Ŕĺśĳňă ć ĘİŠŤ, šőň 89, ćżŕ. 7, ś. 432 { 438 cfl 2009 č. 10 ăŕřěń£

Łćăŋšőćőě řăśŕřěďěńěŋĺě łń¿ůěľ ć őďŋőťőšőŋŋőň řěęĺňě ś ŋěőřšőčőŋăńĳŋżňĺ śőśšő£ŋĺ£ňĺ ćŋşšřĺ ąăğĺśă

Ď. Ă. Łřőŋąěřč^+, Ś.Ŋ.Ňőńőšłőć^{+∗∇}

+Ĺŋśšĺšşš ťĺğĺłĺ šćěřďőčő šěńă ŘĂŊ, 142432 Ůěřŋőčőńőćłă, Ňőśłőćśłă£ őąń., Řőśśĺ£

∗Ăłăďěňĺ£ łřĺŕšőčřăťĺĺ Řőśśĺľśłőľ Ťěďěřăűĺĺ

∇Ťăłşńĳšěš ćżůĺśńĺšěńĳŋőľ ňăšěňăšĺłĺ ĺ łĺąěřŋěšĺłĺ, ŇČŞ ĺň. Ň.Ć. Ńőňőŋőśőćă, 119992 Ňőśłćă, Řőśśĺ£

Ŕőśšşŕĺńă ć řěďăłűĺ¿ 11 ŋő£ąř£ 2008 č.

Ŕőśńě ŕěřěřăąőšłĺ 2 ňăřšă 2009 č.

Ŕřőšőłőń łćăŋšőćőčő řăśŕřěďěńěŋĺ£ łń¿ůěľ ś ŋěőřšőčőŋăńĳŋżňĺ śőśšő£ŋĺ£ňĺ ćŋşšřĺ ąăğĺśă £ćń£- ěšś£ őąőąźěŋĺěň ĺğćěśšŋőčő ŕřőšőłőńă řăśŕřěďěńěŋĺ£ łń¿ůěľ BB84. Ŕřĺ ŕřőĺğćőńĳŋżţ ğŋăůěŋĺ£ţ şčńă ňěęďş ĺŋťőřňăűĺőŋŋżňĺ śőśšő£ŋĺ£ňĺ ŋăľďěŋă łřĺšĺůěśłă£ őÿĺąłă ĺ ďńĺŋă śěłřěšŋőčő łń¿ůă ďń£ ŕřőšőłőńă ś ŋěőřšőčőŋăńĳŋżňĺ ąăğĺśŋżňĺ śőśšő£ŋĺ£ňĺ. Ŕőśšřőěŋă £ćŋă£ őŕšĺňăńĳŋă£ ăšăłă ŋă ŕěřěďăćăěňżľ łń¿ů, łőšőřă£ ňăłśĺňĺğĺřşěš ĺŋťőřňăűĺ¿ ŕőďśńşÿĺćăšěń£ ŕřĺ ŋăąń¿ďăěňőľ ŋă ŕřĺěňŋőľ śšőřőŋě őÿĺąłě.

PACS: 03.65.Hk, 03.67.Dd

Őďŋă ĺğ čńăćŋżţ ŕřőąńěň łćăŋšőćőľ łřĺŕšőčřăťĺĺ śőśšőĺš ć šőň, ůšő ĺśšőůŋĺł łćăŋšőćżţ śőśšő£- ŋĺľ ŋě £ćń£ěšś£ śšřőčő őďŋőťőšőŋŋżň. Ďăŋŋőě őąśšő- £šěńĳśšćő ćňěśšě ś ŕőšěř£ňĺ ć łćăŋšőćőň łăŋăńě ść£- ğĺ ŕřĺćőďĺš ł ŋěćőğňőęŋőśšĺ ŕěřěďăůĺ łń¿ůěľ ŕřĺ ďńĺŋě ńĺŋĺĺ ść£ğĺ ąőńĳÿě ŋěłőšőřőľ łřĺšĺůěśłőľ ćěńĺůĺŋż. Ŕőśńě őšłřżšĺ£ PNS-ăšăłĺ [1] (Photon Number Splitting Attack) śěłřěšŋőśšĳ őśŋőćŋżţ ŕřőšőłőńőć łćăŋšőćőčő řăśŕřěďěńěŋĺ£ łń¿ůěľ ďń£ łăŋăńőć ść£ğĺ ś ŕőšěř£ňĺ őłăğăńăśĳ ŕőď ćőŕřőśőň. Čăřăŋšĺřőćăŋŋő śěłřěšŋőě řăśŕřěďěńěŋĺě łń¿ůěľ ďń£ ŕřőšőłőńőć ś őřšőčőŋăńĳŋżňĺ śőśšő£ŋĺ£ňĺ ćŋşšřĺ ąăğĺśă, ŋăŕřĺňěř, šăłőčő łăł BB84 [2], őłăğżćăěšś£ ŋěćőğňőęŋżň. İšő ść£ğăŋő ś šěň, ůšő ŕőďśńşÿĺćăšěńĳ ňőęěš ğăďěřęĺćăšĳ śćőĺ ĺğňěřěŋĺ£ ďő śšăďĺĺ řăśłřżšĺ£ ąăğĺśőć ńěčĺšĺňŋżňĺ ŕőńĳğőćăšěń£ňĺ. Ŕőśńě řăśłřżšĺ£ ąăğĺśőć ŕőďśńşÿĺćăšěńĳ ďěńăěš ĺğňěřěŋĺ£ ć şęě ĺğćěśšŋőň ąăğĺśě, ĺ ěśńĺ śőśšő£ŋĺ£ ćŋşšřĺ ąăğĺśă őřšőčőŋăńĳŋż (ďőśšőćěřŋő řăğńĺůĺňż), šő ňőęŋő ŕőńşůĺšĳ ŕőńŋş¿ ĺŋťőřňăűĺ¿ ő łń¿ůě, ŋě ŕřőĺğćőď£ őÿĺąőł ŋă ŕřĺěňŋőľ śšőřőŋě.

Őďĺŋ ĺğ śŕőśőąőć řěÿěŋĺ£ ŕřőąńěňż śőśšőĺš ć šőň, ůšőąż śďěńăšĳ śőśšő£ŋĺ£ ćŋşšřĺ ąăğĺśőć ŋěőřšőčőŋăńĳŋżňĺ { ďőśšőćěřŋő ŋěřăğńĺůĺňżňĺ ďăęě ŕřĺ řăśłřżšőň ĺğćěśšŋőň ąăğĺśě. Őďŋĺň ĺğ šăłĺţ ŕřőšőłőńőć łćăŋšőćőčő řăśŕřěďěńěŋĺ£ łń¿ůěľ £ćń£ěšś£ ŕřőšőłőń SARG04, ŕřěďńőęěŋŋżľ ć [3]. Śšőľłőśšĳ ďăŋŋőčő ŕřőšőłőńă [4] ĺ ąőńěě śńőęŋżţ ŕřőšőłőńőć, ŋăŕřĺňěř, ŕřőšőłőńă ś ťăğőćő-ćřěňěŋŋżň łőďĺřőćăŋĺěň [5], ŕřĺ ąőńĳÿĺţ ďńĺŋăţ ńĺŋĺĺ ść£ğĺ ăŋăńĺğĺřőćăńăśĳ ć ř£ďě řăąőš. Őďŋăłő, ŋăśłőńĳłő ŋăň ĺğćěśšŋő, ŕőńŋżľ ăŋăńĺğ śšőľłőśšĺ ŕřőšőłőńă ććĺďş śńőęŋőśšĺ ŕřĺ ďńĺŋě ńĺŋĺĺ ść£ğĺ ňěŋĳÿě łřĺšĺůěśłőľ ćěńĺůĺŋż ĺ śšřőčő őďŋőťőšőŋŋőň ĺśšőůŋĺłě ŕřĺ ŕřőĺğćőńĳŋżţ şčńăţ ňěęďş ĺŋťőřňăűĺőŋŋżňĺ śőśšő£- ŋĺ£ňĺ ćŋşšřĺ ąăğĺśőć ďő śĺţ ŕőř ŋě śďěńăŋ.

Ŕőśńě ŕěřěďăůĺ śěřĺĺ łćăŋšőćżţ śőśšő£ŋĺľ Ăńĺśőľ, ĺğňěřěŋĺľ ĺţ Ąőąőň ĺ ĺŋšěřŕřěšăűĺĺ řěğşńĳšăšőć ĺğňěřěŋĺľ ŋă ŕřĺěňŋőľ śšőřőŋě, Ăńĺśă ĺ Ąőą ĺňě¿š ąĺšőćżě śšřőłĺ X ĺ Y , ŕřĺůěň śšřőłă Ąőąă śőďěřęĺš őÿĺąłĺ. Ěćă ĺňěěš ć śćőěň řăśŕőř£ęěŋĺĺ ćśŕőňőčăšěńĳŋş¿ łćăŋšőćş¿ śĺśšěňş (ρ^E_n ), łőšőřă£ ążńă ğăŕşšăŋă ś śőśšő£ŋĺěň Ăńĺśż (Ąőąă). Ŕőśłőńĳłş Ăńĺśă ŕőśżńăěš ć łăęďőľ ŕőśżńłě śőśšő£ŋĺ£ ŋěğăćĺśĺňő ďřşč őš ďřşčă, šő ňăšřĺűă ŕńőšŋőśšĺ Ěćż ňőęěš ążšĳ ŕřěďśšăćńěŋă ć ćĺďě šěŋğőřŋőčő ŕřőĺğćěďěŋĺ£ ňăšřĺű ŕńőšŋőśšĺ ćőğňşźěŋŋőčő śőśšő£ŋĺ£ Ěćż ć łăęďőľ ŕőśżńłě ρ^E_n = ρ^E ⊗ρ^E . . .⊗ρ^E . Śšěŕěŋĳ łőřřěń£űĺĺ ňěęďş ąĺšőćżňĺ śšřőłăňĺ Ăńĺśż ĺ Ąőąă őŕĺśżćăěšś£ ćğăĺňŋőľ ĺŋťőřňăűĺěľ nI_{AB} (X; Y ) [6 { 9]. Ďń£ ĺśŕřăćńěŋĺ£ őÿĺąőł Ăńĺśă ĺ Ąőą ďőńęŋż őąňěŋ£šĳś£ ĺŋťőřňăűĺěľ ůěřěğ őšłřżšżľ łńăśśĺůěśłĺľ łăŋăń ść£ğĺ. Ůšőąż ŕőńşůĺšĳ ĺďěŋšĺůŋżě ąĺšőćżě śšřőłĺ ś ćěřő£šŋőśšĳ¿, śłőńĳ şčőďŋő ąńĺğłőľ ł ěďĺŋĺűě ŕřĺ ďńĺŋŋőľ ŕőśńěďőćăšěńĳŋőśšĺ, ŋěőąţőďĺňő ćżďăšĳ ůěřěğ őšłřżšżľ łăŋăń ŋě ňěŋěě nH(X|Y ) ąĺš ĺŋťőřňăűĺĺ (nH(X|Y ) { şśńőćŋă£ ÿěŋŋőŋőćśłă£ ¡ŋšřőŕĺ£ X ŕřĺ ďăŋŋőň Y [6, 9]). Ďăŋŋă£ ĺŋťőřňăűĺ£ ďőśšşŕŋă Ěćě. Ŋă ďăŋŋőň ¡šăŕě ĺŋťőřňăűĺ£ Ěćż őčřăŋĺůěŋă ćěńĺůĺŋőľ n(H(X|Y )+χ(ρ^E_n )) (χ(ρ^E_n ) { ťşŋďăňěŋšăńĳŋă£ ćěńĺůĺŋă Ţőńěćő [7], łőšőřă£ ďăěš ćěřţŋ¿¿ čřăŋĺűş łńăśśĺůěśłőľ ĺŋťőřňă-

432 Ŕĺśĳňă ć ĘİŠŤ šőň 89 ćżŕ. 7 { 8 2009 űĺĺ, łőšőřă£ ňőęěš ążšĳ ĺğćńěůěŋă Ěćőľ ĺğ łćăŋšőćőčő ăŋśăňąń£ ρ^E_n ). Ůšőąż şďăńĺšĳ ¡šş ĺŋťőřňăűĺ¿ ş Ěćż, Ăńĺśă ĺ Ąőą ĺśŕőńĳğş¿š ŕřőűěďşřş şśĺńěŋĺ£ śěłřěšŋőśšĺ [10, 11] { śęăšĺ£ łń¿ůă. Űěńĳ şśĺńěŋĺ£ śěłřěšŋőśšĺ łń¿ůă śőśšőĺš ć šőň, ůšőąż ĺğ ąĺšőćőľ śšřőłĺ ďńĺŋż n, ő łőšőřőľ Ěćă ĺňěěš ůăśšĺůŋş¿ ĺŋťőřňăűĺ¿, ŕőńşůĺšĳ ąĺšőćş¿ śšřőłş ňěŋĳÿěľ ďńĺŋż { n(H(X) − H(X|Y ) − χ(ρ^E_n )) ąĺš, ő łőšőřőľ Ěćă, ć ăśĺňŕšőšĺůěśłőň ŕřěďěńě ąőńĳÿĺţ n, ŋě ąşďěš ĺňěšĳ ŋĺłăłőľ ĺŋťőřňăűĺĺ. Ďăŋŋă£ śšřőłă £ćń£ěšś£ ťĺŋăńĳŋżň śěłřěšŋżň łń¿ůőň. Šăłĺň őąřăğőň, řăśŕřěďěńěŋĺě śěłřěšŋżţ łń¿ůěľ ćőğňőęŋő, ěśńĺ I_{AB} (X; Y ) = H(X) − H(X|Y ) > χ(ρ^E_n ). Ďńĺŋă śěłřěšŋőčő łń¿ůă ć ŕěřěśůěšě ŋă ŕőśżńłş őłăğżćăěšś£ řăćŋőľ^{1)} [12] r = H(X) − H(X|Y ) − max_{ρE ∈Γ{Q}} χ(ρ^E ), (1) čďě ňăłśĺňşň ąěřěšś£ ŕő ňŋőęěśšćş ňăšřĺű ŕńőšŋőśšĺ `{Q}, łőšőřżě ďă¿š ŋăąń¿ďăěňş¿ őÿĺąłş Q ŋă ŕřĺěňŋőľ śšőřőŋě Ąőąă.

Ĺŋťőřňăűĺőŋŋżě łćăŋšőćżě śőśšő£ŋĺ£. Ć ŕřőšőłőńě ĺśŕőńĳğş¿šś£ ďćă ąăğĺśă, łőšőřżě őąőğŋăůă¿šś£ łăł a ĺ b. Ćăęŋő, ůšő śőśšő£ŋĺ£ ćŋşšřĺ ąăğĺśőć ŋěőřšőčőŋăńĳŋż ĺ śőśšő£ŋĺ£ ć řăğŋżţ ąăğĺśăţ ŕőńşůă¿šś£ ďřşč ĺğ ďřşčă ğěřłăńĳŋżň őšřăęěŋĺěň [4]. Śőśšő£ŋĺ£ ć ąăğĺśăţ a ĺ b ĺňě¿š ćĺď

|0_a⟩ = ( cos^η_2 sin^η_2 ) , |1_a⟩ = ( cos^η_2 − sin^η_2 ) ,

|0_b⟩ = ( sin^η_2 − cos^η_2 ) , |1_b⟩ = ( sin^η_2 cos^η_2 ) . (2)

Ďń£ ďăńĳŋěľÿěčő ŕőŋĺňăŋĺ£ ćăęŋő, ůšő śőśšő£ŋĺ£, őšćěůă¿źĺě őďĺŋăłőćżň ğŋăůěŋĺ£ň ąĺšă 0 (śőőšćěš-

1)Őšňěšĺň, ůšő ŕřĺ ŕőśšřőěŋĺĺ őŕšĺňăńĳŋőľ ăšăłĺ Ěćż ňőęěš ążšĳ ĺśŕőńĳğőćăŋă ďřşčă£ ŕřőűěďşřă őŕšĺňĺğăűĺĺ, ŕřěďńőęěŋŋă£ ć [12], čďě ĺśţőďŋő ć łăęďőľ ŕőśżńłě Ăńĺśă čőšőćĺš ňăłśĺňăńĳŋő ğăŕşšăŋŋőě śőśšő£ŋĺě (EPR-śőśšő£ŋĺě) śőśšăćŋőľ śĺśšěňż AB ĺ ŕőśżńăěš ŕőďśĺśšěňş B ł Ąőąş. Ďěńă£ ĺğňěřěŋĺě ŋăď śćőěľ ŕőďśĺśšěňőľ A, Ăńĺśă ťĺłśĺřşěš śőśšő£ŋĺě Ąőąă. Őąźěě ćżřăęěŋĺě ďń£ ďńĺŋż śěłřěšŋőčő łń¿ůă ŕřĺ n → ∞ ć ¡šőň śńşůăě ĺňěěš ćĺď r = = min_{ρAB ∈Γ{Q}}(H(X|E) − H(X|Y )), čďě H(X|E), H(X|Y ) { şśńőćŋżě ¡ŋšřőŕĺĺ ťőŋ Ŋěľňăŋă, ćżůĺśńěŋŋżě ďń£ ňăšřĺű ŕńőšŋőśšĺ ρ_{XY E} = T_{XY E}_{ABE} (ρ^{⊗n}_{ABE} ). Ğďěśĳ ρ_{ABE} { ňăšřĺűă ŕńőšŋőśšĺ, őšćěůă¿źă£ ůĺśšőňş śőśšő£ŋĺ¿ šřőľŋőľ śőśšăćŋőľ śĺśšěňż (Ăńĺśă, Ąőą, Ěćă), ρ_{AB} { ňăšřĺűă ŕńőšŋőśšĺ Ăńĺśż ĺ Ąőąă, ŕőńşůă¿źă£ś£ ĺğ ρ_{ABE} ćğ£šĺěň ůăśšĺůŋőčő śńěďă ŕő śőśšő£ŋĺ£ň Ěćż. Őšőąřăęěŋĺě T_{XY E}_{ABE} őŕĺśżćăěš ŕřěőąřăğőćăŋĺě ňăšřĺűż ŕńőšŋőśšĺ šřőľŋőľ śőśšăćŋőľ śĺśšěňż ŕřĺ ŕřőűěďşřăţ łőřřěłűĺĺ őÿĺąőł ĺ şśĺńěŋĺ£ śěłřěšŋőśšĺ. Ňőęŋő ŕőłăğăšĳ, ůšő őąă śŕőśőąă őŕšĺňĺğăűĺĺ ŕřĺćőď£š ł őďĺŋăłőćżň řěğşńĳšăšăň.

śšćěŋŋő 1) ĺğ řăğŋżţ ąăğĺśőć, őřšőčőŋăńĳŋż ⟨0_a|0_b⟩ = = 0 (⟨1_a|1_b⟩ = 0), ă śőśšő£ŋĺ£, őšćěůă¿źĺě 0 ĺ 1 ćŋşšřĺ őďŋőčő ąăğĺśă, ŋěőřšőčőŋăńĳŋż (2).

Ďěľśšćĺ£ ŕőďśńşÿĺćăšěń£. Ďő ŕőďśńşÿĺćăŋĺ£ ć łćăŋšőćőň łăŋăńě ŋěćőğňşźěŋŋőě, ŕőśńăŋŋőě Ăńĺśőľ, śőśšő£ŋĺě őŕĺśżćăěšś£ ňăšřĺűěľ ŕńőšŋőśšĺ ć H_A ďń£ ůĺśšőčő śőśšő£ŋĺ£ (2) { ρ^{im}_A = |i_m⟩⟨i_m|, i_m = = 0_{a,b}, 1_{a,b} { ĺŋďěłś śőśšő£ŋĺ£ Ăńĺśż. Ŕőśńě ćšőřęěŋĺ£ Ěćż ć łćăŋšőćżľ łăŋăń, ćőğňşźěŋŋőě śőśšő£ŋĺě Ăńĺśż šăłęě őŕĺśżćăěšś£ ňăšřĺűěľ ŕńőšŋőśšĺ ć H_A, ŋő, ćőőąźě čőćőř£, ďń£ śňěÿăŋŋőčő śőśšő£ŋĺ£ { ~ρ^{im}_A . Ďăńěě, ń¿ąőě ŕřěőąřăğőćăŋĺě T (...), ŕěřěćőď£źěě ňăšřĺűż ŕńőšŋőśšĺ ć ňăšřĺűż ŕńőšŋőśšĺ ~ρ^{im}_A = T (ρ^{im}_A ), £ćń£ěšś£ śşŕěřőŕěřăšőřőň (ůăśšő šăłęě ŋăğżćăěňőě łćăŋšőćőľ őŕěřăűĺěľ ĺńĺ ĺŋśšřşňěŋšőň, śň. [7, 8] ĺ śśżńłĺ šăň). Ń¿ąőľ śşŕěřőŕěřăšőř şŋĺšăřŋő ŕřěďśšăćĺň [7, 8], šő ěśšĳ ňőęěš ążšĳ ŕřěďśšăćńěŋ łăł ~ρ^{im}_A = Tr_E {U(|i_m⟩⟨i_m| ⊗ |E⟩_{E E} ⟨E|)U^{−1}} = = Tr_E {|¯^{im} ⟩_{AE AE} ⟨¯^{im} |}, (3) |¯^{im} ⟩_{AE} = U(|i_m⟩ ⊗ |E⟩), čďě |E⟩_E { ŋěłőšőřőě ůĺśšőě śőśšő£ŋĺě ć H_E , U { şŋĺšăřŋżľ őŕěřăšőř ¡ćőń¿űĺĺ, ďěľśšćş¿źĺľ ć H_A ⊗H_E . Šăłőě ŕřěďśšăćńěŋĺě ŋěőďŋőğŋăůŋő, šő ěśšĳ ć ŋěň ĺňěěšś£ śćőąőďă.

Űěńĳ Ěćż śőśšőĺš ć šőň, ůšőąż ćżąřăšĳ śćő¿ łćăŋšőćş¿ śĺśšěňş |E⟩ (ŕřőśšřăŋśšćő śőśšő£ŋĺľ H_E ) ĺ ćğăĺňőďěľśšćĺě (şŋĺšăřŋżľ őŕěřăšőř U) šăłĺň őąřăğőň, ůšőąż ć łőŋűě ŕřőšőłőńă ŕőńşůĺšĳ ňăłśĺňăńĳŋő ćőğňőęŋőě łőńĺůěśšćő ĺŋťőřňăűĺĺ ő łń¿- ůě ŕřĺ ďăŋŋőľ ŋăąń¿ďăěňőľ őÿĺąłě Q ŋă ŕřĺěňŋőľ śšőřőŋě Ąőąă. Ćż£śŋĺň ćĺď ćőğňşźěŋŋżţ ňăšřĺű ŕńőšŋőśšĺ ďń£ ćőğňşźěŋŋőčő śőśšő£ŋĺ£ ~ρ^{0a}_A . Ń¿ąş¿ ňăšřĺűş ŕńőšŋőśšĺ ňőęŋő ŕřĺćěśšĺ ł ďĺăčőŋăńĳŋőňş ćĺďş, őąźĺľ ćĺď ćőğňşźěŋŋőľ ňăšřĺűż ŕńőšŋőśšĺ Ăńĺśż ć ŕřőśšřăŋśšćě H_A řăğňěřŋőśšĺ 2 ěśšĳ

~ρ^{0a}_A = λ^{(a)}_0 |λ^{(a)}_0 ⟩⟨λ^{(a)}_0 | + λ^{(a)}_1 |λ^{(a)}_1 ⟩⟨λ^{(a)}_1 |, (4)

ğďěśĳ |λ^{(a)}_0 ⟩, |λ^{(a)}_1 ⟩ { ŕăřă őřšőčőŋăńĳŋżţ śőąśšćěŋŋżţ ćěłšőřőć ć ŕřőśšřăŋśšćě H_A, ć šőň ęě ďćşňěřŋőň ŕřőśšřăŋśšćě (\ŕńőśłőśšĺ") ńěęĺš ŕăřă ĺśţőďŋżţ őřšőčőŋăńĳŋżţ ćěłšőřőć |0_a⟩ ĺ |0_b⟩. Ăŋăńőčĺůŋő ďń£ śőśšő£ŋĺ£ ćőğňşźěŋŋőčő ~ρ^{0b}_A ĺňěěň

~ρ^{0b}_A = λ^{(b)}_0 |λ^{(b)}_0 ⟩⟨λ^{(b)}_0 | + λ^{(b)}_1 |λ^{(b)}_1 ⟩⟨λ^{(b)}_1 |, (5)

ğďěśĳ šăłęě |λ^{(b)}_0 ⟩, |λ^{(b)}_1 ⟩ { ŕăřă őřšőčőŋăńĳŋżţ śőąśšćěŋŋżţ ćěłšőřőć ć \ŕńőśłőśšĺ" H_A. Ćőśŕőńĳğşěňś£ śőőąřăęěŋĺ£ňĺ śĺňňěšřĺĺ ňěęďş |0_a⟩ ĺ |0_b⟩.

Ŕőćőřőš ć \ŕńőśłőśšĺ" H_A ŋă π/2 ŕěřěćőďĺš őřšőčőŋăńĳŋżě (2) śőśšő£ŋĺ£ ďřşč ć ďřşčă (|0_a⟩ → |0_b⟩),

5 Ŕĺśĳňă ć ĘİŠŤ šőň 89 ćżŕ. 7 { 8 2009 ŕřĺ ¡šőň ŕőćőřőšě ~ρ^{0a}_A → ~ρ^{0b}_A . Śőőšćěšśšćěŋŋő, őřšőčőŋăńĳŋżě śőąśšćěŋŋżě ćěłšőřż |λ^{(a)}_0 ⟩ ĺ |λ^{(a)}_1 ⟩ (|λ^{(b)}_0 ⟩ ĺ |λ^{(b)}_1 ⟩) ŕěřěţőď£š ďřşč ć ďřşčă. Śőőąřăęěŋĺ£ śĺňňěšřĺĺ ňěęďş ~ρ^{0a}_A ĺ ~ρ^{0b}_A ďĺłšş¿š, ůšő ŕřĺ šăłőň ŕőćőřőšě ťşŋłűĺőŋăńĳŋă£ śšřşłšşřă śőśšő£ŋĺľ ďőńęŋă śőţřăŋĺšĳś£. Őřšőčőŋăńĳŋőśšĳ śőąśšćěŋŋżţ ćěłšőřőć ĺ śőőąřăęěŋĺ£ śĺňňěšřĺĺ ŕőğćőń£¿š ğăŕĺśăšĳ ćőğňşźěŋŋżě ňăšřĺűż ŕńőšŋőśšĺ ć ćĺďě

~ρ^{0a}_A = (1 − p)|λ_0⟩⟨λ_0| + p|λ_1⟩⟨λ_1|, (6)

~ρ^{0b}_A = p|λ_0⟩⟨λ_0| + (1 − p)|λ_1⟩⟨λ_1|, (7)

ğďěśĳ |λ_0⟩ ĺ |λ_1⟩ { őřšőčőŋăńĳŋżě ćěłšőřż ć \ŕńőśłőśšĺ" H_A (ńĺÿŋĺě ĺŋďěłśż őŕşźěŋż). Śőąśšćěŋŋżě ůĺśńă, ć śşňňě ďă¿źĺě ěďĺŋĺűş (λ^{(a,b)}_0 + λ^{(a,b)}_1 = 1), őąőğŋăůěŋż łăł λ^{(a)}_0 = λ^{(b)}_1 = 1 − p ĺ λ^{(a)}_1 = λ^{(b)}_0 = p.

Őřĺěŋšăűĺ£ ŕăřż őřšőčőŋăńĳŋżţ ćěłšőřőć |λ_0⟩, |λ_1⟩ őšŋőśĺšěńĳŋő ďřşčőľ ŕăřż őřšőčőŋăńĳŋżţ ćěłšőřőć |0_a⟩, |0_b⟩ ć \ŕńőśłőśšĺ" H_A ŕőłă ŋě ťĺłśĺřőćăŋă. Ğďěśĳ őŕ£šĳ ŕőňőčă¿š śőőąřăęěŋĺ£ śĺňňěšřĺĺ. Ćěřő£šŋőśšĳ őÿĺąłĺ, ŕřőĺğćőďĺňă£ Ěćőľ ć ąăğĺśăţ a ĺ b, ďőńęŋă ążšĳ őďĺŋăłőćőľ. Ŕőśłőńĳłş ĺğňěřěŋĺ£ ŋă ŕřĺěňŋőľ śšőřőŋě Ąőąă ťăłšĺůěśłĺ śćőď£šś£ ł ŕřőěłšĺřőćăŋĺ¿ ŋă ćěłšőřż |0_{a,b}⟩ ĺ |1_{a,b}⟩ (śň. ŋĺęě)^{2)}, šő ¡šő őąśšő£šěńĳśšćő ŕřĺćőďĺš ł šőňş, ůšő ć łăůěśšćě ćěłšőřőć |λ_0⟩ ĺ |λ_1⟩ śńěďşěš ćżąřăšĳ őřšőčőŋăńĳŋżě ćěłšőřż |0_a⟩, |0_b⟩. Šăłĺň őąřăğőň, ćěłšőřż |0_a⟩, |0_b⟩ £ćń£¿šś£ śőąśšćěŋŋżňĺ ćěłšőřăňĺ ůăśšĺůŋżţ ňăšřĺű ŕńőšŋőśšĺ ~ρ^{0a}_A ĺ ~ρ^{0b}_A .

Ďăńěě, ďń£ šőčő, ůšőąż ćż£śŋĺšĳ śőćňěśšŋőě ďěľśšćĺě şŋĺšăřŋőčő őŕěřăšőřă ŋă ŕřőĺğćőńĳŋőě ŕěřěďăćăěňőě śőśšő£ŋĺě ĺ śőśšő£ŋĺě Ěćż, ďőśšăšőůŋő őŕĺśăšĳ ďěľśšćĺě U ŋă ąăğĺśŋżě śőśšő£ŋĺ£ ć H_A. Ďěľśšćĺě ŋă ďřşčĺě śőśšő£ŋĺ£ ňőęěš ążšĳ ŕőńşůěŋő ŕő ńĺŋěľŋőśšĺ U. Ń¿ąőě ůĺśšőě śőśšő£ŋĺě ć H_A ⊗ H_E ňőęěš ążšĳ řăğńőęěŋő ćśěćőğňőęŋżň šěŋğőřŋżň ŕřőĺğćěďěŋĺěň ńĺŋěľŋő ŋěğăćĺśĺňżţ ćěłšőřőć ć H_A ⊗ ⊗ H_E . Ĺňěěň |¯^{0a} ⟩_{AE} = U(|0_a⟩ ⊗ |E⟩) = = √ 1 − p|0_a⟩ ⊗ |ψ_{0a}⟩ + √p|0_b⟩ ⊗ |θ_{0b}⟩, (8) ğďěśĳ |ψ_{0a}⟩ ĺ |θ_{0b}⟩ { ŕăřă ŋőřňĺřőćăŋŋżţ ćěłšőřőć ć H_E . Řăğńőęěŋĺě Ÿňĺďšă [7, 8] (śň. šăłęě [14]) čăřăŋšĺřşěš, ůšő ěśńĺ ćěłšőřż |0_a⟩, |0_b⟩ £ćń£¿šś£

2)Čěőňěšřĺůěśłĺ ¡šő őůěćĺďŋő, ŋő ć ¡šőň ňőęŋő şąěďĺšĳś£ ŕř£ňżň ćżůĺśńěŋĺěň: ěśńĺ şčőń ňěęďş ďćşň£ őřšőčőŋăńĳŋżňĺ ąăğĺśăňĺ őśšăćĺšĳ ŕřőĺğćőńĳŋżň, šő ŕřĺ ďăńĳŋěľÿěň ćżůĺśńěŋĺĺ őÿĺąłĺ ŕő ťőřňşńăň (20), (21) ňőęŋő şćĺďěšĳ, ůšő ¡šőš şčőń ďőńęěŋ ążšĳ ŋşńěň. Šő ěśšĳ ąăğĺśż śőćŕăďă¿š.

śőąśšćěŋŋżňĺ ćěłšőřăňĺ ůăśšĺůŋőľ ňăšřĺűż ŕńőšŋőśšĺ (4) ~ρ^{0a}_A , šő ćěłšőřż |ψ_{0a}⟩ ĺ |θ_{0b}⟩ ăćšőňăšĺůěśłĺ ąşďşš śőąśšćěŋŋżňĺ, ă ğŋăůĺš, ĺ őřšőčőŋăńĳŋżňĺ ćěłšőřăňĺ ůăśšĺůŋőľ ňăšřĺűż ŕńőšŋőśšĺ ρ^{0a}_E = Tr_A{|¯^{0a} ⟩_{AE AE} ⟨¯^{0a} |}, šő ěśšĳ ⟨ψ_{0a}|θ_{0b}⟩ = 0.

Ăŋăńőčĺůŋő ňőęěš ążšĳ ŕřěďśšăćńěŋő řăğńőęěŋĺě ďń£ ćšőřőčő śőśšő£ŋĺ£ ć H_A ⊗ H_E ; ĺňěěň |¯^{0b} ⟩_{AE} = U(|0_b⟩ ⊗ |E⟩) = = √p|0_a⟩ ⊗ |θ_{0a}⟩ + √ 1 − p|0_b⟩ ⊗ |ψ_{0b}⟩, (9) čďě, ćőőąźě čőćőř£, ďřşčőľ ŋăąőř őřšőčőŋăńĳŋżţ ąăğĺśŋżţ ćěłšőřőć ć H_E (⟨ψ_{0b}|θ_{0a}⟩ = 0).

Ďń£ šőčő ůšőąż śĺšşăűĺ£ śšăńă ąőńěě śőďěřęăšěńĳŋőľ, ŋşęŋő şśšăŋőćĺšĳ śőőšŋőÿěŋĺ£ ňěęďş ďćşň£ őřšőčőŋăńĳŋżňĺ ąăğĺśăňĺ ć H_E . Ďń£ ¡šőčő ćőśŕőńĳğşěňś£ şŋĺšăřŋőśšĳ¿ őŕěřăšőřă śőćňěśšŋőľ ¡ćőń¿űĺĺ U. Şśńőćĺě şŋĺšăřŋőśšĺ šřěąşěš śőţřăŋěŋĺ£ śłăń£řŋőčő ŕřőĺğćěďěŋĺ£ (şčńőć) ňěęďş ćěłšőřăňĺ śőśšő£ŋĺľ ďő ĺ ŕőśńě ćğăĺňőďěľśšćĺ£. Ĺğŋăůăńĳŋő ćěłšőřż |0_a⟩ ⊗ |E⟩ ĺ |0_b⟩ ⊗ |E⟩ őřšőčőŋăńĳŋż, ŕőśńě śőćňěśšŋőľ ¡ćőń¿űĺĺ ćěłšőřż |¯^{0a} ⟩_{AE} ĺ |¯^{0b} ⟩_{AE} šăłęě ďőńęŋż őśšăšĳś£ őřšőčőŋăńĳŋżňĺ, ś şůěšőň (8), (9) ĺňěěň

AB ⟨¯^{0a} |¯^{0b} ⟩_{AE} = = (1 − p)0 · ⟨ψ_{0a}|ψ_{0b}⟩ + p0 · ⟨θ_{0b}|θ_{0a}⟩ + + √ (1 − p)p(⟨ψ_{0a}|θ_{0a}⟩ + ⟨θ_{0b}|ψ_{0b}⟩) = 0, (10)

őšłşďă śńěďşěš, ůšő ďőńęŋő ążšĳ ⟨ψ_{0a}|θ_{0a}⟩ + + ⟨θ_{0b}|ψ_{0b}⟩ = 0. Łřőňě šőčő, śőőšŋőÿěŋĺ£ śĺňňěšřĺĺ ňěęďş ąăğĺśăňĺ ĺ śőśšő£ŋĺ£ňĺ |0_a⟩ ĺ |0_b⟩ ďĺłšş¿š, ůšőąż ⟨ψ_{0a}|θ_{0a}⟩ = ⟨ψ_{0b}|θ_{0b}⟩, őšłşďă ćňěśšě ś (10) śńěďşěš, ůšő śőśšő£ŋĺ£ ⟨ψ_{0a}|θ_{0a}⟩ = ⟨ψ_{0b}|θ_{0b}⟩ = 0 ŕőŕăřŋő őřšőčőŋăńĳŋż. Ďăńěě, ŕőśłőńĳłş łő¡ťťĺűĺěŋšż ć śłăń£řŋőň ŕřőĺğćěďěŋĺĺ (10) ŕěřěď ⟨ψ_{0a}|ψ_{0b}⟩ ĺ ⟨θ_{0b}|θ_{0a}⟩ řăćŋż ŋşń¿, šő ŋěš ŋĺłăłĺţ őśŋőćăŋĺľ śůĺšăšĳ ĺţ őřšőčőŋăńĳŋżňĺ. Şčńż ňěęďş ¡šĺňĺ ąăğĺśŋżňĺ ćěłšőřăňĺ ĺğ řăğŋżţ ąăğĺśőć ňőčşš ążšĳ ń¿ążňĺ. Őąőğŋăůĺň śőőšćěšśšćş¿źĺě śłăń£řŋżě ŕřőĺğćěďěŋĺ£ łăł ⟨ψ_{0a}|ψ_{0b}⟩ = c_ψ, ⟨θ_{0b}|θ_{0a}⟩ = c_θ. (11) Ăŋăńőčĺůŋő, łăł śďěńăŋő ćżÿě ďń£ |0_a⟩ ĺ |0_b⟩, ňőęŋő ŕřőćěśšĺ řăśśşęďěŋĺ£ ďń£ ŕăřż őřšőčőŋăńĳŋżţ ćěłšőřőć |1_a⟩ ĺ |1_b⟩. Ŕő ńĺŋěľŋőśšĺ U ňőęŋő ŕőńşůĺšĳ ďěľśšćĺě Ěćż ŋă śőśšő£ŋĺ£ |1_a⟩ ĺ |1_b⟩; ĺňě- ěň |¯^{1a} ⟩ = U(|1_a⟩ ⊗ |E⟩) = = √ 1 − p|1_a⟩ ⊗ |ψ_{1a}⟩ + √p|1_b⟩ ⊗ |θ_{1b}⟩, (12) Ŕĺśĳňă ć ĘİŠŤ šőň 89 ćżŕ. 7 { 8 2009

|¯^{1b} ⟩ = U(|1_b⟩ ⊗ |E⟩) = = √p|1_a⟩ ⊗ |θ_{1a}⟩ + √ 1 − p|1_b⟩ ⊗ |ψ_{1b}⟩. (13) Ďăńěě şďőąŋő ććěśšĺ ŋőćżě ŋőřňĺřőćăŋŋżě ćěłšőřż, ść£ğăŋŋżě ś ĺśţőďŋżňĺ śőőšŋőÿěŋĺ£ňĺ: |ψ_{0,1,a,b}⟩ = √ 1 − p|ψ_{0,1,a,b}⟩, |θ_{0,1,a,b}⟩ = √p|θ_{0,1,a,b}⟩. (14)

Ďń£ śőłřăźěŋĺ£ ćżłńăďőł őąőğŋăůĺň |ψ_{0,1,a,b}⟩ = = √ 1 − p|ψ_{0,1,a,b}⟩ ĺ |θ_{0,1,a,b}⟩ = √p|θ_{0,1,a,b}⟩. Šěŕěřĳ ňőęěš ążšĳ ŋăľďěŋă ść£ğĳ ňěęďş |ψ_{0a,b}⟩, |θ_{0a,b}⟩ ĺ |ψ_{1a,b}⟩, |θ_{1a,b}⟩ ć ąăğĺśăţ a ĺ b. Ďń£ ¡šőčő ćżřăğĺň śőśšő£ŋĺ£ |1_a⟩ ĺ |1_b⟩ ůěřěğ řăğńőęěŋĺě ŕő ŕăřě őřšőčőŋăńĳŋżţ śőśšő£ŋĺľ |0_a⟩ ĺ |0_b⟩, ćżąřăŋŋżţ ć łăůěśšćě ąăğĺśă ć H_A; ĺňěěň

|1_a⟩ = c_η|0_a⟩ + s_η |0_b⟩, |1_b⟩ = s_η|0_a⟩ − c_η|0_b⟩,

sin(η) = s_η , cos(η) = c_η.

(15)

Ĺśŕőńĳğş£ (2) ĺ (8), (9), ďń£ śőśšő£ŋĺľ ŕőďśńşÿĺćăšěń£ ŕőńşůăěň

|ψ_{1a}⟩ = c^2_η |ψ_{0a}⟩ + s^2_η|ψ_{0b}⟩ + c_ηs_η(|θ_{0a}⟩ + |θ_{0b}⟩), |θ_{1a}⟩ = −c^2_η|θ_{0a}⟩ + s^2_η |θ_{0b}⟩ + c_ηs_η (|ψ_{0a}⟩ − |ψ_{0b}⟩), (16)

|ψ_{1b}⟩ = s^2_η|ψ_{0a}⟩ + c^2_η|ψ_{0b}⟩ − c_η s_η(|θ_{0a}⟩ + |θ_{0b}⟩), |θ_{1b}⟩ = s^2_η|θ_{0a}⟩ − c^2_η|θ_{0b}⟩ + c_ηs_η(|ψ_{0a}⟩ − |ψ_{0b}⟩). (17)

Ďăńěě, ś şůěšőň (16), (17) ŋăţőďĺň ⟨ψ_{0a}|θ_{1b}⟩ = c_η s_η(⟨ψ_{0a}|ψ_{0a}⟩ − ⟨ψ_{0a}|ψ_{0b}⟩), ⟨ψ_{1a}|θ_{0b}⟩ = c_η s_η(⟨θ_{0a}|θ_{0a}⟩ + ⟨θ_{0a}|θ_{0b}⟩). (18)

Ś şůěšőň ćżřăęěŋĺľ (12), (13) ŋăţőďĺň ść£ğĳ ňěęďş śłăń£řŋżňĺ ŕřőĺğćěďěŋĺ£ňĺ ćěłšőřőć (18) ć ŕřőśšřăŋśšćě Ěćż H_E ; ĺňěěň

c_θ =

(1 − p)(1 − c_ψ) p − 1. (19)

Šăłĺň őąřăğőň, ăšăłă Ěćż ŋă ŕěřěďăćăěňżě śőśšő- £ŋĺ£ ŕőńŋőśšĳ¿ őŕĺśżćăěšś£ ğăďăŋĺěň şŋĺšăřŋőčő őŕěřăšőřă śőćňěśšŋőľ ¡ćőń¿űĺĺ U. Ďăŋŋżľ őŕěřăšőř ŕăřăňěšřĺğşěšś£ ć ĺšőčě ďćşň£ ŕăřăňěšřăňĺ c_ψ ĺ p, łőšőřżě ć ďăńĳŋěľÿěň ďőńęŋż ążšĳ ćżąřăŋż šăł, ůšőąż Ěćă ňőčńă ŕőńşůĺšĳ ňăłśĺňşň ĺŋťőřňăűĺĺ ő ťĺŋăńĳŋőň łń¿ůě ŕřĺ ŋăąń¿ďăěňőľ őÿĺąłě ŋă ŕřĺěňŋőľ śšőřőŋě Ąőąă.

Ĺğňěřěŋĺ£ ŋă ŕřĺěňŋőľ śšőřőŋě. Ń¿ążě ĺğňěřěŋĺ£ ŋăď łćăŋšőćőľ śĺśšěňőľ őŕĺśżćă¿šś£ řăğńőęěŋĺěň ěďĺŋĺűż [7, 8] ć ŕřőśšřăŋśšćě śőśšő£ŋĺľ H_B , ć ąăğĺśě a ĺňěěň

I_B = M_{0a} + M_{1a} + M_{a?},

M_{0a} = I_B − |1_a⟩⟨1_a| 1 + c_η = |1_b⟩⟨1_b| 1 + c_η ,

M_{1a} = I_B − |0_a⟩⟨0_a| 1 + c_η = |0_b⟩⟨0_b| 1 + c_η , (20)

čďě I_B { ěďĺŋĺůŋżľ őŕěřăšőř ć H_B . Őŕěřăšőřŋőğŋăůŋżě ňěřż M_{0a} ĺ M_{1a} őŕĺśżćă¿š ĺśţőďż ś őŕřěďěńěŋŋżň řěğşńĳšăšőň, ă M_{?a} { ĺśţőďż ś ŋěőŕřěďěńěŋŋżň řěğşńĳšăšőň. Ăŋăńőčĺůŋżě ćżřăęěŋĺ£ ďń£ ĺğňěř£¿źĺţ őŕěřăšőřőć ĺňě¿š ňěśšő ć ąăğĺśě b; őŋĺ ŕőńşůă¿šś£ ĺğ (20) ğăňěŋőľ ĺŋďěłśőć a → b ĺ b → a śőőšćěšśšćěŋŋő.

Şśńőćŋă£ ćěřő£šŋőśšĳ šőčő, ůšő Ăńĺśőľ ĺśţőďŋő ŕőśńăŋő śőśšő£ŋĺě |i_m⟩ (i = 0, 1 ć ąăğĺśě m = a, b), ă řěğşńĳšăš ĺğňěřěŋĺ£ ĺŋšěřŕřěšĺřőćăŋ łăł j = 0, 1 ŕřĺ ĺğňěřěŋĺĺ ć śőčńăśőćăŋŋőň ąăğĺśě m ş Ąőąă, řăć- ŋă Pr(i_m|j_m)=Tr_{BE} {|¯^{im} ⟩_{BE BE} ⟨¯^{im} |(M_{jm} ⊗I_E )}= Tr_B {ρ^{im}_B M_{jm} }, (21)

čďě ρ^{im}_B = Tr_E {|¯^{im} ⟩_{BE BE} ⟨¯^{im} |} { ňăšřĺűă ŕńőšŋőśšĺ, ďőśšşŕŋă£ ďń£ ĺğňěřěŋĺľ ŋă ŕřĺěňŋőľ śšőřőŋě, ďăěšś£ ůăśšĺůŋżň śńěďőň śőćňěśšŋőčő ğăŕşšăŋŋőčő śőśšő£ŋĺ£ ŕő ŕřőśšřăŋśšćş śőśšő£ŋĺľ Ěćż. Ěďĺŋĺůŋżľ őŕěřăšőř ć (21) őšřăęăěš šőš ťăłš, ůšő ŕőłă Ěćă ŋě ŕřőćőďĺš ĺğňěřěŋĺ£ ŋăď śćőěľ ŕőďśĺśšěňőľ.

Őÿĺąłă ŋă ŕřĺěňŋőľ śšőřőŋě { őšŋőÿěŋĺě ůĺśńă ŋěŕřăćĺńĳŋżţ őšśůěšőć ł ŕőńŋőňş ůĺśńş { ĺňěěš ćĺď Q= Pr(0a|1a)+Pr(1a|0a) Pr(0a|0a)+Pr(1a|1a)+Pr(0a|1a)+Pr(1a|0a) = = p (1 − p)s^2_η + (c^2_η + 1)p

. (22)

Šăłőě ęě ćżřăęěŋĺě ďń£ őÿĺąłĺ ĺňěěš ňěśšő ďń£ śőśšő£ŋĺľ ć ąăğĺśě b. Ďăŋŋőě śőőšŋőÿěŋĺě ŕőğćőń£ěš Ěćě ść£ğăšĳ p, ŕăřăňěšřĺğş¿źĺľ ěě şŋĺšăřŋżľ őŕěřăšőř ś ŋăąń¿ďăěňőľ őÿĺąłőľ ŋă ŕřĺěňŋőľ śšőřőŋě Ąőąă. Śšřşłšşřă ĺŋťőřňăűĺőŋŋżţ śőśšő£ŋĺľ šăłőćă, ůšő ŋăąń¿ďăěňă£ őÿĺąłă Ąőąă Q (śőőšćěšśšćěŋŋő, ĺŋťőřňăűĺ£ Ąőąă ő łń¿ůě) ŋě ğăćĺśĺš őš ćšőřőčő ŕăřăňěšřă c_ψ, őŕĺśżćă¿źěčő şŋĺšăřŋżľ őŕěřăšőř Ěćż. Őďŋăłő ĺŋťőřňăűĺ£ Ěćż ő łń¿ůě ğăćĺśĺš łăł őš Q (p), šăł ĺ őš c_ψ (ďăŋŋżľ ŕăřăňěšř őŕřěďěń£ěš şčőń ňěęďş śőśšő£ŋĺ£ňĺ Ěćż, őš łőšőřőčő ğăćĺśĺš řăğńĺůĺňőśšĳ ¡šĺţ śőśšő£ŋĺľ).

Ŕĺśĳňă ć ĘİŠŤ šőň 89 ćżŕ. 7 { 8 2009 5^∗

Ĺğňěřěŋĺ£ ĺ ĺŋťőřňăűĺ£ ŕőďśńşÿĺćăšěń£ ő łń¿- ůě. Ŕőśńě ĺğňěřěŋĺľ Ąőąă ĺ őšąřăśżćăŋĺ£ őšśůěšőć ś ŋěőŕřěďěńěŋŋżň řěğşńĳšăšőň, ďń£ ŋěŋőřňĺřőćăŋŋőľ ňăšřĺűż ŕńőšŋőśšĺ ŕőďśńşÿĺćăšěń£ ŕőńşůăěň ρ^{im}_E = Tr_B {|¯^{im} ⟩_{BE BE} ⟨¯^{im} |M_{0m} } + + Tr_B {|¯^{im} ⟩_{BE BE} ⟨¯^{im} |M_{1m} }. (23)

Ŕěřćőě śńăčăěňőě őŕĺśżćăěš ćłńăď ć ňăšřĺűş ŕńőšŋőśšĺ Ěćż, ěśńĺ ş Ąőąă ążń řěğşńĳšăš ć \łăŋăńě řěčĺśšřăűĺĺ" M_{0m} , śőőšćěšśšćěŋŋő, ćšőřőě { łőčďă őšśůěš ążń ć \łăŋăńě řěčĺśšřăűĺĺ" M_{1m} . Ďń£ ŋőřňĺřőćăŋŋőľ ňăšřĺűż ŕńőšŋőśšĺ ŋăţőďĺň

ρ^a_E = ρ^{0a}_E + ρ^{1a}_E Tr{ρ^{0a}_E + ρ^{1a}_E } = 1 2 ρ^{0a}_E + ρ^{1a}_E (1 − p)s^2_η + (c^2_η + 1)p

, (24) čďě ρ^{0a}_E = s^2_η(1 − p)|ψ_{0a}⟩⟨ψ_{0a}| − − c_η s_η √ (1 − p)p(|ψ_{0a}⟩⟨θ_{0b}| + |θ_{0b}⟩⟨ψ_{0a}|) + + (c^2_η + 1)|θ_{0b}⟩⟨θ_{0b}|, (25)

ρ^{1a}_E = s^2_η(1 − p)|ψ_{1a}⟩⟨ψ_{1a}| − − c_η s_η √ (1 − p)p(|ψ_{1a}⟩⟨θ_{1b}| + |θ_{1b}⟩⟨ψ_{1a}|) + + (c^2_η + 1)|θ_{1b}⟩⟨θ_{1b}|. (26)

Ćżřăęěŋĺ£ ďń£ ňăšřĺűż ŕńőšŋőśšĺ Ěćż ć ąăğĺśě b ŕőńşůă¿šś£ ĺğ (25), (26) ğăňěŋőľ ĺŋďěłśőć a → b ĺ b → a. Šăłĺň őąřăğőň, Ěćă ĺňěěš ć łćăŋšőćőľ ŕăň£šĺ ŕőśńěďőćăšěńĳŋőśšĳ łćăŋšőćżţ śőśšő£ŋĺľ ρ^{i1m1}_E ⊗ ρ^{i2m2}_E ⊗ . . . ⊗ ρ^{inmn}_E . (27) Ĺŋťőřňăűĺ£ Ěćż őčřăŋĺůěŋă ťşŋďăňěŋšăńĳŋőľ ćěńĺůĺŋőľ Ţőńěćő [7]: χ(Q, c_ψ) = S(ρ^a_E ) − 1 2 (S(ρ^{0a}_E ) + S(ρ^{1a}_E )), (28)

čďě S(ρ) = −Tr{ρlogρ} { ¡ŋšřőŕĺ£ ťőŋ Ŋěľňăŋă. Ćěńĺůĺŋă Ţőńěćő (28) ďăěš ćěřţŋ¿¿ čřăŋĺűş łńăśśĺůěśłőľ ĺŋťőřňăűĺĺ ć ąĺšăţ, łőšőřă£ ňőęěš ążšĳ ĺğćńěůěŋă ĺğ ăŋśăňąń£ łćăŋšőćżţ śőśšő£ŋĺľ (27). Ďăŋŋă£ čřăŋĺűă £ćń£ěšś£ ďőśšĺęĺňőľ ĺ ďőśšĺčăěšś£ ŋă łőńńěłšĺćŋżţ ĺğňěřěŋĺ£ţ [7].

Ďń£ ćżůĺśńěŋĺ£ ćěńĺůĺŋż Ţőńěćő ć (28) šřěąş¿šś£ śőąśšćěŋŋżě ůĺśńă ňăšřĺűż ŕńőšŋőśšĺ ρ^a_E . Őŕěřăšőř ρ^a_E − λI_B , őŕřěďěń£¿źĺľ śőąśšćěŋŋżě ůĺśńă ć ąăğĺśě śőśšő£ŋĺľ |ψ_{0a}⟩, |θ_{0b}⟩, |ψ_{1a}⟩, |θ_{1b}⟩, ğăďăěšś£ śńěďş¿źĺňĺ ňăšřĺůŋżňĺ ¡ńěňěŋšăňĺ:

a = ⟨ψ_{0a}|ρ^a_E |ψ_{0a}⟩ = s^2_ηp⟨ψ_{0a}|ψ_{0a}⟩^2(1 + c_ψ) − 2c_ηs_η √ p(1 − p)⟨ψ_{0a}|θ_{1b}⟩⟨ψ_{0a}|ψ_{1a}⟩ + (c^2_η + 1)⟨ψ_{0a}|θ_{1b}⟩) 2[s^2_η(1 − p)) + (c^2_η + 1)p]

, (29)

b = ⟨θ_{0b}|ρ^a_E |θ_{0b}⟩ = s^2_η (1 − p)⟨θ_{0b}|ψ_{1a}⟩^2 − 2c_ηs_η √ p(1 − p)⟨θ_{0b}|θ_{1b}⟩⟨ψ_{1a}|θ_{0b}⟩ + (c^2_η + 1)(⟨θ_{0b}|θ_{1b}⟩^2 + ⟨θ_{0b}|θ_{1b}⟩^2) 2[s^2_η(1 − p)) + (c^2_η + 1)p] , (30)

G = ⟨ψ_{0a}|ρ^a_E |ψ_{1a}⟩ = (31)

s^2_η (1 − p)(⟨ψ_{0a}|ψ_{0a}⟩⟨ψ_{0a}|ψ_{1a}⟩ + ⟨ψ_{1a}|ψ_{1a}⟩⟨ψ_{0a}|ψ_{1a}⟩) − c_ηs_η √ p(1 − p)(⟨ψ_{0a}|ψ_{0b}⟩⟨θ_{0b}|ψ_{1a}⟩ + ⟨ψ_{0a}|θ_{1b}⟩⟨ψ_{0a}|ψ_{1a}⟩) 2[s^2_η(1 − p)) + (c^2_η + 1)p]

C = ⟨ψ_{1a}|ρ^a_E |θ_{1b}⟩ = (32)

= s^2_η(1 − p)⟨ψ_{0a}|ψ_{1a}⟩⟨ψ_{1a}|θ_{0b}⟩ − c_ηs_η [ √ p(1 − p)(⟨ψ_{0a}|ψ_{0a}⟩⟨θ_{0b}|θ_{0b}⟩ + ⟨ψ_{0a}|θ_{1b}⟩⟨ψ_{1a}|θ_{0b}⟩) + ⟨ψ_{0a}|θ_{1b}⟩⟨ψ_{1a}|θ_{0b}⟩]+ 2[s^2_η(1 − p)) + (c^2_η + 1)p] ×

× (c^2_η + 1)⟨ψ_{0a}|θ_{1b}⟩⟨θ_{1b}|θ_{0b}⟩ 2[s^2_η(1 − p)) + (c^2_η + 1)p] , Ŕĺśĳňă ć ĘİŠŤ šőň 89 ćżŕ. 7 { 8 2009

D = ⟨ψ_{0a}|ρ^a_E |θ_{1b}⟩ = s^2_η(1 − p)⟨ψ_{1a}|ψ_{1a}⟩⟨ψ_{1a}|θ_{0b}⟩ − 2c_ηs_η[ √ p(1 − p)⟨ψ_{1a}|ψ_{0a}⟩⟨θ_{0b}|θ_{0b}⟩ + ⟨ψ_{1a}|ψ_{1a}⟩⟨θ_{1b}|θ_{0b}⟩]+ 2[s^2_η(1 − p) + (c^2_η + 1)p] × (33)

× (c^2_η + 1)⟨ψ_{1a}|θ_{0b}⟩⟨θ_{0b}|θ_{0b}⟩ 2[s^2_η(1 − p) + (c^2_η + 1)p] . Őłőŋůăšěńĳŋő ĺňěěň a − λ G − λ · p_{(ψ,ψ)} C D − λ · p_{(ψ,θ)} G − λ · p_{(ψ,ψ)} a − λ D − λp_{(ψ,θ)} C C D − λ · p_{(ψ,θ)} b − λ F − λ · p_{(θ,θ)} D − λ · p_{(ψ,θ)} C F − λ · p_{(θ,θ)} b − λ , (34)

čďě p_{(ψ,ψ)} = c^2_η + s^2_ηc_ψ , p_{(θ,θ)} = s^2_ηc_θ − c^2_η, p_{(ψ,θ)} = c_ηs_η(1 − c_ψ) √ 1 − p p . (35)

Ĺŋďěłśż őšŋőś£šś£ ł śőśšő£ŋĺ£ň, ŕő łőšőřżň ćżůĺśń£¿šś£ ňăšřĺůŋżě ¡ńěňěŋšż. Ćśě ćěńĺůĺŋż ć (29){ (34) £ćń£¿šś£ ťşŋłűĺ£ňĺ Q, c_ψ ĺ η, ĺğ ¡łőŋőňĺĺ ňěśšă ăřčşňěŋšż ŋě ćżŕĺśżćăěň. Ćżůĺśńěŋĺě ďěšěřňĺŋăŋšă ňăšřĺűż (34) ŕřĺćőďĺš ł şřăćŋěŋĺ¿ 4-ľ śšěŕěŋĺ őąźěčő ćĺďă, łőřŋĺ łőšőřőčő £ćń£¿šś£ śőąśšćěŋŋżňĺ ůĺśńăňĺ ňăšřĺűż ŕńőšŋőśšĺ ρ^a_E . Ĺňě¿šś£ ĺğćěśšŋżě £ćŋżě ăŋăńĺšĺůěśłĺě ćżřăęěŋĺ£ ďń£ łőřŋěľ. Ććĺďş čřőňőğďłőśšĺ őŋĺ ğďěśĳ ŋě ŕřĺćőď£šś£. Ŕşśšĳ śőąśšćěŋŋżě ůĺśńă ňăšřĺűż (34) ěśšĳ λ_{1,2,3,4}. Ďăńěě,

S(ρ^a_E ) = − 4∑ i=1 λ_ilogλ_i,

S(ρ^{0a}_E ) = S(ρ^{1a}_E ) = −λ_1logλ_1 − λ_2logλ_2;

(36)

ğďěśĳ λ_{1,2} { śőąśšćěŋŋżě ůĺśńă ůăśšĺůŋőľ ňăšřĺűż ŕńőšŋőśšĺ (25), (26)

λ_{1,2} = e_1 + e_2 ± √ (e_1 − e_2)^2 + 4γ^2 2 , (37)

e_1 = s^2_η(1 − p(Q)) s^2_η (1 − p(Q)) + (c^2_η + 1)p(Q) ,

e_2 =

(c^2_η + 1)p(Q) s^2_η (1 − p(Q)) + (c^2_η + 1)p(Q) , (38)

γ = √ p(Q)(1 − p(Q)) s^2_η (1 − p(Q)) + (c^2_η + 1)p(Q)

. (39)

Ğăćĺśĺňőśšĳ p őš Q ďăěšś£ śőőšŋőÿěŋĺěň (22).

Łřĺšĺůěśłă£ őÿĺąłă ĺ ďńĺŋă śěłřěšŋőčő łń¿ůă. Łřĺšĺůěśłă£ őÿĺąłă Q_c, ďő łőšőřőľ ňőęŋő ŕěřěďăćăšĳ łń¿ůĺ ĺ čăřăŋšĺřőćăšĳ ĺţ śěłřěšŋőśšĳ ś şůěšőň (1) ĺ (23), őŕřěďěń£ěšś£ şřăćŋěŋĺěň

1 − h(Q_c) = max_{cψ} χ(Q_c, c_ψ), (40)

čďě ŕăřăňěšř c_ψ őŕřěďěń£ěšś£ Ěćőľ šăł, ůšőąż ňăłśĺňĺğĺřőćăšĳ śćő¿ ĺŋťőřňăűĺ¿ ő łń¿ůě. Ďńĺŋă śěłřěšŋőčő łń¿ůă, łőšőřżľ ňőęěš ążšĳ ŕőńşůěŋ ĺğ ŕőśńěďőćăšěńĳŋőśšĺ ďńĺŋż n, őŕřěďěń£ěšś£ łăł

r = n(1 − h(Q) − max_{cψ} χ(Q, c_ψ)). (41)

Ňăłśĺňĺğăűĺ£ ĺŋťőřňăűĺĺ Ěćż ŕřőćőďĺšś£ ŕő őďŋőľ ŕěřěňěŋŋőľ c_ψ. Ğăćĺśĺňőśšĺ 1 − h(Q) ĺ max_{cψ} χ(Q, c_ψ) łăł ťşŋłűĺĺ ŋăąń¿ďăěňőľ őÿĺąłĺ ŋă ŕřĺěňŋőľ śšőřőŋě ŕřĺ őŕšĺňăńĳŋőň ğŋăůěŋĺĺ c_ψ, łőšőřőě ŋăţőďĺńőśĳ ůĺśńěŋŋő, ŕřěďśšăćńěŋż ŋă řĺś.1 ŕřĺ řăğńĺůŋżţ ğŋăůěŋĺ£ţ şčńă η (ťőřňşńă (2)) ňěęďş ĺŋťőřňăűĺőŋŋżňĺ śőśšő£ŋĺ£ňĺ. Ğŋăůěŋĺ£ şčńă ňěęďş śőśšő£ŋĺ£ňĺ şłăğăŋż ŋă řĺś.1a, b.

Ŋă řĺś.2a ŕřĺćěďěŋă ğăćĺśĺňőśšĳ 1 − h(Q) − χ(Q, c_ψ) ŋă ŕńőśłőśšĺ ŕăřăňěšřőć (Q, c_ψ). Şłăğăŋă őąńăśšĳ, čďě |c_θ| > 1, ĺ řěÿěŋĺ£ őšśşšśšćş¿š. Ŋă řĺś.2b ŕřĺćěďěŋă ğăćĺśĺňőśšĳ łřĺšĺůěśłőľ őÿĺąłĺ, ďő łőšőřőľ ćőğňőęŋő řăśŕřőśšřăŋěŋĺě śěłřěšŋżţ łń¿ůěľ, łăł ťşŋłűĺ£ şčńă η ňěęďş śőśšő£ŋĺ£ňĺ ćŋşšřĺ ąăğĺśőć.

Ŕĺśĳňă ć ĘİŠŤ šőň 89 ćżŕ. 7 { 8 2009

438 Ď. Ă. Łřőŋąěřč, Ś. Ŋ. Ňőńőšłőć

Řĺś.1

Řĺś.2

Őďĺŋ ĺğ ăćšőřőć (Ś.Ŋ.Ň.) ćżřăęăěš ąńăčőďăřŋőśšĳ Ăłăďěňĺĺ łřĺŕšőčřăťĺĺ Řőśśĺľśłőľ Ťěďěřăűĺĺ ğă ŕőďďěřęłş. Řăąőšă ůăśšĺůŋő ŕőďďěřęăŋă ŕřőěłšőň Řőśśĺľśłőčő ťőŋďă ťşŋďăňěŋšăńĳŋżţ ĺśśńěďőćăŋĺľ # 08-02-00559.

1. G. Brassard, N. L-utkenhaus, T. Mor, and B. Sanders, Phys. Rev. Lett., 85, 1330 (2000); N.L-utkenhaus, Phys. Rev. A 61, 052304 (2000).

2. C. H. Bennett, G. Brassard, Quantum Cryptography:

Public Key Distribution and Coin Tossing, Proc.of IEEE Int. Conf. on Comput. Sys. and Sign. Proces., Bangalore, India, December 1984, p. 175.

3. V. Scarani, A. Acin, G. Ribordy, and N. Gisin, Phys.

Rev. Lett. 92, 057901-1 (2004).

4. C. Branciard, N. Gisin, B. Kraus, and V. Scarani, Phys.

Rev. A 72, 032301 (2005).

5. Ś. Ŋ. Ňőńőšłőć, ĘİŠŤ 133, 5 (2008); Ŕĺśĳňă ć ĘİŠŤ 88, 315 (2008).

6. C. E. Shannon, Bell Syst. Tech. Jour. 27, 397; 623 (1948).

7. Ă. Ś. Ţőńěćő, Ććěďěŋĺě ć łćăŋšőćş¿ šěőřĺ¿ ĺŋťőřňăűĺĺ, śěřĺ£ Śőćřěňěŋŋă£ ňăšěňăšĺůěśłă£ ťĺğĺłă, ćżŕ.5, Ň.: ŇŰŊŇŐ, 2002; Şśŕěţĺ ňăšěňăšĺůěśłĺţ ŋăşł 53, 193 (1998).

8. M. Nielsen and I. Chuang, Quantum Computation and Quantum Information, Cambridge University Press, 2001; (Ň.Ŋĺńĳśěŋ, Ĺ.Ůăŋč, Łćăŋšőćżě ćżůĺśńěŋĺ£ ĺ łćăŋšőćă£ ĺŋťőřňăűĺ£, Ň.: Ňĺř, 2006).

9. Ř. Čăńńăčěř, Šěőřĺ£ ĺŋťőřňăűĺĺ ĺ ŋăďěęŋă£ ść£ğĳ, Ň.: Śőć. Řăďĺő, 1974.

10. C. H. Bennett, G. Brassard, C. Cr«epeau, and U. Maurer, IEEE Transaction on Information Theory, 41, 1915 (1995).

11. J. L. Carter and M. N. Wegman, J. of Computer and System Sciences 18, 143 (1979).

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

13. Ś. Ŋ. Ňőńőšłőć, Ă. Ć. Šĺňőťěěć, Ŕĺśĳňă ć ĘİŠŤ 85, 632 (2007).

14. Ň. Ă. Ŋăľňăřł, Ĺğćěśšĺ£ ĂŊ ŚŚŚŘ (ňăšěňăšĺůěśłă£ śěřĺ£) 4, 277 (1940).

Ŕĺśĳňă ć ĘİŠŤ šőň 89 ćżŕ. 7 { 8 2009