Ŕĺśĳňă ć ĘİŠŤ, šőň 94, ćżŕ. 11, ś. 900 { 903 cfl 2011 č. 10 ďěłăąř£

İŋšřőŕĺľŋżě śőőšŋőÿěŋĺ£ ŋěőŕřěďěńěŋŋőśšěľ ĺ ŕřěďěńĳŋő ďőŕşśšĺňă£ łřĺšĺůěśłă£ őÿĺąłă ć łćăŋšőćőľ łřĺŕšőčřăťĺĺ

Ś. Ŋ. Ňőńőšłőć

Ăłăďěňĺ£ łřĺŕšőčřăťĺĺ ŘŤ, 121552 Ňőśłćă, Řőśśĺ£

Ĺŋśšĺšşš ťĺğĺłĺ šćěřďőčő šěńă ŘĂŊ, 142432 Ůěřŋőčőńőćłă, Řőśśĺ£

Ťăłşńĳšěš ćżůĺśńĺšěńĳŋőľ ňăšěňăšĺłĺ ĺ łĺąěřŋěšĺłĺ, ŇČŞ ĺň. Ńőňőŋőśőćă, 119899 Ňőśłćă, Řőśśĺ£

Ŕőśšşŕĺńă ć řěďăłűĺ¿ 18 őłš£ąř£ 2011 č.

Ŕőśńě ŕěřěřăąőšłĺ 31 őłš£ąř£ 2011 č.

Őśŋőćŋżň ŕăřăňěšřőň ń¿ąőčő ŕřőšőłőńă łćăŋšőćőľ łřĺŕšőčřăťĺĺ £ćń£ěšś£ łřĺšĺůěśłă£ őÿĺąłă Qc, ďő łőšőřőľ čăřăŋšĺřşěšś£ śěłřěšŋőě řăśŕřěďěńěŋĺě łń¿ůěľ. Łřĺšĺůěśłă£ őÿĺąłă ćśěţ ĺğćěśšŋżţ ŕřőšőłőńőć łćăŋšőćőčő řăśŕřěďěńěŋĺ£ łń¿ůěľ ŋě ŕřěćżÿăěš 20%. Űěńĳ ďăŋŋőľ řăąőšż { ŕřěďž£ćĺšĳ ŕřőšőłőń, ć łőšőřőň śěłřěšŋőě řăśŕřěďěńěŋĺě łń¿ůěľ ćőğňőęŋő ćŕńőšĳ ďő Qc ! 50%, ă šăłęě ŕřĺćěśšĺ ŕřőśšőě ďőłăğăšěńĳśšćő śěłřěšŋőśšĺ ŕřőšőłőńă, őśŋőćăŋŋőě ŋă ťşŋďăňěŋšăńĳŋżţ ¡ŋšřőŕĺľŋżţ śőőšŋőÿěŋĺ£ţ ŋěőŕřěďěńěŋŋőśšěľ. Ďăŋŋă£ ćěńĺůĺŋă łřĺšĺůěśłőľ őÿĺąłĺ £ćń£ěšś£ šěőřěšĺůěśłĺň, ŋő ďőśšĺęĺňżň ŕřěďěńőň, łőšőřżľ ŋě ňőęěš ążšĳ şńşůÿěŋ.

Ććěďěŋĺě. Ŕřěďěńĳŋă£ ďőŕşśšĺňă£ őÿĺąłă ďń£

łńăśśĺůěśłőčő ąĺŋăřŋőčő łăŋăńă ść£ğĺ, ďő łőšőřőľ ňőęŋő ąěğőÿĺąőůŋő ŕěřěďăćăšĳ ĺŋťőřňăűĺ¿ ć ăśĺňŕšőšĺůěśłőň ŕřěďěńě ďńĺŋŋżţ ŕőśńěďőćăšěńĳŋőśšěľ, ěśšĳ Q → 50% [1, 2]. Ŕřěďěńĳŋőě łőńĺůěśšćő ĺŋťőřňăűĺĺ ć ąĺšăţ ć ŕěřěśůěšě ŋă őďŋş ŕőğĺűĺ¿, łőšőřőě ňőęěš ążšĳ ŕěřěďăŋő ůěřěğ łăŋăń ś ÿşňőň, őčřăŋĺůěŋő ŕřőŕşśłŋőľ śŕőśőąŋőśšĳ¿ łăŋăńă ść£ğĺ [1, 2]: C(Q) = max_{{p✓ (x)}} I(X|Y ) = = max {p✓ (x)} [H(X) − H(X|Y )] = 1 − h(Q), (1) čďě h(Q) = −Q log Q − (1 − Q) log(1 − Q), ňăłśĺňşň ąěřěšś£ ŕő řăśŕřěďěńěŋĺ£ň ćěřő£šŋőśšĺ ŋă śĺňćőńăţ ćţőďŋőčő ăńťăćĺšă X = {0, 1}, ćżţőďŋőľ ăńťăćĺš Y = {0, 1}. Ňăłśĺňşň ć (1) ďőśšĺčăěšś£ ŋă řăćŋőňěřŋőň řăśŕřěďěńěŋĺĺ. Ŕřĺ ¡šőň H(X) = 1. Şśńőćŋă£ ¡ŋšřőŕĺ£ H(X|Y ) = h(Q) ěśšĳ ňĺŋĺňăńĳŋőě łőńĺůěśšćő ĺŋťőřňăűĺĺ ć ąĺšăţ, ŋěőąţőďĺňőě ďń£ ĺśŕřăćńěŋĺ£ őÿĺąőł. Ŕřĺ Q → 50% ŕřőŕşśłŋă£ śŕőśőąŋőśšĳ C(Q) → 0. İšő őğŋăůăěš, ůšő ćś£ ŕěřěďăŋŋă£ ŕőśńěďőćăšěńĳŋőśšĳ řăśţőďşěšś£ ŋă ĺśŕřăćńěŋĺě őÿĺąőł.

Ć łćăŋšőćőľ łřĺŕšőčřăťĺĺ ŕőśńě ŕěřěďăůĺ łćăŋšőćżţ śőśšő£ŋĺľ ĺ ĺğňěřěŋĺľ ŋă ŕřĺěňŋőľ śšőřőŋě Ăńĺśă ĺ Ąőą ĺňě¿š ąĺšőćżě ŕőśńěďőćăšěńĳŋőśšĺ X^n = {0, 1}^n ĺ Y^n = {0, 1}^n. Ŕőśńěďőćăšěńĳŋőśšĳ Ąőąă śőďěřęĺš őÿĺąłĺ ś ćěřő£šŋőśšĳ¿ Q. Ďń£ ĺţ ĺśŕřăćńěŋĺ£ ĺśŕőńĳğşěšś£ őšłřżšżľ ăşšěŋšĺůŋżľ łńăśśĺůěśłĺľ łăŋăń ść£ğĺ, ůěřěğ łőšőřżľ ďń£ ĺśŕřăćńěŋĺ£ őÿĺąőł šřěąşěšś£ ŕěřěďăšĳ h(Q) ąĺš ĺŋťőřňăűĺĺ. Ďăŋŋă£ ĺŋťőřňăűĺ£ ďőśšşŕŋă ŕőďśńşÿĺćăšěń¿ (Ěćě). Łřőňě šőčő, Ěćă ĺňěěš ĺŋťőřňăűĺ¿ ő łń¿ůě, łőšőřş¿ őŋă ŕőńşůĺńă ĺğ łćăŋšőćőčő łăŋăńă ść£ğĺ ŕřĺ ŕěřěďăůě łćăŋšőćżţ śőśšő£ŋĺľ őš Ăńĺśż ł Ąőąş. Ŕőśłőńĳłş ŕřĺ Q → 50% ćś£ ŕőśńěďőćăšěńĳŋőśšĳ šřăšĺšś£ ŋă ĺśŕřăćńěŋĺě őÿĺąőł, ŕřĺ ¡šőň ğăćěďőňő ŋěńĳğ£ ŕőńşůĺšĳ śěłřěšŋżľ łń¿ů. Ŋă ŕěřćżľ ćğčń£ď łăęěšś£ őůěćĺďŋżň, ůšő ŋě ňőęěš śşźěśšćőćăšĳ ŕřőšőłőńőć łćăŋšőćőčő řăśŕřěďěńěŋĺ£ łń¿ůěľ, łőšőřżě čăřăŋšĺřőćăńĺ ąż śěłřěšŋş¿ ŕěřěďăůş łń¿ůěľ ŕřĺ Q → 50%. Őďŋăłő ¡šő ŋě šăł. Ŋĺęě ąşďěš ŕřĺćěďěŋ šăłőľ ŕřőšőłőń ś ŕřőśšżň ďőłăğăšěńĳśšćőň ěčő śěłřěšŋőśšĺ ŋă őśŋőćě ťşŋďăňěŋšăńĳŋżţ ¡ŋšřőŕĺľŋżţ śőőšŋőÿěŋĺľ ŋěőŕřěďěńěŋŋőśšěľ, ă šăłęě ŕřőćěďěŋő śřăćŋěŋĺě ś ąăğőćżň ŕřőšőłőńőň BB84 [3] ĺ ćż£ćńěŋă ŕřĺůĺŋă ďőśšĺęěŋĺ£ łřĺšĺůěśłőľ őÿĺąłĺ Q_c → 50%.

İŋšřőŕĺľŋżě śőőšŋőÿěŋĺ£ ŋěőŕřěďěńěŋŋőśšěľ. Śőőšŋőÿěŋĺ£ ŋěőŕřěďěńěŋŋőśšěľ ďń£

łăŋőŋĺůěśłĺ śőŕř£ęěŋŋżţ x ĺ p ążńĺ ććěďěŋż Čěľğěŋąěřčőň [4], ă ďń£ ŕřőĺğćőńĳŋżţ ŋăąń¿ďăěňżţ R ĺ L { Řőąěřšśőŋőň [5]. Ŕőśńěďŋĺě ĺňě¿š ćĺď (´R)_{|ψ⟩}(´L)_{|ψ⟩} ≥ 1 2 |⟨ψ|[RL − LR]|ψ⟩|, (2) čďě |ψ⟩ { ćěłšőř śőśšő£ŋĺ£ łćăŋšőćőľ śĺśšěňż, (´R)^2_{|ψ⟩} = ⟨ψ|R^2|ψ⟩ − (⟨ψ|R|ψ⟩)^2, ăŋăńőčĺůŋő ďń£ (´L)^2_{|ψ⟩}. İřňĺšőćż őŕěřăšőřż R ĺ L ĺňě¿š śŕěłšřăńĳŋżě řăğńőęěŋĺ£ R = P_i r_i|r_i⟩⟨r_i| ĺ L =

= P_{j lj |lj ⟩⟨lj |. Ŋă ŕřőśšřăŋśšćě ĺśţőďőć, ŋşňěřşě-}

ňżţ i ĺ j, ĺğňěřěŋĺě ŋăąń¿ďăěňżţ ŕőřőęďăěš řăśŕřěďěńěŋĺě ćěřő£šŋőśšěľ p_R(i) = |⟨r_i|ψ⟩|^2 ĺ p_L(j) = |⟨l_j |ψ⟩|^2. Śőőšŋőÿěŋĺ£ ć ťőřňě (2) ŋěőďŋőłřăšŋő ŕőď-

900 Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011 ćěřčăńĺśĳ łřĺšĺłě, š.ł. ŕřăćă£ ůăśšĳ ğďěśĳ ğăćĺśĺš őš śőśšő£ŋĺ£ łćăŋšőćőľ śĺśšěňż |ψ⟩ ĺ ŕő¡šőňş ŋě £ćń£ěšś£ ŋĺęŋěľ čřăŋĺűěľ. Ěśńĺ ć łăůěśšćě |ψ⟩ ćğ£šĳ őďĺŋ ĺğ śőąśšćěŋŋżţ ćěłšőřőć R, šő ŕřăćă£ ůăśšĳ (2) ąşďěš řăćŋă ŋşń¿. Ążńő ŕőłăğăŋő, ůšő ąőńěě ěśšěśšćěŋŋżňĺ £ćń£¿šś£ ¡ŋšřőŕĺľŋżě śőőšŋőÿěŋĺ£ ŋěőŕřěďěńěŋŋőśšěľ [6{9].

Ďăńěě ŋăň ŕőšřěąş¿šś£ ¡ŋšřőŕĺľŋżě śőőšŋőÿěŋĺ£ ďń£ šřěţśőśšăćŋżţ śĺśšěň (tri-partite). Śőőšŋőÿěŋĺ£ ŋěőŕřěďěńěŋŋőśšěľ ďń£ šăłĺţ śĺśšěň ążńĺ ŕőńşůěŋż ć [10] (śň. šăłęě [11]). Ŕşśšĳ ĺňěěšś£ śőśšő- £ŋĺě |ψ⟩_{ABE} ∈ H_A ⊗ H_B ⊗ H_E ĺ ŕşśšĳ ŋăď ŕőďśĺśšěňőľ A ŕřőćőďĺšś£ ĺğňěřěŋĺě ŋăąń¿ďăěňőľ, ńĺąő R_A, ńĺąő L_A (ďăńěě ďń£ łřăšłőśšĺ ĺğňěřěŋĺě ńĺąő ć ąăğĺśě {|r_i⟩_A}, ńĺąő ć ąăğĺśě {|l_j ⟩_A}). Ŕőśńě ĺğňěřěŋĺ£ śőśšăćŋă£ śĺśšěňă ŕěřěţőďĺš ć őďŋő ĺğ ŋőćżţ śőśšő- £ŋĺľ: ρ_{R⊐BE} = X i |r_i⟩_{AA}⟨r_i| ⊗_A⟨r_i|ψ⟩_{ABE ABE} ⟨ψ|r_i⟩_A, ρ_{L⊐BE} = X j |l_i⟩_{AA}⟨l_j | ⊗_A⟨l_j |ψ⟩_{ABE ABE} ⟨ψ|l_j ⟩_A. (3) Ĺňě¿š ňěśšő ¡ŋšřőŕĺľŋżě śőőšŋőÿěŋĺ£ ŋěőŕřěďěńěŋŋőśšěľ [10, 11]: H(R_A|E) + H(L_A|B) ≥ 2 log 1 c , c = max_{i,j} |_A⟨r_i|l_j ⟩_A|, (4) čďě H(R_A|E) = H(R_AE) − H(E), H(L_A|B) = = H(L_AB) − H(B) { şśńőćŋżě ¡ŋšřőŕĺĺ ťőŋ Ŋěľňăŋă, ŋăŕřĺňěř H(R_AE) = −Tr_{AE} {ρ_{R⊐E} log ρ_{R⊐E} }, ρ_{R⊐E} = Tr_B {ρ_{R⊐BE} } (ăŋăńőčĺůŋő ďń£ ďřşčĺţ ůăśšĺůŋżţ ňăšřĺű ŕńőšŋőśšĺ).

Ďăńěě, ěśńĺ ŋăď śőśšő£ŋĺ£ňĺ (3) ŋăď ŕőďśĺśšěňőľ B ŕřőćőďĺšś£ ĺğňěřěŋĺě őďŋőľ ĺğ ŋăąń¿ďăěňżţ (L_B ńĺąő R_B ), šő śőőšŋőÿěŋĺě ŋěőŕřěďěńěŋŋőśšěľ ŕřĺŋĺňăěš ćĺď (ďěšăńĺ śň. ć [12])

H(R_A|E) + H(L_A|L_B ) ≥ 2 log 1 c , (5)

čďě ňăšřĺűż ŕńőšŋőśšĺ ŕőśńě ĺğňěřěŋĺ£ ć ąăğĺśě {|l_k⟩_B } ĺńĺ ć ąăğĺśě {|r_k⟩_B } ρ_{L⊐L▷E} = X i,k |l_i⟩_{AA}⟨l_i| ⊗ ⊗|l_k⟩_{B B} ⟨l_k|⊗_A⟨l_i|⊗_B ⟨l_k|ψ⟩_{ABE ABE} ⟨ψ|l_k⟩_B ⊗|l_i⟩_A, (6) ρ_{R⊐R▷E} = X i,k |r_i⟩_{AA}⟨r_i| ⊗ ⊗|r_k ⟩_{B B} ⟨r_k |⊗_A⟨r_i|⊗_B ⟨r_k|ψ⟩_{ABE ABE} ⟨ψ|r_k⟩_B ⊗|r_i⟩_A.(7) Őśŋőćŋőľ řěğşńĳšăš. Ć ŕřőšőłőńě łćăŋšőćőčő

řăśŕřěďěńěŋĺ£ łń¿ůěľ ś ťăğőćő-ćřěňěŋŋ«żň łőďĺřőćăŋĺěň ąĺšż 0 ĺ 1 łőďĺřş¿šś£ łăł ć őšŋőśĺšěńĳŋş¿ ťăğş, šăł ĺ ćő ćřěňěŋŋ«żě śďćĺčĺ łćăŋšőćżţ śőśšő£- ŋĺľ. Ŕřőšőłőń ćżčń£ďĺš śńěďş¿źĺň őąřăğőň (ďěšăńĺ řěăńĺğăűĺĺ śň. ć [13]). Ďń£ šőčő ůšőąż ŋăŕř£ňş¿ ćőśŕőńĳğőćăšĳś£ ¡ŋšřőŕĺľŋżňĺ śőőšŋőÿěŋĺ£ňĺ ŋěőŕřěďěńěŋŋőśšěľ (5), ŕřĺ ďőłăğăšěńĳśšćě śěłřěšŋőśšĺ ąşďěň ĺśŕőńĳğőćăšĳ ćěřśĺ¿ ŕřőšőłőńă ŋă ğăŕşšăŋŋżţ śőśšő£ŋĺ£ţ (entangled version). Ăńĺśă čőšőćĺš śńşůăľŋő ĺ řăćŋőćěřő£šŋő őďŋő ĺğ ňăłśĺňăńĳŋő ğăŕşšăŋŋżţ śőśšő£ŋĺľ ć ŕřăćőň (R_A) ĺńĺ ć ńěćőň (L_A) ąăğĺśăţ:

|˘_R⟩_{AB} =

|0^+_R⟩_A ⊗ |0^+_R⟩_B + |0^+_R⟩_A ⊗ |0^+_R⟩_B √ 2 = = |0^×_R⟩_A ⊗ |0^×_R⟩_B + |0^×_R⟩_A ⊗ |0^×_R⟩_B √ 2 , (8)

|˘_L⟩_{AB} =

|0^+_L ⟩_A ⊗ |0^+_L ⟩_B + |0^+_L ⟩_A ⊗ |0^+_L ⟩_B √ 2 = = |0^×_L ⟩_A ⊗ |0^×_L ⟩_B + |0^×_L ⟩_A ⊗ |0^×_L ⟩_B √ 2 . (9)

Ğďěśĳ

|0, 1^+_R⟩_{A,B} = |1⟩_{A,B} ± |2⟩_{A,B} √ 2 , |0, 1^×_R ⟩_{A,B} = |1⟩_{A,B} ± i|2⟩_{A,B} √ 2 , (10)

|0, 1^+_L ⟩_{A,B} = |2⟩_{A,B} ± |3⟩_{A,B} √ 2 , |0, 1^×_L ⟩_{A,B} = |2⟩_{A,B} ± i|3⟩_{A,B} √ 2 , (11)

čďě |1⟩_{A,B} , |2⟩_{A,B}, |3⟩_{A,B} { őďŋőťőšőŋŋżě śőśšő£ŋĺ£ (ŕăłěšż), ńőłăńĺğőćăŋŋżě ćő ćřěňěŋŋ«żţ őłŋăţ 1, 2, 3 śőőšćěšśšćěŋŋő. Ŕőśńě ćšőřęěŋĺ£ Ěćż śőśšő£ŋĺ£ (8), (9) ŕěřěţőď£š ć ŋěłőšőřżě ŋőćżě śőśšő£ŋĺ£ |ψ⟩_{ABE} , łőšőřżě ğăćĺś£š őš ĺśţőďŋżţ. Ŕőśłőńĳłş śőőšŋőÿěŋĺ£ ŋěőŕřěďěńěŋŋőśšěľ (5) śŕřăćěďńĺćż ďń£ ń¿ąőčő śőśšő£ŋĺ£, ĺŋďěłśż R, L ş śőśšő£ŋĺ£ |ψ⟩_{ABE} ňż őŕşśłăěň.

Ďń£ ŕőńşůěŋĺ£ ąĺšă łń¿ůă 0 ĺńĺ 1 Ăńĺśă śńşůăľŋő ĺ řăćŋőćěřő£šŋő ŕřőĺğćőďĺš ĺğňěřěŋĺ£ ŋăď śćőěľ ŕőďśĺśšěňőľ ć ąăğĺśě śőąśšćěŋŋżţ ćěłšőřőć őŕěřăšőřă R^+_A : {|0^+_R⟩_A, |1^+_R⟩_A} ĺńĺ R^×_A : {|0^×_R⟩_A, |1^×_R⟩_A}, ěśńĺ ążńő ŕřĺčőšőćńěŋő śőśšő£ŋĺě (8). Ěśńĺ ęě ążńő ŕřĺčőšőćńěŋő śőśšő£ŋĺě (9) ć ąăğĺśě L_B , šő Ăńĺśă ŕřőĺğćőďĺš ĺğňěřěŋĺ£ ŋăď śćőěľ ŕőďśĺśšěňőľ ć ąăğĺśě śőąśšćěŋŋżţ ćěłšőřőć őŕěřăšőřă L^+_A : {|0^+_L ⟩_A, |1^+_L ⟩_A} ĺńĺ L^×_A : {|0^×_L ⟩_A, |1^×_L ⟩_A}. Ůěřěğ őšłřżšżľ ăşšěŋšĺůŋżľ łăŋăń ść£ğĺ Ăńĺśă śőőąźăěš Ąőąş ćżąőř śćőěčő ąăğĺśă. Ąőą ŕřőĺğćőďĺš ĺğňěřěŋĺ£ ć šőň ęě ąăğĺśě, ůšő ĺ Ăńĺśă: ďń£ R_B ¡šő R^+_B : {|0^+_R⟩_B , |1^+_R⟩_B , |3⟩_B}

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011

902 Ś. Ŋ. Ňőńőšłőć

ĺńĺ R^×_B : {|0^×_R⟩_B , |1^×_R⟩_B , |3⟩_B }, ă ďń£ L_B { L^+_B : {|1⟩_B, |0^+_L ⟩_B , |1^+_L ⟩_B } ĺńĺ L^×_B : {|1⟩_B , |0^×_L ⟩_B , |1^×_L ⟩_B }. Ć őšśşšśšćĺě Ěćż ĺňěěš ňěśšő ŕőńŋă£ łőřřěń£űĺ£ ĺśţőďőć ĺğňěřěŋĺľ ş Ăńĺśż ĺ Ąőąă. Ŕőśłőńĳłş Ěćă ŋě ňőęěš ďőśšőćěřŋő řăğńĺůăšĳ śőśšő£ŋĺ£ ĺğ ąăğĺśőć L_B ĺ R_B ĺğ-ğă ŕěřěłřżšĺ£ ćő ćřěňěŋŋ«őň őłŋě 2, ŋěĺğąěęŋő ćőğŋĺłŋşš őÿĺąőůŋżě őšśůěšż ć łőŋšřőńĳŋżţ ćřěňěŋŋ«żţ őłŋăţ 1 ĺńĺ 3. Ŕřĺ ŋăńĺůĺĺ Ěćż ŕřőśšřăŋśšćő ĺśţőďőć ĺğňěřěŋĺľ ş Ąőąă ďőńęŋő ążšĳ ďőŕőńŋěŋő śőążšĺ£ňĺ ćő ćřěňěŋŋ«żţ őłŋăţ 1 ĺ 3, śőőšćěšśšćěŋŋő, ďń£ ąăğĺśőć L_{A,B} ĺ R_{A,B} ş Ăńĺśż ĺ Ąőąă.

Ďńĺŋă śěłřěšŋőčő łń¿ůă ć ăśĺňŕšőšĺůěśłőň ŕřěďěńě ďńĺŋŋżţ ŕőśńěďőćăšěńĳŋőśšěľ śőśšăćń£ěš (śň. ďěšăńĺ ć [12])

l_{secr} ≤ H(R_A|E) − H(R_A|R_B ) (12)

(ĺŋďěłśż \+", \×" ňż őŕşśłăěň). Ťőřňşńă (12) şůĺšżćăěš łăł łőřřěłűĺ¿ őÿĺąőł, šăł ĺ śęăšĺě łń¿- ůă şŋĺćěřśăńĳŋżňĺ ţ¡ÿ-ťşŋłűĺ£ňĺ ćšőřőčő ŕőř£ďłă [12, 14].

Ŕőśłőńĳłş ĺğňěřěŋĺ£ ŕřőćőď£šś£ ć őřšőčőŋăńĳŋőň ąăğĺśě, ś şůěšőň śĺňňěšřĺĺ ŕő őšŋőÿěŋĺ¿ ł ąăğĺśăň R ĺ L ĺňěěň H(R^{+×}_A |E) = H(L^{+×}_A |E) = = H(X_A|E), čďě X_A = {0, 1} ĺ H(R^{+×}_A |R^{+×}_B ) = = H(L^{+×}_A |L^{+×}_B ) = H(X_A|Y_B ), čďě Y_B = {0, 1, ?}. Ĺśţőď \?" śőőšćěšśšćşěš őšśůěšăň ć łőŋšřőńĳŋżţ ćřěňěŋŋ«żţ őłŋăţ 1 ĺ 3.

Ďń£ ćżůĺśńěŋĺ£ şśńőćŋőľ ¡ŋšřőŕĺĺ ŋěőąţőďĺňő ćżůĺśńĺšĳ şśńőćŋżě ćěřő£šŋőśšĺ p_{X|Y} (x|y). Ŋăŕřĺňěř, ďń£ ąăğĺśă R ĺňěěň p_{X|Y} (x|y) = = Tr_E {_A⟨x| ⊗_B ⟨y|ψ_R⟩_{ABE ABE} ⟨ψ_R|y⟩_B ⊗ |x⟩_A}, (13) čďě |x⟩_A = {|0^{+×}_R ⟩_A, |1^{+×}_R ⟩_A} → {0, 1} ĺ |y⟩_B = = {|0^{+×}_R ⟩_B , |1^{+×}_R ⟩_B , |3⟩_B } → {0, 1, ?}.

Ś şůěšőň śĺňňěšřĺĺ ňěęďş 0 ĺ 1, ă šăłęě śĺňňěšřĺĺ ňěęďş ąăğĺśăňĺ ŕőśńě ĺğňěřěŋĺľ ňőęŋő őŕşśšĺšĳ ĺŋďěłśż \×", \+". Ĺśŕőńĳğş£ ¡ŋšřőŕĺľŋżě śőőšŋőÿěŋĺ£ ŋěőŕřěďěńěŋŋőśšěľ (8), ďń£ ďńĺŋż śěłřěšŋőčő łń¿ůă ŋăţőďĺň

H(X_A|E) ≥ 2 log 1 c − H(X_A|Y_B ), l_{secr} ≈ 2 log 1 c − 2H(X_A|Y_B ). (14)

Śĺšşăűĺ£ ňěęďş Ăńĺśőľ ĺ Ąőąőň šěŕěřĳ őŕĺśżćăěšś£ śĺňňěšřĺůŋżň łńăśśĺůěśłĺň łăŋăńőň ść£ğĺ ś ďćşň£ śőśšő£ŋĺ£ňĺ ŋă ćţőďě ĺ šřěň£ ŋă ćżţőďě (řĺś. 1). Ś şůěšőň śĺňňěšřĺĺ ĺ şśńőćĺľ ŋőřňĺřőćłĺ şśńőćŋżţ

Řĺś. 1. (a) { Śţěňăšĺůěśłőě ĺğőąřăęěŋĺě łńăśśĺůěśłőčő łăŋăńă ść£ğĺ Ăńĺśă{Ąőą. (b) { Ĺŋťőřňăűĺőŋŋżě śőśšő- £ŋĺ£ ć ąăğĺśăţ R ĺ L

ćěřő£šŋőśšěľ ŕăřăňěšřĺğăűĺ£ őśşźěśšćń£ěšś£ őďŋőğŋăůŋő. Ěě şďőąŋő ćżąřăšĳ ć śńěďş¿źěň ćĺďě:

p_{X|Y} (0|0) = p_{X|Y} (1|1) = (1 − δ)(1 − Q),

p_{X|Y} (0|1) = p_{X|Y} (1|0) = (1 − δ)Q, p_{X|Y} (0|?) = p_{X|Y} (1|?) = δ. (15)

Őśšăńőśĳ ćżůĺśńĺšĳ łőŋśšăŋšş c ć (4): c = = |_A⟨0^{+×}_L |0^{+×}_R ⟩_A| = |_A⟨0^{+×}_L |1^{+×}_R ⟩_A| = |_A⟨1^{+×}_L |1^{+×}_R ⟩_A| = = 1/2. Őłőŋůăšěńĳŋő ďń£ ďńĺŋż śěłřěšŋőčő łń¿ůă ĺňěěň^{1)}

l_{secr} ≈ 2 [1 − H(X_A|Y_B )] = 2 [1 − (1 − δ)h(Q) − h(δ)] . (16) Ć ŕřőšőłőńě łćăŋšőćőčő řăśŕřěďěńěŋĺ£ łń¿ůěľ ś ťăğőćő-ćřěňěŋŋ«żň łőďĺřőćăŋĺěň łřĺšĺůěśłă£ őÿĺąłă, ďő łőšőřőľ čăřăŋšĺřşěšś£ śěłřěšŋőě řăśŕřěďěńěŋĺě łń¿ůěľ, ğăćĺśĺš őš ďćşţ ŕăřăňěšřőć, δ ĺ Q. Śňżśń ¡šĺţ ŕăřăňěšřőć ťĺğĺůěśłĺ ŕřőğřăůěŋ. Ćěńĺůĺŋă 1 − δ řăćŋă ďőńě őšśůěšőć ć ĺŋťőřňăűĺőŋŋżţ ćřěňěŋŋ«żţ őłŋăţ (ŋăŕőňŋĺň, ůšő ĺŋťőřňăűĺőŋŋżě śőśšő£ŋĺ£ £ćń£¿šś£ śşŕěřŕőğĺűĺěľ śőśšő£ŋĺľ ćő ćřěňěŋŋ«żţ őłŋăţ 1 ĺ 2 ć ąăğĺśě R ĺ 2 ĺ 3 ć ąăğĺśě L). Śőőšćěšśšćěŋŋő, δ { ďőń£ őšśůěšőć ć łőŋšřőńĳŋżţ ćřěňěŋŋ«żţ őłŋăţ 3 ć ąăğĺśě R ĺ 1 ć ąăğĺśě L (řĺś. 1). Ć ĺŋťőřňăűĺőŋŋżţ őłŋăţ ďőń£ őšśůěšőć 1−Q £ćń£ěšś£ ŕřăćĺńĳŋőľ, ă Q { őÿĺąőůŋőľ.

Őąă ŕăřăňěšřă ŋăţőď£šś£ ć řşłăţ ŕőďśńşÿĺćăšěń£. Őďŋăłő Ăńĺśă ĺ Ąőą ŕěřěď ŕěřěďăůěľ łń¿ůěľ ňőčşš ďěłńăřĺřőćăšĳ, ůšő ŕřőšőłőń ąşďěš ŕřěřćăŋ, ěśńĺ ćěńĺůĺŋă δ ŕřěćżśĺš łřĺšĺůěśłőě ğŋăůěŋĺě, δ > δ_c ≈ ≈ 0. Ć řěğşńĳšăšě ş Ěćż ŋě őśšăěšś£ ďřşčĺţ ćőğňőę-

1)Őšňěšĺň, ůšő ć [13] ďń£ ďńĺŋż łń¿ůă ążńő ŕőńşůěŋő ćżřăęěŋĺě lsecr ≈ 1 − h(Q) − h(η), η = δ/(1 − δ), š.ł. ĺśŕőńĳğőćăńăśĳ ŕőśšśěńěłűĺ£ őšśůěšőć ć łőŋšřőńĳŋżţ ćřěňěŋŋ«żţ őłŋăţ ĺ ćěńĺůĺŋă őÿĺąłĺ ŕěřěśůĺšżćăńăśĳ ŋă ĺŋťőřňăűĺőŋŋżě ćřěňěŋŋ«żě őłŋă. Ŕřěďěńĳŋă£ ćěńĺůĺŋă őÿĺąłĺ ŕřĺ δ → 0 šăłęě řăćŋă Qc → 50%, ă łřĺšĺůěśłőě ğŋăůěŋĺě śőśšăćń£ěš δc = 1/3 (ćňěśšő δc = 1/2 ć ďăŋŋőň ŕřőšőłőńě). Ğďěśĳ ęě őčřăŋĺůěŋĺě ŋă ćěńĺůĺŋş δ ≤ 1/2 ćőğŋĺłăěš ĺğ şśńőćĺ£ şŋĺšăřŋőľ řěăńĺğşěňőśšĺ ăšăłĺ Ěćż, (I_A ⊗ U_{BE} )|˘_{R,L}⟩_{AB} → |¯_{R,L}⟩_{ABE} .

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011

Řĺś. 2. Ğăćĺśĺňőśšĺ ďńĺŋż śěłřěšŋőčő łń¿ůă őš ŕăřăňěšřőć ŕřőšőłőńă Q ĺ δ

ŋőśšěľ, łřőňě łăł řěčşńĺřőćăšĳ őÿĺąłş Q, łőšőřă£ ć ¡šőň śńşůăě ňőęěš ďőśšĺčăšĳ Q_c → 50%. İšő ść£- ğăŋő ś šěň, ůšő Ěćă ŋě ňőęěš őšńĺůĺšĳ ďőśšőćěřŋő śőśšő£ŋĺ£ ć ąăğĺśăţ R ĺ L, ůšő ŋěĺğąěęŋő ąşďěš ŕřĺćőďĺšĳ ł őšśůěšăň ś ćěřő£šŋőśšĳ¿ δ ć łőŋšřőńĳŋżţ ćřěňěŋŋ«żţ őłŋăţ, łőšőřżţ ŋě ďőńęŋő ążšĳ ŕřĺ śőćŕăďă¿źĺţ ş Ăńĺśż ĺ Ąőąă ąăğĺśăţ.

Śřăćŋěŋĺě ś ŕřőšőłőńőň BB84. Śřăćŋĺň łřĺ-

šĺůěśłş¿ őÿĺąłş ďń£ ŕřőšőłőńă ś ťăğőćő-ćřěňěŋŋ«żň łőďĺřőćăŋĺěň ś łřĺšĺůěśłőľ őÿĺąłőľ ďń£ ŕřőšőłőńă BB84. Ć ŕřőšőłőńě BB84 ĺśŕőńĳğşěšś£ šőńĳłő őďĺŋ ĺğ ąăğĺśőć, R^{+,×} ĺńĺ L^{+,×}, |0^+⟩_A = = (|1⟩_A + |2⟩_A)/ √ 2, |1^+⟩_A = (|1⟩_A − |2⟩_A)/ √ 2 ĺ |0^×⟩_A = (|1⟩_A + i|2⟩_A)/ √ 2, |1^×⟩_A = (|1⟩_A − i|2⟩_A)/ √ 2. Ćěńĺůĺŋă ŕěřěłřżšĺ£ śőśšő£ŋĺľ \+" ĺ \×" ĺğ řăğŋżţ ąăğĺśőć ć ¡šőň śńşůăě řăćŋă c = |_A⟨0^+|0^×⟩_A| = = |_A⟨0^+|1^×⟩_A| = |_A⟨1^+|1^×⟩_A| = 1/ √ 2. Śőčńăśŋő (14) ŕőńşůăěň

H(X_A|E) ≥ 2 log 1 c − H(X_A|Y_B ), l_{secr} ≈ 2 log 1 c − 2H(X_A|Y_B ) = 1 − 2h(Q), (17)

ůšő ŕřĺćőďĺš ł ğŋăňěŋĺšőľ łřĺšĺůěśłőľ őÿĺąłě Q_c ≈ 11% (1 = 2h(Q_c)) [12, 16, 17] (ć řăąőšě [18] łřĺšĺůěśłă£ őÿĺąłă ğă śůěš ňőďĺťĺłăűĺĺ ŕřőšőłőńă şćěńĺůěŋă ďő ≈ 20%).

Ğăłń¿ůěŋĺě. Šăłĺň őąřăğőň, ŕřőšőłőń ś

ťăğőćő-ćřěňěŋŋ«żň łőďĺřőćăŋĺěň ŕőğćőń£ěš \ďőš£ŋşšĳś£" ŕő łřĺšĺůěśłőľ őÿĺąłě ďő ćěńĺůĺŋż Q_c → 50%, ďő łőšőřőľ čăřăŋšĺřşěšś£ śěłřěšŋőě řăśŕřěďěńěŋĺě łń¿ůěľ. Ćěńĺůĺŋă Q_c → 50% śşźěśšćěŋŋő ŕřěćżÿăěš ďőŕşśšĺňş¿ őÿĺąłş ďń£ ćśěţ ĺğćěśšŋżţ ŕřőšőłőńőć ĺ £ćń£ěšś£ šěőřěšĺůěśłĺň ŕřěďěńőň.

Ćżřăęă¿ ąńăčőďăřŋőśšĳ łőńńěčăň ŕő Ăłăďěňĺĺ łřĺŕšőčřăťĺĺ Řőśśĺľśłőľ Ťěďěřăűĺĺ ğă ŕőśšő£ŋŋş¿ ŕőďďěřęłş. Řăąőšă ůăśšĺůŋő ŕőďďěřęăŋă ŕřőěłšőň ŘŤŤĹ # 11-02-00455.

1. C. E. Shannon, Bell Syst. Tech. Jour. 27, 397 (1948);

27, 623 (1948).

2. R. G. Gallager, Information Theory and Reliable Communication, Wiley, N.Y., 1968.

3. C. H. Bennett and G. Brassard, Proc. of IEEE Int. Conf.

on Comput. Sys. and Sign. Proces., Bangalore, India 175 (1984).

4. W. Heisenberg, Zeit. f-ur Phys. 43, 172 (1927). 5. H. P. Robertson, Phys. Rev. 34, 163 (1929). 6. D. Deutsch, Phys. Rev. Lett. 50, 631 (1983). 7. K. Kraus, Phys. Rev. D 35, 3070 (1987). 8. H. Maassen and J. B. M. U‹nk, Phys. Rev. Lett. 60, 1103 (1988).

9. J. M. Renes and J.-C. Boileau, Phys. Rev. Lett., 103, 020402-1 (2009).

10. M. Berta, M. Chritlandl, R. Colbeck et al., arXiv/quantph: 0909.0950.

11. M. Tomamichel and R. Renner, arXiv/quant-ph:

1009.2015.

12. R. Renner, arXiv/quant-ph: 0512258.

13. Ś. Ŋ. Ňőńőšłőć, ĘİŠŤ 133, 5 (2008); Ď. Ă. Łřőŋąěřč, Ś. Ŋ. Ňőńőšłőć, ĘİŠŤ 136, 650 (2009).

14. C. H. Bennett, G. Brassard, C. Crepeau, and U. Maurer, IEEE Transaction on Information Theory 41, 1915 (1995).

15. D. Mayers, Advances in Cryptology – CRYPTO LNCS, Springer, 1109, 343 (1996).

16. P. W. Shor and J. Preskill, Phys. Rev. Lett. 85, 441 (2000).

17. M. Koashi, J. Phys. (Conf. Ser.) 36, 645 (2007). 18. D. Gottesman and H.-K. Lo, arXiv/quant-ph: 0105121.

Ŕĺśĳňă ć ĘİŠŤ šőň 94 ćżŕ. 11 { 12 2011