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Appendix A Proof of Theorem 1

Let Ξ(y, z) be a general network with k independent parties in system of any dimension and assume that it is network local. We prove

that, for any dichotomic local measurements {Mxi : xi ∈ {0, 1}}yi=1 of countable outcomes, the nonlinear Bell-type inequality (2) in the

main text holds.

For any i = 1, 2, · · ·, y, denote Υxi = {ah : ah is the eigenvalue of Mxi}. Then 〈Mx1Mx2 · · ·Mxy 〉 =
∑

a1∈Υx1

∑
a2∈Υx2

· · ·
∑

ay∈Υxy

a1a2 ·

· · ayP (a1, a2, · · ·, ay |x1, x2, · · ·, xy) and the expectation of the outcomes of Mxi is

〈Mxi 〉 =
∑

ai∈Υxi

aiP (ai|xi,Λi), (A1)

where i = 1, 2, · · · , y and Λi = {λi1 , λi2 , · · · , λiei } denotes the set of local variables associated with the sources that connect to party

Ai. Since |ai| 6 1 for any i, we have |〈Mxi 〉| 6 1.

Denote the index set of k independent parties as K = {i1, i2, · · ·, ik} and let K̄ = {1, 2, · · ·, y}\K. By Eq.(3) in the main text and

Eq.(A1), we have
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where Λim = {λ(im)1 , λ(im)2 , · · ·, λ(im)eim
} denotes the set of local variables associated with the sources that connect to party Aim ,

µim (Λim ) =
eim∏
l=1

µ(im)l
(λ(im)l

) and dΛim = dλ(im)1dλ(im)2 · · · dλ(im)eim
. Let 〈∆±Mxis

〉 = 1
2

(〈Mxis=0〉 ± 〈Mxis=1〉), then
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Similarly, we have
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Using the Mahler inequality [1], inequalities (A2) and (A3) together lead to
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(A4)
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The second inequality in inequality (A4) is from the inequality |〈∆+Mxis
〉| + |〈∆−Mxis

〉| = max{|〈Mxis=0〉|, |〈Mxis=1〉|} 6 1 for

s = 1, 2, · · · , k; and the final equality in inequality (A4) is from the normalization condition of the probability distribution of hidden

states. 2

Appendix B Proof of Theorem 3

For arbitrary chain network scenario Cha(y) described in Figure 2, it is clear that (1) if y is odd, then kmax = y+1
2

with the index set

of maximal independent parties K = Kmax = {1, 3, · · · , y}; (2) if y is even, then kmax = y
2

with the index set of maximal independent

parties K = Kmax = {2, 4, · · · , y}. Denote by K = {1, 2, · · · , y} \ K and K′ the set of indexes from K with the biggest index excluded.

For example, when y is odd, K′ = {1, 3, · · · , y − 2}. In Figure 2, if y is odd, by Eqs.(3) and (18) in the main text,

Is =
1

2
y+1
2

× 〈
∏
i∈K

(Mxi=0 +Mxi=1)
∏
j∈K

Mxj=0〉

=
1

2
y+1
2

× 〈(Mx1=0 +Mx1=1)Mx2=0 · · · (Mxy−2=0 +Mxy−2=1)Mxy−1=0(Mxy=0 +Mxy=1)〉

=
1

2
y+1
2

× Tr{[(Ô(αλ1
x1=0; s) + Ô(αλ1

x1=1; s))⊗ Ô(αλ1
x2=0; s)⊗ Ô(αλ2

x2=0; s)

⊗ ((Ô(αλ2
x3=0; s)⊗ Ô(αλ3

x3=0; s)) + (Ô(αλ2
x3=1; s)⊗ Ô(αλ3

x3=1; s)))

⊗ Ô(αλ3
x4=0; s)⊗ Ô(αλ4

x4=0; s)⊗ · · · ⊗ ((Ô(α
λy−3

xy−2=0; s)⊗ Ô(α
λy−2

xy−2=0; s))

+ (Ô(α
λy−3

xy−2=1; s)⊗ Ô(α
λy−2

xy−2=1; s)))⊗ Ô(α
λy−2

xy−1=0; s)⊗ Ô(α
λy−1

xy−1=0; s)

⊗ (Ô(α
λy−1

xy=0; s) + Ô(α
λy−1

xy=1; s))]ρA1A2 ⊗ ρA2A3 ⊗ · · · ⊗ ρAy−1Ay}

=
1

2
y+1
2

× Tr{[(Ô(αλ1
x1=0; s) + Ô(αλ1

x1=1; s))⊗ Ô(αλ1
x2=0; s)]ρA1A2}

× Tr{[Ô(αλ2
x2=0; s)⊗ (Ô(αλ2

x3=0; s) + Ô(αλ2
x3=1; s))]ρA2A3}

× · · · × Tr{[(Ô(α
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(B1)

Similar to Eq.(B1), when y is even, we have
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∏
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x2=1; s))]ρA1A2}

× Tr{[(Ô(αλ2
x2=0; s) + Ô(αλ2

x2=1; s))⊗ Ô(αλ2
x3=0; s)]ρA2A3}

× · · · × Tr{[(Ô(α
λy−2

xy−2=0; s) + Ô(α
λy−2

xy−2=1; s))⊗ Ô(α
λy−2

xy−1=0; s)]ρAy−2Ay−1}

× Tr{[Ô(α
λy−1

xy−1=0; s)⊗ (Ô(α
λy−1

xy=0; s) + Ô(α
λy−1

xy=1; s))]ρAy−1Ay}.

(B2)

By combining Eqs.(B1) and (B2), for arbitrary chain network Cha(y),

Is =
1

2kmax
× 〈

∏
i∈K

(Mxi=0 +Mxi=1)
∏
j∈K

Mxj=0〉

=
1

2kmax
×

∏
i∈K′

Tr{[(Ô(α
λi
xi=0; s) + Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=0; s)]ρAiAi+1}

×
∏
j∈K

Tr{[Ô(α
λj

xj=0; s)⊗ (Ô(α
λj

xj+1=0; s) + Ô(α
λj

xj+1=1; s))]ρAjAj+1}.

(B3)
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Now, by Eqs.(7), (19), (22), (24), (27) and (29) in the main text, for −1 < s 6 0, we get

Tr{[(Ô(α
λi
xi=0; s) + Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=0; s)]ρAiAi+1}

=Tr{[Ô(α
λi
xi=0; s)⊗ Ô(α

λi
xi+1=0; s)]ρAiAi+1}+ Tr{[Ô(α

λi
xi=1; s)⊗ Ô(α

λi
xi+1=0; s)]ρAiAi+1}

=Tr{[((1− s)Π̂(α
λi
xi=0; s) + sI)⊗ ((1− s)Π̂(α

λi
xi+1=0; s) + sI)]ρAiAi+1}

+ Tr{[((1− s)Π̂(α
λi
xi=1; s) + sI)⊗ ((1− s)Π̂(α

λi
xi+1=0; s) + sI)]ρAiAi+1}

=(1− s)2Tr{[Π̂(α
λi
xi=0; s)⊗ Π̂(α

λi
xi+1=0; s)]ρAiAi+1}+ s(1− s)Tr{[Π̂(α

λi
xi=0; s)⊗ I]ρAiAi+1}

+ s(1− s)Tr{[I ⊗ Π̂(α
λi
xi+1=0; s)]ρAiAi+1}+ s2 + (1− s)2Tr{[Π̂(α

λi
xi=1; s)⊗ Π̂(α

λi
xi+1=0; s)]

ρAiAi+1}+ s(1− s)Tr{[Π̂(α
λi
xi=1; s)⊗ I]ρAiAi+1}+ s(1− s)Tr{[I ⊗ Π̂(α

λi
xi+1=0; s)]ρAiAi+1}+ s2

=
π2(1− s)4

4
[Q
ρ
AiAi+1 (α

λi
xi=0, α

λi
xi+1=0; s) +Q

ρ
AiAi+1 (α

λi
xi=1, α

λi
xi+1=0; s)]

+
πs(1− s)2

2
[Q
ρ
AiAi+1 (α

λi
xi=0; s) +Q

ρ
AiAi+1 (α

λi
xi=1; s) + 2Q

ρ
AiAi+1 (α

λi
xi+1=0; s)] + 2s2

=
π2(1− s)4

4
C+

ρ
AiAi+1

(α
λi
xi=0, α

λi
xi+1=0, α

λi
xi=1, α

λi
xi+1=0; s) +

πs(1− s)2

2
D+

ρ
AiAi+1

(α
λi
xi=0, α

λi
xi+1=0, α

λi
xi=1, α

λi
xi+1=0; s) + 2s2

=E+

ρ
AiAi+1

(
π2(1− s)4

4
,
πs(1− s)2

2
, 2s2;α

λi
xi=0, α

λi
xi+1=0, α

λi
xi=1, α

λi
xi+1=0; s)

=E+

ρ
AiAi+1

(ζ2s2

1 ;η
(i,i+1,i)
(0,0,1,0)

; s).

(B4)

Similarly,

Tr{[Ô(α
λj

xj=0; s)⊗ (Ô(α
λj

xj+1=0; s) + Ô(α
λj

xj+1=1; s))]ρAjAj+1} = E+

ρ
AjAj+1

(ζ2s2

1 ;η
(j,j+1,j)
(0,0,0,1)

; s). (B5)

Let

F+(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

,η
(j,j+1,j)
(η5,η6,η7,η8)

; s) =
1

2kmax

∏
i∈K′

E+

ρ
AiAi+1

(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

; s)×
∏
j∈K

E+

ρ
AjAj+1

(ζv1v2 ;η
(j,j+1,j)
(η5,η6,η7,η8)

; s), (B6)

then Eq.(B3) implies that

Is =
1

2kmax
×

∏
i∈K′

E+

ρ
AiAi+1

(ζ2s2

1 ;η
(i,i+1,i)
(0,0,1,0)

; s)×
∏
j∈K

E+

ρ
AjAj+1

(ζ2s2

1 ;η
(j,j+1,j)
(0,0,0,1)

; s) = F+(ζ2s2

1 ;η
(i,i+1,i)
(0,0,1,0)

,η
(j,j+1,j)
(0,0,0,1)

; s). (B7)

While if s 6 −1, we have

Tr{[(Ô(α
λi
xi=0; s) + Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=0; s)]ρAiAi+1}

=Tr{[(2Π̂(α
λi
xi=0; s)− I)⊗ (2Π̂(α

λi
xi+1=0; s)− I)]ρAiAi+1}+ Tr{[(2Π̂(α

λi
xi=1; s)− I)⊗ (2Π̂(α

λi
xi+1=0; s)− I)]ρAiAi+1}

=π2(1− s)2[Q
ρ
AiAi+1 (α

λi
xi=0, α

λi
xi+1=0; s) +Q

ρ
AiAi+1 (α

λi
xi=1, α

λi
xi+1=0; s)]

− π(1− s)[Q
ρ
AiAi+1 (α

λi
xi=0; s) +Q

ρ
AiAi+1 (α

λi
xi=1; s) + 2Q

ρ
AiAi+1 (α

λi
xi+1=0; s)] + 2

=π2(1− s)2C+

ρ
AiAi+1

(α
λi
xi=0, α

λi
xi+1=0, α

λi
xi=1, α

λi
xi+1=0; s)− π(1− s)D+

ρ
AiAi+1

(α
λi
xi=0, α

λi
xi+1=0, α

λi
xi=1, α

λi
xi+1=0; s) + 2

=E+

ρ
AiAi+1

(π2(1− s)2,−π(1− s), 2;α
λi
xi=0, α

λi
xi+1=0, α

λi
xi=1, α

λi
xi+1=0; s)

=E+

ρ
AiAi+1

(ζ2
2 ;η

(i,i+1,i)
(0,0,1,0)

; s)

(B8)

and
Tr{[Ô(α

λj

xj=0; s)⊗ (Ô(α
λj

xj+1=0; s) + Ô(α
λj

xj+1=1; s))]ρAjAj+1} = E+

ρ
AjAj+1

(ζ2
2 ;η

(j,j+1,j)
(0,0,0,1)

; s). (B9)

Therefore, Eqs.(B3) and (B6) imply that

Is =
1

2kmax
×

∏
i∈K′

E+

ρ
AiAi+1

(ζ2
2 ;η

(i,i+1,i)
(0,0,1,0)

; s)×
∏
j∈K

E+

ρ
AjAj+1

(ζ2
2 ;η

(j,j+1,j)
(0,0,0,1)

; s) = F+(ζ2
2 ;η

(i,i+1,i)
(0,0,1,0)

,η
(j,j+1,j)
(0,0,0,1)

; s). (B10)

So, we obtain the desired expression of Is as in Theorem 3, that is, Eqs.(B7) and (B10).

By a similar argument to Eq.(B3), it can be derived from Eqs.(4) and (18) in the main text that

Js =
1

2kmax
× 〈

∏
i∈K

(Mxi=0 −Mxi=1)
∏
j∈K

Mxj=1〉

=
1

2kmax
×

∏
i∈K′

Tr{[(Ô(α
λi
xi=0; s)− Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=1; s)]ρAiAi+1}

×
∏
j∈K

Tr{[Ô(α
λj

xj=1; s)⊗ (Ô(α
λj

xj+1=0; s)− Ô(α
λj

xj+1=1; s))]ρAjAj+1}.

(B11)
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Now, using Eqs.(7), (19), (23), (25), (26), (27) and (29) in the main text, we find that for −1 < s 6 0,

Tr{[(Ô(α
λi
xi=0; s)− Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=1; s)]ρAiAi+1}

=Tr{[((1− s)Π̂(α
λi
xi=0; s) + sI)⊗ ((1− s)Π̂(α

λi
xi+1=1; s) + sI)]ρAiAi+1}

− Tr{[((1− s)Π̂(α
λi
xi=1; s) + sI)⊗ ((1− s)Π̂(α

λi
xi+1=1; s) + sI)]ρAiAi+1}

=(1− s)2Tr{[Π̂(α
λi
xi=0; s)⊗ Π̂(α

λi
xi+1=1; s)]ρAiAi+1}+ s(1− s)Tr{[Π̂(α

λi
xi=0; s)⊗ I]ρAiAi+1}

+ s(1− s)Tr{[I ⊗ Π̂(α
λi
xi+1=1; s)]ρAiAi+1}+ s2 − (1− s)2Tr{[Π̂(α

λi
xi=1; s)⊗ Π̂(α

λi
xi+1=1; s)]

ρAiAi+1} − s(1− s)Tr{[Π̂(α
λi
xi=1; s)⊗ I]ρAiAi+1} − s(1− s)Tr{[I ⊗ Π̂(α

λi
xi+1=1; s)]ρAiAi+1} − s2

=
π2(1− s)4

4
[Q
ρ
AiAi+1 (α

λi
xi=0, α

λi
xi+1=1; s)−Q

ρ
AiAi+1 (α

λi
xi=1, α

λi
xi+1=1; s)]

+
πs(1− s)2

2
[Q
ρ
AiAi+1 (α

λi
xi=0; s)−Q

ρ
AiAi+1 (α

λi
xi=1; s)]

=
π2(1− s)4

4
C−
ρ
AiAi+1

(α
λi
xi=0, α

λi
xi+1=1, α

λi
xi=1, α

λi
xi+1=1; s) +

πs(1− s)2

2
D−
ρ
AiAi+1

(α
λi
xi=0, α

λi
xi+1=1, α

λi
xi=1, α

λi
xi+1=1; s)

=E−
ρ
AiAi+1

(
π2(1− s)4

4
,
πs(1− s)2

2
, 0;α

λi
xi=0, α

λi
xi+1=1, α

λi
xi=1, α

λi
xi+1=1; s)

=E−
ρ
AiAi+1

(ζ0
1 ;η

(i,i+1,i)
(0,1,1,1)

; s),

(B12)

and similarly,

Tr{[Ô(α
λj

xj=1; s)⊗ (Ô(α
λj

xj+1=0; s)− Ô(α
λj

xj+1=1; s))]ρAjAj+1} = E−
ρ
AjAj+1

(ζ0
1 ;η

(j,j+1,j)
(1,0,1,1)

; s). (B13)

Define

F−(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

,η
(j,j+1,j)
(η5,η6,η7,η8)

; s) =
1

2kmax

∏
i∈K′

E−
ρ
AiAi+1

(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

; s)×
∏
j∈K

E−
ρ
AjAj+1

(ζv1v2 ;η
(j,j+1,j)
(η5,η6,η7,η8)

; s),

(B14)

then Eq.(B11) immediately yields

Js =
1

2kmax
×

∏
i∈K′

E−
ρ
AiAi+1

(ζ0
1 ;η

(i,i+1,i)
(0,1,1,1)

; s)×
∏
j∈K

E−
ρ
AjAj+1

(ζ0
1 ;η

(j,j+1,j)
(1,0,1,1)

; s) = F−(ζ0
1 ;η

(i,i+1,i)
(0,1,1,1)

,η
(j,j+1,j)
(1,0,1,1)

; s). (B15)

While when s 6 −1, we have

Tr{[(Ô(α
λi
xi=0; s)− Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=1; s)]ρAiAi+1}

=Tr{[(2Π̂(α
λi
xi=0; s)− I)⊗ (2Π̂(α

λi
xi+1=1; s)− I)]ρAiAi+1} − Tr{[(2Π̂(α

λi
xi=1; s)− I)⊗ (2Π̂(α

λi
xi+1=1; s)− I)]ρAiAi+1}

=4Tr{[Π̂(α
λi
xi=0; s)⊗ Π̂(α

λi
xi+1=1; s)]ρAiAi+1} − 2Tr{[Π̂(α

λi
xi=0; s)⊗ I]ρAiAi+1}

− 2Tr{[I ⊗ Π̂(α
λi
xi+1=1; s)]ρAiAi+1}+ 1− 4Tr{[Π̂(α

λi
xi=1; s)⊗ Π̂(α

λi
xi+1=1; s)]ρAiAi+1}

+ 2Tr{[Π̂(α
λi
xi=1; s)⊗ I]ρAiAi+1}+ 2Tr{[I ⊗ Π̂(α

λi
xi+1=1; s)]ρAiAi+1} − 1

=π2(1− s)2[Q
ρ
AiAi+1 (α

λi
xi=0, α

λi
xi+1=1; s)−Q

ρ
AiAi+1 (α

λi
xi=1, α

λi
xi+1=1; s)]

− π(1− s)[Q
ρ
AiAi+1 (α

λi
xi=0; s)−Q

ρ
AiAi+1 (α

λi
xi=1; s)]

=π2(1− s)2C−
ρ
AiAi+1

(α
λi
xi=0, α

λi
xi+1=1, α

λi
xi=1, α

λi
xi+1=1; s)− π(1− s)D−

ρ
AiAi+1

(α
λi
xi=0, α

λi
xi+1=1, α

λi
xi=1, α

λi
xi+1=1; s)

=E−
ρ
AiAi+1

(π2(1− s)2,−π(1− s), 0;α
λi
xi=0, α

λi
xi+1=1, α

λi
xi=1, α

λi
xi+1=1; s)

=E−
ρ
AiAi+1

(ζ0
2 ;η

(i,i+1,i)
(0,1,1,1)

; s)

(B16)

and

Tr{[Ô(α
λj

xj=1; s)⊗ (Ô(α
λj

xj+1=0; s)− Ô(α
λj

xj+1=1; s))]ρAjAj+1} = E−
ρ
AjAj+1

(ζ0
2 ;η

(j,j+1,j)
(1,0,1,1)

; s). (B17)

By Eqs.(B11) and (B14), we obtain that

Js =
1

2kmax
×

∏
i∈K′

E−
ρ
AiAi+1

(ζ0
2 ;η

(i,i+1,i)
(0,1,1,1)

; s)×
∏
j∈K

E−
ρ
AjAj+1

(ζ0
2 ;η

(j,j+1,j)
(1,0,1,1)

; s) = F−(ζ0
2 ;η

(i,i+1,i)
(0,1,1,1)

,η
(j,j+1,j)
(1,0,1,1)

; s). (B18)

Therefore, we arrive at the desired expression for Js stated in Theorem 3, namely, Eqs. (B15) and (B18), which completes the proof. 2



Sci China Inf Sci 5

Appendix C Proof of Theorem 4

For a star network S(y) as in Figure 9, it is clear that the number of maximal independent parties kmax = y− 1, and the corresponding

index set of maximal independent parties K = Kmax = {1, 2, · · · , y − 1}. By Eqs.(3) and (18) in the main text, we have

Is =
1

2y−1
〈(Mx1=0 +Mx1=1)(Mx2=0 +Mx2=1) · · · (Mxy−1=0 +Mxy−1=1)Mxy=0〉

=
1

2y−1
Tr{[(Ô(αλ1

x1=0; s) + Ô(αλ1
x1=1; s))⊗ · · · ⊗ (Ô(α

λy−1

xy−1=0; s) + Ô(α
λy−1

xy−1=1; s))

⊗ Ô(αλ1
xy=0; s)⊗ Ô(αλ2

xy=0; s)⊗ · · · ⊗ Ô(α
λy−1

xy=0; s)](ρA1Ay ⊗ · · · ⊗ ρAy−1Ay )}

=
1

2y−1
×

∏
j∈K
{Tr[((Ô(α

λj

xj=0; s) + Ô(α
λj

xj=1; s))⊗ Ô(α
λj

xy=0; s))ρAjAy ]}.

(C1)

Analogous to Eqs.(B4) and (B8), when −1 < s 6 0,

Tr{[(Ô(α
λj

xj=0; s) + Ô(α
λj

xj=1; s))⊗ Ô(α
λj

xy=0; s)]ρAjAy} = E+

ρ
AjAy

(ζ2s2

1 ;η
(j,y,j)
(0,0,1,0)

; s); (C2)

and when s 6 −1,

Tr{[(Ô(α
λj

xj=0; s) + Ô(α
λj

xj=1; s))⊗ Ô(α
λj

xy=0; s)]ρAjAy} = E+

ρ
AjAy

(ζ2
2 ;η

(j,y,j)
(0,0,1,0)

; s). (C3)

Substituting Eqs.(C2) and (C3) into Eq.(C1), we find that for −1 < s 6 0,

Is =
1

2y−1
×

∏
j∈K

E+

ρ
AjAy

(ζ2s2

1 ;η
(j,y,j)
(0,0,1,0)

; s); (C4)

while for s 6 −1,

Is =
1

2y−1
×

∏
j∈K

E+

ρ
AjAy

(ζ2
2 ;η

(j,y,j)
(0,0,1,0)

; s). (C5)

Additionally, by Eqs.(2) and (18) in the main text,

Js =
1

2y−1
〈(Mx1=0 −Mx1=1)(Mx2=0 −Mx2=1) · · · (Mxy−1=0 −Mxy−1=1)Mxy=1〉

=
1

2y−1
Tr{[(Ô(αλ1

x1=0; s)− Ô(αλ1
x1=1; s))⊗ · · · ⊗ (Ô(α

λy−1

xy−1=0; s)− Ô(α
λy−1

xy−1=1; s))

⊗ Ô(αλ1
xy=1; s)⊗ Ô(αλ2

xy=1; s)⊗ · · · ⊗ Ô(α
λy−1

xy=1; s)](ρA1Ay ⊗ · · · ⊗ ρAy−1Ay )}

=
1

2y−1
×

∏
j∈K
{Tr[((Ô(α

λj

xj=0; s)− Ô(α
λj

xj=1; s))⊗ Ô(α
λj

xy=1; s))ρAjAy ]}.

(C6)

Analogous to the cases in Eqs.(B12) and (B16), if −1 < s 6 0, we have

Tr[((Ô(α
λj

xj=0; s)− Ô(α
λj

xj=1; s))⊗ Ô(α
λj

xy=1; s))ρAjAy ] = E−
ρ
AjAy

(ζ0
1 ;η

(j,y,j)
(0,1,1,1)

; s); (C7)

and if s 6 −1, we have

Tr[((Ô(α
λj

xj=0; s)− Ô(α
λj

xj=1; s))⊗ Ô(α
λj

xy=1; s))ρAjAy ] = E−
ρ
AjAy

(ζ0
2 ;η

(j,y,j)
(0,1,1,1)

; s). (C8)

Substituting Eqs.(C7) and (C8) into Eq.(C6), we get, for −1 < s 6 0,

Js =
1

2y−1
×

∏
j∈K

E−
ρ
AjAy

(ζ0
1 ;η

(j,y,j)
(0,1,1,1)

; s); (C9)

while for s 6 −1,

Js =
1

2y−1
×

∏
j∈K

E−
ρ
AjAy

(ζ0
2 ;η

(j,y,j)
(0,1,1,1)

; s). (C10)

Here, E±, ζ1, ζ2 and η are defined as in Eqs.(26)-(29) of the main text. The proof is completed.

2
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Appendix D Proof of Theorem 5

In tree-shaped network T (m, f), it is clear that (1) if m is odd, then kmax = fm+1−1
f2−1

with the index set of maximal independent

parties K = Kmax = {1, 1−ft−1

1−f + 1, 1−ft−1

1−f + 2, · · · , 1−ft
1−f }t=3,5,···,m; (2) if m is even, then kmax = f−fm+1

1−f2 with the index set of

maximal independent parties K = Kmax = { 1−ft−1

1−f + 1, 1−ft−1

1−f + 2, · · ·, 1−ft
1−f }t=2,4,···,m. Denote by K = {1, 2, . . . 1−fm

1−f } \ K and K′

the set of indexes from K with the last layer of indexes excluded. For example, when m is odd, K′ = {1, 1−ft−1

1−f + 1, 1−ft−1

1−f + 2, · ·

·, 1−ft
1−f }t=3,5,···,m−2. By Eqs.(3) and (18) in the main text, we have

Is =
1

2kmax
〈
∏
i∈K

(Mxi=0 +Mxi=1)
∏
j∈K

Mxj=0〉

=
1

2kmax
×

if+1∏
j=(i−1)f+2

∏
i∈K′

Tr{[(Ô(α
λj−1

xi=0 ; s) + Ô(α
λj−1

xi=1 ; s))⊗ Ô(α
λj−1

xj=0; s)]ρAiAj }

×
pf+1∏

q=(p−1)f+2

∏
p∈K

Tr{[Ô(α
λq−1

xp=0; s)⊗ (Ô(α
λq−1

xq=0; s) + Ô(α
λq−1

xq=1; s))]ρApAq}.

(D1)

Analogous to Eqs.(B4), (B5), (B8) and (B9), when −1 < s 6 0,

Tr{[(Ô(α
λj−1

xi=0 ; s) + Ô(α
λj−1

xi=1 ; s))⊗ Ô(α
λj−1

xj=0; s)]ρAiAj } = E+

ρ
AiAj

(ζ2s2

1 ;η
(i,j,j−1)
(0,0,1,0)

; s) (D2)

and

Tr{[Ô(α
λq−1

xp=0; s)⊗ (Ô(α
λq−1

xq=0; s) + Ô(α
λq−1

xq=1; s))]ρApAq}E+

ρApAq
(ζ2s2

1 ;η
(p,q,q−1)
(0,0,0,1)

; s); (D3)

while for s 6 −1,

Tr{[(Ô(α
λj−1

xi=0 ; s) + Ô(α
λj−1

xi=1 ; s))⊗ Ô(α
λj−1

xj=0; s)]ρAiAj } = E+

ρ
AiAj

(ζ2
2 ;η

(i,j,j−1)
(0,0,1,0)

; s) (D4)

and

Tr{[Ô(α
λq−1

xp=0; s)⊗ (Ô(α
λq−1

xq=0; s) + Ô(α
λq−1

xq=1; s))]ρApAq} = E+

ρApAq
(ζ2

2 ;η
(p,q,q−1)
(0,0,0,1)

; s). (D5)

Substituting Eqs.(D2)-(D5) into Eq.(D1) and defining

F+(ζv1v2 ;η
(i,j,j−1)
(η1,η2,η3,η4)

,η
(p,q,q−1)
(η5,η6,η7,η8)

; s)

=
1

2kmax
×

if+1∏
j=(i−1)f+2

∏
i∈K′

E+

ρ
AiAj

(ζv1v2 ;η
(i,j,j−1)
(η1,η2,η3,η4)

; s)×
pf+1∏

q=(p−1)f+2

∏
p∈K

E+

ρApAq
(ζv1v2 ;η

(p,q,q−1)
(η5,η6,η7,η8)

; s),

we obtain for −1 < s 6 0,

Is = F+(ζ2s2

1 ;η
(i,j,j−1)
(0,0,1,0)

,η
(p,q,q−1)
(0,0,0,1)

; s); (D6)

while if s 6 −1,

Is = F+(ζ2
2 ;η

(i,j,j−1)
(0,0,1,0)

,η
(p,q,q−1)
(0,0,0,1)

; s). (D7)

Similarly,

Js =
1

2kmax
〈
∏
i∈K

(Mxi=0 −Mxi=1)
∏
j∈K

Mxj=1〉

=
1

2kmax
×

if+1∏
j=(i−1)f+2

∏
i∈K′

Tr{[(Ô(α
λj−1

xi=0 ; s)− Ô(α
λj−1

xi=1 ; s))⊗ Ô(α
λj−1

xj=1; s)]ρAiAj }

×
pf+1∏

q=(p−1)f+2

∏
p∈K

Tr{[Ô(α
λq−1

xp=1; s)⊗ (Ô(α
λq−1

xq=0; s)− Ô(α
λq−1

xq=1; s))]ρApAq}.

(D8)

Analogous to the cases in Eqs.(B12), (B13), (B16) and (B17), when −1 < s 6 0,

Tr{[(Ô(α
λj−1

xi=0 ; s)− Ô(α
λj−1

xi=1 ; s))⊗ Ô(α
λj−1

xj=1; s)]ρAiAj } = E−
ρ
AiAj

(ζ0
1 ;η

(i,j,j−1)
(0,1,1,1)

; s) (D9)

and

Tr{[Ô(α
λq−1

xp=1; s)⊗ (Ô(α
λq−1

xq=0; s)− Ô(α
λq−1

xq=1; s))]ρApAq} = E−
ρApAq

(ζ0
1 ;η

(p,q,q−1)
(1,0,1,1)

; s); (D10)

while if s 6 −1,

Tr{[(Ô(α
λj−1

xi=0 ; s)− Ô(α
λj−1

xi=1 ; s))⊗ Ô(α
λj−1

xj=1; s)]ρAiAj } = E−
ρ
AiAj

(ζ0
2 ;η

(i,j,j−1)
(0,1,1,1)

; s) (D11)
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and
Tr{[Ô(α

λq−1

xp=1; s)⊗ (Ô(α
λq−1

xq=0; s)− Ô(α
λq−1

xq=1; s))]ρApAq} = E−
ρApAq

(ζ0
2 ;η

(p,q,q−1)
(1,0,1,1)

; s). (D12)

Substituting Eqs.(D9)-(D12) into Eq.(D8) and defining

F−(ζv1v2 ;η
(i,j,j−1)
(η1,η2,η3,η4)

,η
(p,q,q−1)
(η5,η6,η7,η8)

; s)

=
1

2kmax
×

if+1∏
j=(i−1)f+2

∏
i∈K′

E−
ρ
AiAj

(ζv1v2 ;η
(i,j,j−1)
(η1,η2,η3,η4)

; s)×
pf+1∏

q=(p−1)f+2

∏
p∈K

E−
ρApAq

(ζv1v2 ;η
(p,q,q−1)
(η5,η6,η7,η8)

; s),

we obtain for −1 < s 6 0,

Js = F−(ζ0
1 ;η

(i,j,j−1)
(0,1,1,1)

,η
(p,q,q−1)
(1,0,1,1)

; s); (D13)

while for s 6 −1,

Js = F−(ζ0
2 ;η

(i,j,j−1)
(0,1,1,1)

,η
(p,q,q−1)
(1,0,1,1)

; s). (D14)

Here, E±, ζ1, ζ2, η are defined as in Eqs.(26)-(29) of the main text. The proof is completed. 2

Appendix E Proof of Theorem 6

In a cyclic network Cyc(y) (see Figure 15), there are y parties A1, A2, · · ·, Ay with Ai and Ai+1 sharing a source Si for i = 1, 2, · · ·, y−1,

Ay and A1 sharing a source Sy . Here, we have to address the scenarios where y is odd or even as two distinct cases in Cyc(y).

(a) y is odd.

When y is odd, it is straightforward that kmax = y−1
2

with the index set of maximal independent partiesK = Kmax = {1, 3, 5, ···, y−2}.
Let K = {1, 2, · · · , y} \ K and K′ = K\{y − 1}, then by Eqs.(3) and (18) in the main text,

Is =
1

2
y−1
2

〈(Mx1=0 +Mx1=1)Mx2=0 · · · (Mxy−2=0 +Mxy−2=1)Mxy−1=0Mxy=0〉

=
1

2
y−1
2

Tr{[((Ô(α
λy

x1=0; s)⊗ Ô(αλ1
x1=0; s)) + (Ô(α

λy

x1=1; s)⊗ Ô(αλ1
x1=1; s)))

⊗ (Ô(αλ1
x2=0; s)⊗ Ô(αλ2

x2=0; s))⊗ · · · ⊗ ((Ô(α
λy−3

xy−2=0; s)⊗ Ô(α
λy−2

xy−2=0; s))

+ (Ô(α
λy−3

xy−2=1; s)⊗ Ô(α
λy−2

xy−2=1; s)))⊗ (Ô(α
λy−2

xy−1=0; s)⊗ Ô(α
λy−1

xy−1=0; s))

⊗ (Ô(α
λy−1

xy=0; s)⊗ Ô(α
λy

xy=0; s))](ρA1A2 ⊗ · · · ⊗ ρAy−1Ay ⊗ ρAyA1 )}

=
1

2
y−1
2

× Tr{[(Ô(αλ1
x1=0; s) + Ô(αλ1

x1=1; s))⊗ Ô(αλ1
x2=0; s)]ρA1A2}

× Tr{[Ô(αλ2
x2=0; s)⊗ (Ô(αλ2

x3=0; s) + Ô(αλ2
x3=1; s))]ρA2A3}

× · · · × Tr{[(Ô(α
λy−2

xy−2=0; s) + Ô(α
λy−2

xy−2=1; s))⊗ Ô(α
λy−2

xy−1=0; s)]ρAy−2Ay−1}

× Tr{[Ô(α
λy−1

xy−1=0; s)⊗ Ô(α
λy−1

xy=0; s)]ρAy−1Ay} × Tr{[Ô(α
λy

xy=0; s)⊗ (Ô(α
λy

x1=0; s) + Ô(α
λy

x1=1; s))]ρAyA1}

=
1

2
y−1
2

×
∏
i∈K

Tr{[((Ô(α
λi
xi=0; s) + Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=0; s)]ρAiAi+1}

×
∏
j∈K

′
Tr{[Ô(α

λj

xj=0; s)⊗ (Ô(α
λj

xj+1=0; s) + Ô(α
λj

xj+1=1; s))]ρAjAj+1} × Tr{[Ô(α
λy−1

xy−1=0; s)⊗ Ô(α
λy−1

xy=0; s)]ρAy−1Ay}.

(E1)

Additionally, in Eq.(E1), y + 1 actually represents 1 due to the cyclic nature of the network.

By Eqs.(7), (19), (22), (24), (26)-(29) in the main text, if −1 < s 6 0, then

Tr{[Ô(α
λy−1

xy−1=0; s)⊗ Ô(α
λy−1

xy=0; s)]ρAy−1Ay}

=Tr{[((1− s)Π̂(α
λy−1

xy−1=0; s) + sI)⊗ ((1− s)Π̂(α
λy−1

xy=0; s) + sI)]ρAy−1Ay}

=(1− s)2Tr{[Π̂(α
λy−1

xy−1=0; s)⊗ Π̂(α
λy−1

xy=0; s)]ρAy−1Ay}+ s(1− s)

Tr{[Π̂(α
λy−1

xy−1=0; s)⊗ I]ρAy−1Ay}+ s(1− s)Tr{[I ⊗ Π̂(α
λy−1

xy=0; s)]ρAy−1Ay}+ s2

=
π2(1− s)4

4
Q
ρ
Ay−1Ay (α

λy−1

xy−1=0, α
λy−1

xy=0; s) +
πs(1− s)2

2
[Q
ρ
Ay−1Ay (α

λy−1

xy−1=0; s) +Q
ρ
Ay−1Ay (α

λy−1

xy=0; s)] + s2

=
π2(1− s)4

8
C+

ρ
Ay−1Ay

(α
λy−1

xy−1=0, α
λy−1

xy=0, α
λy−1

xy−1=0, α
λy−1

xy=0; s) +
πs(1− s)2

4
D+

ρ
Ay−1Ay

(α
λy−1

xy−1=0, α
λy−1

xy=0, α
λy−1

xy−1=0, α
λy−1

xy=0; s) + s2

=E+

ρ
Ay−1Ay

(
π2(1− s)4

8
,
πs(1− s)2

4
, s2;α

λy−1

xy−1=0, α
λy−1

xy=0, α
λy−1

xy−1=0, α
λy−1

xy=0; s)

=E+

ρ
Ay−1Ay

(
1

2
× ζ2s2

1 ;η
(y−1,y,y−1)
(0,0,0,0)

; s);

(E2)
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while if s 6 −1, then

Tr{[Ô(α
λy−1

xy−1=0; s)⊗ Ô(α
λy−1

xy=0; s)]ρAy−1Ay}

=Tr{[(2Π̂(α
λy−1

xy−1=0; s)− I)⊗ (2Π̂(α
λy−1

xy=0; s)− I)]ρAy−1Ay}

=4Tr{[Π̂(α
λy−1

xy−1=0; s)⊗ Π̂(α
λy−1

xy=0; s)]ρAy−1Ay} − 2Tr{[Π̂(α
λy−1

xy−1=0; s)⊗ I]ρAy−1Ay} − 2Tr{[I ⊗ Π̂(α
λy−1

xy=0; s)]ρAy−1Ay}+ 1

=π2(1− s)2Q
ρ
Ay−1Ay (α

λy−1

xy−1=0, α
λy−1

xy=0; s)− π(1− s)[Q
ρ
Ay−1Ay (α

λy−1

xy−1=0; s) +Q
ρ
Ay−1Ay (α

λy−1

xy=0; s)] + 1

=
π2(1− s)2

2
C+

ρ
Ay−1Ay

(α
λy−1

xy−1=0, α
λy−1

xy=0, α
λy−1

xy−1=0, α
λy−1

xy=0; s)−
π(1− s)

2
D+

ρ
Ay−1Ay

(α
λy−1

xy−1=0, α
λy−1

xy=0, α
λy−1

xy−1=0, α
λy−1

xy=0; s) + 1

=E+

ρ
Ay−1Ay

(
π2(1− s)2

2
,−

π(1− s)
2

, 1;α
λy−1

xy−1=0, α
λy−1

xy=0, α
λy−1

xy−1=0, α
λy−1

xy=0; s)

=E+

ρ
Ay−1Ay

(
1

2
× ζ2

2 ;η
(y−1,y,y−1)
(0,0,0,0)

; s).

(E3)

Now, substituting Eqs.(B4)-(B5), (B8)-(B9), (E2)-(E3) into Eq.(E1) and defining

F+(ζv1v2 , ζ
v3
v2

;η
(i,i+1,i)
(η1,η2,η3,η4)

,η
(j,j+1,j)
(η5,η6,η7,η8)

,η
(y−1,y,y−1)
(η9,η10,η11,η12)

; s)

=
1

2
y−1
2

×
∏
i∈K

E+

ρ
AiAi+1

(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

; s)×
∏
j∈K′

E+

ρ
AjAj+1

(ζv1v2 ;η
(j,j+1,j)
(η5,η6,η7,η8)

; s)× E+

ρ
Ay−1Ay

(
1

2
× ζv3v2 ;η

(y−1,y,y−1)
(η9,η10,η11,η12)

; s),

we obtain for −1 < s 6 0,

Is = F+(ζ2s2

1 , ζ2s2

1 ;η
(i,i+1,i)
(0,0,1,0)

,η
(j,j+1,j)
(0,0,0,1)

,η
(y−1,y,y−1)
(0,0,0,0)

; s); (E4)

while for s 6 −1,

Is = F+(ζ2
2 , ζ

2
2 ;η

(i,i+1,i)
(0,0,1,0)

,η
(j,j+1,j)
(0,0,0,1)

,η
(y−1,y,y−1)
(0,0,0,0)

; s). (E5)

Similarly, by Eqs.(4) and (18) in the main text,

Js =
1

2
y−1
2

〈(Mx1=0 −Mx1=1)Mx2=1 · · · (Mxy−2=0 −Mxy−2=1)Mxy−1=1Mxy=1〉

=
1

2
y−1
2

×
∏
i∈K

Tr{[(Ô(α
λi
xi=0; s)− Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=1; s)]ρAiAi+1}

×
∏
j∈K′

Tr{[Ô(α
λj

xj=1; s)⊗ (Ô(α
λj

xj+1=0; s)− Ô(α
λj

xj+1=1; s))]ρAjAj+1} × Tr{[Ô(α
λy−1

xy−1=1; s)⊗ Ô(α
λy−1

xy=1; s)]ρAy−1Ay}.

(E6)

Likewise, in Eq.(E6), y + 1 actually represents 1 due to the cyclic nature of the network.

Analogous to Eqs.(E2) and (E3), when −1 < s 6 0,

Tr{[Ô(α
λy−1

xy−1=1; s)⊗ Ô(α
λy−1

xy=1; s)]ρAy−1Ay} = E+

ρ
Ay−1Ay

(
1

2
× ζ2s2

1 ;η
(y−1,y,y−1)
(1,1,1,1)

; s); (E7)

while if s 6 −1,

Tr{[Ô(α
λy−1

xy−1=1; s)⊗ Ô(α
λy−1

xy=1; s)]ρAy−1Ay} = E+

ρ
Ay−1Ay

(
1

2
× ζ2

2 ;η
(y−1,y,y−1)
(1,1,1,1)

; s). (E8)

Substituting Eqs.(B12)-(B13), (B16)-(B17), (E7)-(E8) into Eq.(E6) and defining

F−(ζv1v2 , ζ
v3
v2

;η
(i,i+1,i)
(η1,η2,η3,η4)

,η
(j,j+1,j)
(η5,η6,η7,η8)

,η
(y−1,y,y−1)
(η9,η10,η11,η12)

; s)

=
1

2
y−1
2

×
∏
i∈K

E−
ρ
AiAi+1

(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

; s)×
∏
j∈K′

E−
ρ
AjAj+1

(ζv1v2 ;η
(j,j+1,j)
(η5,η6,η7,η8)

; s)

× E+

ρ
Ay−1Ay

(
1

2
× ζv3v2 ;η

(y−1,y,y−1)
(η9,η10,η11,η12)

; s),

we obtain for −1 < s 6 0,

Js = F−(ζ0
1 , ζ

2s2

1 ;η
(i,i+1,i)
(0,1,1,1)

,η
(j,j+1,j)
(1,0,1,1)

,η
(y−1,y,y−1)
(1,1,1,1)

; s); (E9)

while for s 6 −1,

Js = F−(ζ0
2 , ζ

2
2 ;η

(i,i+1,i)
(0,1,1,1)

,η
(j,j+1,j)
(1,0,1,1)

,η
(y−1,y,y−1)
(1,1,1,1)

; s). (E10)

Here, E±, ζ1, ζ2, η are defined as in Eqs.(26)-(29) of the main text. 2

(b) y is even.
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For cyclic network Cyc(y), if y is even, then kmax = y
2

with the index set of maximal set of independent parties K = Kmax =

{2, 4, 6, · · ·, y}. Denote by K = {1, 2, · · · , y} \ K. By Eqs.(3) and (18),

Is =
1

2
y
2

〈(Mx1=0 +Mx1=1)Mx2=0 · · · (Mxy−1=0 +Mxy−1=1)Mxy=0〉

=
1

2
y
2

Tr{[((Ô(α
λy

x1=0; s)⊗ Ô(αλ1
x1=0; s)) + (Ô(α

λy

x1=1; s)⊗ Ô(αλ1
x1=1; s)))

⊗ (Ô(αλ1
x2=0; s)⊗ Ô(αλ2

x2=0; s))⊗ · · · ⊗ ((Ô(α
λy−2

xy−1=0; s)⊗ Ô(α
λy−1

xy−1=0; s))

+ (Ô(α
λy−2

xy−1=1; s)⊗ Ô(α
λy−1

xy−1=1; s)))⊗ (Ô(α
λy−1

xy=0; s)⊗ Ô(α
λy

xy=0; s))]

(ρA1A2 ⊗ · · · ⊗ ρAy−1Ay ⊗ ρAyA1 )}

=
1

2
y
2

∏
i∈K

Tr{[(Ô(α
λi
xi=0; s) + Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=0; s)]ρAiAi+1}

×
∏
j∈K

Tr{[Ô(α
λj

xj=0; s)⊗ (Ô(α
λj

xj+1=0; s) + Ô(α
λj

xj+1=1; s))]ρAjAj+1},

(E11)

with y + 1 actually represents 1 (mod y). Substituting Eqs.(B4), (B5), (B8), (B9) into Eq.(E11) and defining

F+(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

,η
(j,j+1,j)
(η5,η6,η7,η8)

; s) =
1

2
y
2

∏
i∈K′

E+

ρ
AiAi+1

(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

; s)×
∏
j∈K

E+

ρ
AjAj+1

(ζv1v2 ;η
(j,j+1,j)
(η5,η6,η7,η8)

; s),

we obtain for −1 < s 6 0,

Is = F+(ζ2s2

1 ;η
(i,i+1,i)
(0,0,1,0)

,η
(j,j+1,j)
(0,0,0,1)

; s); (E12)

while for s 6 −1,

Is = F+(ζ2
2 ;η

(i,i+1,i)
(0,0,1,0)

,η
(j,j+1,j)
(0,0,0,1)

; s). (E13)

Similarly, by Eqs.(4) and (18),

Js =
1

2
y
2

〈(Mx1=0 −Mx1=1)Mx2=1 · · · (Mxy−1=0 −Mxy−1=1)Mxy=1〉

=
1

2
y
2

Tr{[((Ô(α
λy

x1=0; s)⊗ Ô(αλ1
x1=0; s))− (Ô(α

λy

x1=1; s)⊗ Ô(αλ1
x1=1; s)))

⊗ (Ô(αλ1
x2=1; s)⊗ Ô(αλ2

x2=1; s))⊗ · · · ⊗ ((Ô(α
λy−2

xy−1=0; s)⊗ Ô(α
λy−1

xy−1=0; s))

− (Ô(α
λy−2

xy−1=1; s)⊗ Ô(α
λy−1

xy−1=1; s)))⊗ (Ô(α
λy−1

xy=1; s)⊗ Ô(α
λy

xy=1; s))]

(ρA1A2 ⊗ · · · ⊗ ρAy−1Ay ⊗ ρAyA1 )}

=
1

2
y
2

×
∏
i∈K

Tr{[(Ô(α
λi
xi=0; s)− Ô(α

λi
xi=1; s))⊗ Ô(α

λi
xi+1=1; s)]ρAiAi+1}

×
∏
j∈K

Tr[(Ô(α
λj

xj=1; s)⊗ (Ô(α
λj

xj+1=0; s)− Ô(α
λj

xj+1=1; s)))ρAjAj+1 ]}.

(E14)

Substituting Eqs.(B12), (B13), (B16), (B17) into Eq.(E14) and defining

F−(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

,η
(j,j+1,j)
(η5,η6,η7,η8)

; s) =
1

2
y
2

∏
i∈K′

E−
ρ
AiAi+1

(ζv1v2 ;η
(i,i+1,i)
(η1,η2,η3,η4)

; s)×
∏
j∈K

E−
ρ
AjAj+1

(ζv1v2 ;η
(j,j+1,j)
(η5,η6,η7,η8)

; s),

we have for −1 < s 6 0,

Js = F−(ζ0
1 ;η

(i,i+1,i)
(0,1,1,1)

,η
(j,j+1,j)
(1,0,1,1)

; s); (E15)

while for s 6 −1,

Js = F−(ζ0
2 ;η

(i,i+1,i)
(0,1,1,1)

,η
(j,j+1,j)
(1,0,1,1)

; s). (E16)

Here, E±, ζ1, ζ2, η are defined as in Eqs.(26)-(29) of the main text. The proof is completed. 2
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