r1] + 1. Furthermore, by (c.3) and (c.4),

fk4+2+[r], kk—=[r]) < f(k+1+[r3], k+ 1,k — [r3]) )
if [ri]<wrgor [ri]>ra

Conversely, suppose 72 < [r1] < 4. Then both (3) and (4) are nonnegative. Hence,
fe+2+4ril,kk—[r]) = f(k+ 1+ [r1],k+1,k—[ri]) and
FE 424 [l ko — [r]) > f(k+2 4 [r1] b+ 1k — [r] — 1).

Since [r1] < [r3] < [r1] + 1, it follows that

fE+2+r],kk—[r]) > f(k+14[r3],k+1,k— [r3]) (10)
if ro<[ri] <ra.

By @) and (), f has a unique maximum if neither r2 nor r4 is an integer.
Suppose 73 is an integer for some k. Then we have
24+9g+6¢% if ro = 3q,
k=1{ 54+13¢+6¢> ifro=3q+1,
10 4 17q 4 6¢% if 7o = 3¢ + 2.

Thus, 2 is an integer for some integer k if and only if k = 5+ 13q + 6¢2 or 10 + 17¢ + 64

for some integer ¢ > 0. For k = 5 + 13q + 6¢%, 1 = i (710 + /180 + 312q + 144q2). We

have
3+ 129 = —10 + /(13 + 12¢)2 < —10 + /180 + 312¢ + 14442
< —10+4 /(14 + 12¢)%2 = 4 + 12q.
So

—

3 1
Z+3qzz(3+12‘ﬂ§7’1§ Z(4+1QQ):1+3¢1 = [nl=3¢+1=rs.

For k =10+ 17q + 62, r = 1 (—10 + /300 + 408q + 144q2>. We have
7412 = 10+ /(17 + 12¢)2 < —10 + /300 + 408q + 144g2

< —10 + /(18 + 3¢)2 = 8 + 124.

So

(84+12¢) =2+3¢ = [ri|=3¢q+2=r2.

N

7 1
—4+3¢=-(7T+12q¢) < <
4+q 4(+ q) <r; <

The proof for the case when r4 is an integer is similar. 0O
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A.3 Proof of Theorem @

We first prove the following Lemma.

Lemma 1 Let rg,r1,72,73, and r4 be the numbers defined in Theorem[3 and let

7o <3+\/3+3(k+1)+\/12+20(k+1)+9(k+1)2>
(73+\/6+3k+\/41+38k+9k2).

N = N

Then

rm<rs<ro<ro<ri+1<rs+1. (11)
Hence, {[ro],[70]} C {[r3],[r3] + 1}. Furthermore, [ro| = [r3] + 1 if 73 is an integer
and [Fo] =[ri]+1 ifra < [r1] < ra.

Proof. With the help of Mathematica [32], we can show that

(ro —r3) (1 + /10 + 6k + \/3+ 3k + /12 + k(20 + 9k))

x (6+ 3k + /12 + k(20 + 9F) + 24/3 + 3k + /12 + K(20 +9k))
x (3+k+ V12 + k(20 + 9k)
V12 B0 1 9R)\/3+ 3k + /12 T K20 T 9k))

=2 {3 (13+4\/12 + k(20 + 9k) +8\/3+ 3k + /12 + k(20 +9k))
+k{10 (11+2\/12+k(20+9k)+4\/3+3k+\/12+k(20+9k))
+k (95 + 27k + 94/12 + k(20 + 9%) + 18\/3+ 3k + /12 + k(20+9k)) H

> 0.

(Fo — 7o) (\/3+3k+ V12T k(20 + 98) + /6 + 3k + /41 +k(38+9k))
x (3 + /12 + k(20 1 9k) + /41 + k(38 + 9k)>

= 19+ 9k + 3/41 + k(38 + 9k) > 0,

and

(r1+1— 7o) (\/15 TOk+\/6+3k+ /AT T K38 T 9k))
x (9 + 3k 4+ /41 + k(38 + 9k))

=20+8k>0
Hence, Eq. ([0 follows. O
Now we are ready to prove the theorem. Notice that by Theorem [3]

fk+[rol, k. k—[ro0]) if n = 3k,

fk+1+[r3],k,k—[r3]) ifn=3k+1,

fFn) =< flk+1+[rsl,k+1,k—[r3]) if n=3k+2with [ri1] <rz or [r1] > ry,

flE+2+[r],k,k—[r1]) if n=23k+2 with ro < [r1] <74,

f(k+ [7o], k. k—[7o]) if n = 3k 4 3.
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Furthermore, f(k+ 1+ [r3],k,k— [r3]) = f(k+2+ [r3],k,k—1— [r3]) if r3 is an integer.
From n = 3k ton+1 =3k + 1, suppose (k+ [ro], k,k — [ro]) = (p1,p2,p3). By Lemma

@ [ro] = [r3] or [r3] 4+ 1. Then

(p1 +1,p2,p3) if [ro] = [rs],

k 1 r ,k,k* T =
(k+1+[rs] [r31) {(p17p2,p3+1) if [ro] = [r3] + 1.

Fromn =3k +1ton+1=3k+2, suppose (k+1+ [r3], k,k— [r3]) = (p1,p2,p3)- By
Lemmalll [r3] = [r1] or [r1] + 1. Then

(k414 [r3],k+1,k—[r3]) = (p1,p2 + 1,p3) and
(p1 +1,p2,p3) if [r3] = [r1],

k42 ril,k, k—[r =
(k+2+[ri] raD) {(Pl,m,pa—i— D if [ra] = [ri] + 1.

Further, suppose r3 is an integer, then [r3] = [r1] and hence we must have ro < [r1] < ry4
and f*(3k+2) = f(k+2+ [r1],k, k— [r1]). If (p1,p2,p3) = (k+2+ [r3],k,k—1—[r3]),
then

(k +2+ [Tl-lvkvk - [Tl]) = (p17p27p3 + 1)
Furthermore, if f*(3k + 1) = f(p1,p3,p3) = f(p},p3,p3) with (p1,p3,p3) = (k+ 1+
(3], k, k—[rs]) and (p3,p3,p3) = (k+2+[rs], k, k—1—[r3]), then f*(3k+2) = f(p?, p3,P3)-

Now from n =3k +2 ton+1 =3k + 3, suppose [r1] <rgor [r1] >rg and (E+1+
(51, £+ 1,k — [151) = (p1,p2, ps). By Lemma[l [#0] = [r5] or [r3] + 1. Then
(p1,p2,p3 +1) if [Fo] = [r3],

k414 [fol,k+1,k+1—[fo]) =
(k+1+[fol,k+1,k+1—T[ro]) {(p1+17p27p3)if|'750-|fT3]+1-

Now suppose r3 < [r1] < 1 and (k+2 + [r1],k,k — [1]) = (p1,p2,ps). By Lemma [l
ff()] = frﬂ + 1. Then

(k4+14[Pol,k+1,k+1—[Fo]) = (p1,p2 + 1, p3).
Furthermore, if f*(3k+2) = f(p,p3,p3) = f(p3,p3, p3) with (p},p3,p3) = (k+1+[r3],k+

L,k — [rs]) and (p1,p3,p3) = (k+ 2+ [r1],k,k — [r1]), then f*(3k + 3) = f(p{,p3,p3)-
Thus, the result follows. O
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