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Êâàíòîâûå ñîñòîÿíèÿ êàê ëèíåéíûå êîìáèíàöèè êëàññè÷åñêèõ
Ïðîöåäóðà êâàíòîâàíèÿ - ïåðåõîä ê ëèíåéíîé îáîëî÷êå. L(K ) ñîñòîèò èç ëèíåéíûõ
êîìáèíàöèé |Ψ〉 =

∑
j λj |j〉, ãäå âñå |j〉 ∈ K ñ÷èòàþòñÿ âçàèìíî îðòîãîíàëüíûìè ñ

åäèíè÷íîé íîðìîé. Îáúåäèíåíèå ðåàëüíûõ ñèñòåì ïðèâîäèò ê òåíçîðíîìó ïðîèçâåäåíèþ
- ÷òî âåäåò ê ýêñïîíåíöèàëüíîìó ðîñòó ðàçìåðíîñòè ïðîñòðàíñòâà êâàíòîâûõ ñîñòîÿíèé.
Îñíîâíàÿ ïðîáëåìà: Ñêîëüêî ýëåìåíòîâ ìîæåò áûòü
â ìíîæåñòâå êëàññè÷åñêèõ ñîñòîÿíèé K?
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Figure: Îáúåäèíåíèå ðåàëüíûõ ñèñòåì ïðèâîäèò ê òåíçîðíîìó ïðîèçâåäåíèþ
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Äèñêðåòèçàöèÿ

Äëÿ ïåðåõîäà ê êâàíòîâîé ìåõàíèêå íåîáõîäèìî äèñêðåòèçèðîâàòü ïðîñòðàíñòâî-âðåìÿ,
âûáðàâ çåðíî ðàçðåøåíèÿ dx , dt. Îò ýòîãî çàâèñÿò ïðîáíûå çàðÿäû è ìàññû ÷àñòèö. Åñëè
óñòðåìèòü dx → 0, dt → 0, ïðîáíûå çàðÿäû è ìàññû áóäóò ìåíÿòüñÿ, íî ïðåäñòàçàíèÿ
íàáëþäåíèé áóäóò òîëüêî óòî÷íÿòüñÿ (òåîðåìà Áîãîëþáîâà î ïåðåíîðìèðîâêàõ êâàíòîâîé
ìåõàíèêè).

Ýòî äîêàçûâàåò ìàòåìàòè÷åñêóþ êîððåêòíîñòü êâàíòîâîé òåîðèè îäíîé ÷àñòèöû,
âçàèìîäåéñòâóþùåé ñ ïîëåì. Ýêñïåðèìåíò (íàïðèìåð, âû÷èñëåííîå çíà÷åíèå
ýëåêòðîííîãî ñïèíà) ïîêàçûâàåò òî÷íîñòü ïðåäñêàçàíèé êâàíòîâîé òåîðèè äî 107 - â
ñëó÷àå îäíîé ÷àñòèöû.

Äëÿ ìíîãèõ ÷àñòèö ñèòóàöèÿ íåÿñíà. Äëÿ 3 ÷àñòèö íàéäåí ýôôåêòèâíûé àëãîðèòì
âû÷èñëåíèÿ êâàíòîâîé äèíàìèêè (Ë.Ôàääååâ è åãî ãðóïïà, 2007). Äëÿ áîëüøåãî ÷èñëà
÷àñòèö åñòü òîëüêî ïðîåêò êâàíòîâîãî êîìïüþòåðà.

4 / 31



Ðàçìåðíîñòü òåíçîðíîãî ïðîèçâåäåíèÿ ïðîñòðàíñòâ åñòü ïðîèçâåäåíèå èõ ðàçìåðíîñòåé.

Ðàçìåðíîñòü ïðîñòðàíñòâà êâàíòîâûõ
ñîñòîÿíèé ðàñòåò êàê ýêñïîíåíòà îò ÷èñëà
ðåàëüíûõ ÷àñòèö.

Êâàíòîâûé ïðîöåññ íåâîçìîæíî
èìèòèðîâàòü â òî÷íîñòè êëàññè÷åñêèìè
ñðåäñòâàìè äàæå íà îäíîì øàãå.
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Ýâîëþöèÿ êâàíòîâîãî ñîñòîÿíèÿ âî âðåìåíè

1. Ýâîëþöèÿ â ïðèñóòñòâèè íàáëþäàòåëÿ, êîòîðûé èçìåðÿåò ñèñòåìó. Èçìåðåíèå
ñèñòåìû, íàõîäÿùåéñÿ â ñîñòîÿíèè |Ψ〉 =

∑
j

λj |j〉 åñòü ñëó÷àéíàÿ âåëè÷èíà, ïðèíèìàþùàÿ

çíà÷åíèÿ |j〉 ñ âåðîÿòíîñòÿìè pj = |λj |2.
2. Ýâîëþöèÿ â îòñóòñòâèè íàáëþäàòåëÿ: ðåøåíèå óðàâíåíèÿ Øðåäèíãåðà ih ˙|Ψ〉 = H|Ψ〉

|Ψ(t)〉 = Ut |Ψ(0)〉, Ut = e−
i
hHt

Ut : |Ψ(0)〉 → |Ψ(t)〉 - îïåðàòîð ýâîëþöèè, H = Ekin + Epot- ýðìèòîâ îïåðàòîð ýíåðãèè;

äëÿ îäíîé ÷àñòèöû â ïîòåíöèàëå V ãàìèëüòîíèàí H = p2

2m + V (r), p = −ih∇. Äëÿ
êîíå÷íîìåðíîãî ïðèáëèæåíèÿ H è Ut- ìàòðèöû, |Ψ〉 - ñòîëáåö, çàâèñÿùèé îò âðåìåíè.
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Â ÷åì òðóäíîñòü ìîäåëèðîâàíèÿ íà êâàíòîâîì óðîâíå
Îïåðàöèÿ z , x , y → z , x , y ⊕ x . Â êëàññè÷åñêîì ñëó÷àå îíà
çàòðîíåò òîëüêî x è y .

Â êâàíòîâîì ñëó÷àå íàì ïðèäåòñÿ çàïèñûâàòü åå ðåçóëüòàò äëÿ
âñåâîçìîæíûõ z , êîòîðûå íåïîñðåäñòâåííî â ýòîé îïåðàöèè íå
ó÷àñòâóþò! Ïîòîìó ÷òî êâàíòîâàÿ îïåðàöèÿ z , x , y → z , x , y ⊕ x
äåéñòâóåò íå íà îäíîì íàáîðå x , y , z , à íà âñåõ òàêèõ íàáîðàõ,
ïðè ëþáûõ z .
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×òî òàêîå àëãîðèòì è ÷òî òàêîå âû÷èñëåíèå

Àëãîðèòì - ýòî ðåöåïò, ÷òî íàäî äåëàòü, òî÷íûé ðåöåïò, ïî
øàãàì, íî â ñæàòîé ôîðìå, òî åñòü ñ óêàçàíèåì âîçìîæíûõ
ðàçâèëîê è çàöèêëèâàíèé. Àëãîðèòì, êàê ïðàâèëî, êîðîòêèé, åãî
ìîæíî íàïèñàòü íà áóìàãå ðó÷êîé.

Âû÷èñëåíèå - ýòî ïðàêòè÷åñêàÿ ðåàëèçàöèÿ ðåöåïòà. Îíà äàæå íå
âñåãäà âåäåò ê êàêîìó-òî ðåçóëüòàòó, è ìîæåò äëèòüñÿ âå÷íî.
Âû÷èñëåíèå, êàê ïðàâèëî, íåëüçÿ âîñïðîèçâåñòè âðó÷íóþ, çà
èñêëþ÷åíèåì ìàòåìàòè÷åñêèõ ôîðìóë, êîòîðûå îáëàäàþò
ñàêðàëüíûì ñìûñëîì. Â ïðî÷èõ ñëó÷àÿõ äëÿ âû÷èñëåíèÿ íóæåí
ñïåöèàëüíûé ïðèáîð - êîìïüþòåð.
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Îïèñàòü êâàíòîâûé àëãîðèòì î÷åíü ïðîñòî: ýòî ïðîñòî
êëàññè÷åñêèé àëãîðèòì, óêàçûâàþùèé, êàêèå èìåííî îïåðàöèè è
íàä êàêèìè êóáèòàìè íàäî ïðîäåëàòü.

Íî îñóùåñòâèòü âû÷èñëåíèå ïî êâàíòîâîìó àëãîðèòìó (êâàíòîâîå
âû÷èñëåíèå) - êëàññè÷åñêèì ïóòåì - ÍÅÂÎÇÌÎÆÍÎ èç çà
íåïðåîäîëèìîãî ñëîæíîñòíîãî áàðüåðà.

9 / 31



Èíòåãðàë Ôåéíìàíà ïî ïóòÿì - íåïðåðûâíûé àíàëîã ìàòðè÷íîé
ìåõàíèêè
Åñëè åñòü k øàãîâ ïðîäîëæèòåëüíîñòè dt: Ut = UkUk−1 . . .U0, ìàòðè÷íûé ýëåìåíò
ïåðåõîäà áóäåò

ut(i , j) =
∑

q1,q2,...,qk

udt(q1, j)udt(q2, q1) . . . udt(i , qk)

÷òî â íåïðåðûâíîì ñëó÷àå äàåò îïåðàòîð ýâîëþöèè â âèäå ôåéíìàíîâñêîãî ÿäðà

K (2, 1) =

∫
γ: 1→2

exp(
i

h
S [γ])Dγ

ãäå äåéñòâèå S âäîëü òðàåêòîðèè γ åñòü

S [γ] =
t1∫
t0

L(ẋ , x , t)dt, L = Ekin − Epot , γ : x = x(t), t0 ≤ t ≤ t1. Ýâîëþöèÿ èìååò âèä

Ψ(2) =

∫
K (2, 1)Ψ(1)d1, 1 = x1, 2 = x2
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Êëàññè÷åñêàÿ ìåõàíèêà êàê ñëåäñòâèå èíòåðôåðåíöèè àìïëèòóä

Êëàññè÷åñêàÿ òðàåêòîðèÿ γcl îòëè÷àåòñÿ îò ïðî÷èõ òåì, ÷òî íà íåé δS[γcl ]
δγ = 0. Ïîýòîìó â

èíòåãðàëå

K (2, 1) =

∫
γ: 1→2

exp(
i

h
S [γ])Dγ

îêðåñòíîñòè êëàññè÷åñêîé òðàåêòîðèè ñêëàäûâàþòñÿ êîíñòðóêòèâíî, à îêðåñòíîñòè ïðî÷èõ
- äåñòðóêòèâíî, åñëè ñðåäíåå äåéñòâèå íà ýëåìåíòàðíîì øàãå ïðåâîñõîäèò ïîñòîÿííóþ
Ïëàíêà h ≈ 10−27erg sec. Åñëè æå ñðåäíåå äåéñòâèå ìàëî, íåêëàññè÷åñêèå òðàåêòîðèè
ìîãóò äàòü ñåðüåçíûé âêëàä.
Íåîáõîäèìîñòü ïðèìåíÿòü êâàíòîâóþ ìåõàíèêó çàâèñèò îò ïðîäîëæèòåëüíîñòè dt
ýëåìåíòàðíîãî øàãà ìîäåëèðîâàíèÿ ïðîöåññà, òî åñòü îò ñöåíàðèÿ ïðîöåññà.
Íàïðèìåð, â çàäà÷å âû÷èñëåíèÿ âîçìîæíûõ ñîñòîÿíèé àññîöèàöèè ìîëåêóë ìîæíî
ñ÷èòàòü ÿäðà êëàññè÷åñêèìè, à ýëåêòðîíû íóæíî ñ÷èòàòü - êâàíòîâûìè (ìîäåëü
Áîðíà-Îïïåðãåéìåðà).
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Ð.Ô.Ôåéíìàí (1918-1988)
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Êâàíòîâûé êîìïüþòåð êàê âûçîâ êâàíòîâîé òåîðèè
1. Êâàíòîâûé àëãîðèòì åñòü ðåöåïò ñïåöèàëüíî îãðàíèçîâàííîãî êëàññè÷åñêîãî
óïðàâëåíèÿ Ãàìèëüòîíèàíîì H = H(t). Êâàíòîâîå âû÷èñëåíèå - ñîîòâåòñòâóþùàÿ ýòîìó
ãàìèëüòîíèàíó ýâîëþöèÿ âîëíîâîé ôóíêöèè êâàíòîâîãî ñîñòîÿíèÿ îïðåäåëåííîé ñèñòåìû
÷àñòèö.
Ïðåäïîëîæèì, ÷òî íåò íèêàêèõ îãðàíè÷åíèé íà ðàçìåð ìíîæåñòâà K
êëàññè÷åñêèõ ñîñòîÿíèé, ïîäëåæàùèõ êâàíòîâàíèþ. Òîãäà ýâîëþöèÿ âîëíîâîé
ôóíêöèè |Ψ〉 ïðè ýòîì ìîæåò ïðèâåñòè ê íåïðåäñêàçóåìîìó ðåçóëüòàòó, êîòîðûé
íåâîçìîæíî ïîëó÷èòü íèêàêèì êëàññè÷åñêèì àëãîðèòìîì â îáîçðèìîå âðåìÿ. Òàêèå
ñïîñîáû óïðàâëåíèÿ íàçûâàþòñÿ áûñòðûìè êâàíòîâûìè àëãîðèòìàìè.

2. Âñåì ìàòåìàòè÷åñêèì ìåòîäàì êâàíòîâîé òåîðèè ìîæíî ïðèäàòü ôîðìó ýôôåêòèâíûõ
êëàññè÷åñêèõ àëãîðèòìîâ.

3. Ôèçèêà êâàíòîâûõ êîìïüþòåðîâ òðåáóåò íîâûõ ìåòîäîâ è áîëåå îáùåãî

âçãëÿäà íà îáëàñòü ïðèëîæåíèé êâàíòîâîé ìåõàíèêè.

4. Êðèòåðèé êà÷åñòâà ìàòåìàòè÷åñêîé ìîäåëè: íåèçáåæíàÿ ðåäóêöèÿ âîëíîâîé ôóíêöèè
îò óíèòàðíîé ýâîëþöèè â õîäå âû÷èñëåíèÿ äîëæíà ñîâïàäàòü ñ íàáëþäàåìîé â
ýêñïåðèìåíòàõ äåêîãåðåíòíîñòüþ - ñïîíòàííûì îòêëîíåíèåì íàáëþäàåìûîé äèíàìèêè îò
óíèòàðíîãî çàêîíà.13 / 31



Ï.Ñ.Øîð
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Ë.Ê.Ãðîâåð
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Êâàíòîâûå ãåéòû è ïîäïðîãðàììû

Ãåéòû - ýëåìåíòàðíûå óíèòàðíûå îïåðàòîðû, çàòðàãèâàþùèå ÿâíî 1-3 êóáèòà. Èç íèõ
êîìáèíèðóþòñÿ óíèòàðíûå êâàíòîâûå ïîäïðîãðàììû, ðåàëèçóþùèå ïîëåçíûå îïåðàöèè.
Ïðèìåðû ãåéòîâ: NOT: x → x ⊕ 1. CNOT: x , y → x , y ⊕ x . CNOT- ïðèìåð óñëîâíîãî
ãåéòà. Ëþáîé ãåéò ìîæíî ñäåëàòü óñëîâíûì, äîáàâèâ óïðàâëÿþùèé êóáèò.
Ïðèìåðû ïîäïðîãðàìì:
1). Iā : |b̄〉 → (−1)ε|b̄〉, ãäå ε = 0, åñëè 〈a|b〉 = 0 è ε = 1 â ïðîòèâíîì ñëó÷àå.

2). Îïåðàòîð Ãðîâåðà G = −I0̃Ixtar , ãäå |0̃〉 = 1√
N

N−1∑
j=0

|j〉, xtar - ðåøåíèå óðàâíåíèÿ f (x) = 1.

Ðåàëèçàöèÿ Ixtar : äîáàâëÿåì àíöèëëó â ñîñòîÿíèè 1√
2

(|0〉 − |1〉), è äåëàåì ïðåîáðàçîâàíèå

x , anc → x , anc ⊕ f (x). Çàòåì àíöèëëó âûáðàñûâàåì.
Îïåðàòîð Ãðîâåðà åñòü ïîâîðîò íà óãîë α = 2 arcsin(N−1/2) ïî íàïðàâëåíèþ ê |xtar 〉.
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Àëãîðèòì Ãðîâåðà: êâàäðàòè÷íîå êâàíòîâîå óñêîðåíèå
Çàäà÷à íà ïåðåáîð: íàéòè ðåøåíèå xtar óðàâíåíèÿ f (x) = 1, ãäå f - áóëåâñêàÿ ôóíêöèÿ îò n
ïåðåìåííûõ, çàäàííàÿ â âèäå ñõåì èç ôóíêöèîíàëüíûõ ýëåìåíòîâ.
Îïåðàòîð Ãðîâåðà G - ïîâîðîò íà óãîë arcsin(N−1/2). Ðåàëèçóåòñÿ ñ ïîìîùüþ äâóõ
çåðêàëüíûõ îòðàæåíèé: âäîëü âåêòîðà |0̃〉 = 1√

N

∑
j |j〉 è âäîëü íåèçâåñòíîãî âåêòîðà |xtar 〉.

Ïîñëåäíåå ìîæíî ïðåäñòàâèòü êàê |x , y〉 → |x , y ⊕ f (x)〉 - ðåàëèçóåòñÿ, èñõîäÿ èç
êëàññè÷åñêîé ñõåìû äëÿ ôóíêöèè f .
Àëãîðèòì Ãðîâåðà:
ïîâòîðåíèå îïåðàòîðà G[
π
√
N

4

]
ðàç

Grover L.K., Proceedings,
28th Annual ACM Symposium
on the Theory of Computing,

1996
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Àëãîðèòì Çàëêè-Âèçíåðà

Íà êâàíòîâîì êîìïüþòåðå ìîæíî ìîäåëèðîâàòü ðåøåíèå óðàâíåíèå Øðåäèíãåðà â ñëó÷àå
ïðîñòîãî ïîòåíöèàëà çà âðåìÿ O(t2), ãäå t- âðåìÿ ðåàëüíîãî ïðîöåññà, ñ ïàìÿòüþ O(n),
ãäå n- ÷èñëî ÷àñòèö â ðåàëüíîé ñèñòåìå.

exp(− i

h
(Hkin + V (r))t ≈ (exp(− i

h
Hkindt)exp(− i

h
V (r)dt))t/dt

(Ôîðìóëà Òðîòòåðà, îøèáêà O(dt2)). Îïåðàòîð exp(− i
hV (r)dt)) äèàãîíàëåí, è åãî ìîæíî

âûïîëíèòü ñ ïîìîùüþ êâàíòîâîãî àëãîðèòìà ñ ïàìÿòüþ ïîðÿäêà ðàçìåðà ðåàëüíîé
ñèñòåìû. Îïåðàòîð exp(− i

hHkindt) ïðèâîäèòñÿ ê äèàãîíàëüíîìó ïåðåõîäîì ê èìïóëüñíîìó
áàçèñó. Êâàíòîâîå ïðåîáðàçîâàíèå Ôóðüå òðåáóåò ðåñóðñà O(n) ïî âðåìåíè è ïî ïàìÿòè
(Øîð); äîñòèæåíèå ìàëîé ðåçóëüòèðóþùåé îøèáêè ïîòðåáóåò dt = O(1/t), ÷òî äàñò
êâàäðàòè÷íîå çàìåäëåíèå ïî âðåìåíè ïî ñðàâíåíèþ ñ ðåàëüíûì ïðîöåññîì.

C.Zalka, Proc.Roy.Soc.Lond. A454 (1998) 313-322, S.Wiesner, arXiv:quant-ph/9603028
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Ðåàëèçàöèÿ îáðàòíîãî êâàíòîâîãî ïðåîáðàçîâàíèÿ Ôóðüå |a〉 → 1√
N

N−1∑
b=0

exp( 2πiabN )|b〉
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Îêðóæíîñòè çäåñü îáîçíà÷àþò ïðåîáðàçîâàíèå Àäàìàðà
|0〉 → 1√

2
(|0〉+ |1〉), |1〉 → 1√

2
(|0〉 − |1〉), ìàòðèöà êîòîðîãî èìååò âèä:

H =

(
1/
√
2 1/

√
2

1/
√
2 −1/

√
2

)
, (1)

äâóõêóáèòîâûå îïåðàöèè èìåþò âèä:

Uk,j =


1 0 0 0
0 1 0 0
0 0 1 0

0 0 0 e iπ/2
k−j

 , k > j . (2)
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Íàáðîñîê äîêàçàòåëüñòâà

Â äàííîé ñõåìå âåíòèëåé àìïëèòóäà ïåðåõîäà îò a =
∑
j

aj2
j ê b =

∑
j

bj2
j èìååò âèä

π
∑

l>k>j≥0

ajb
′
k

2k−j + π
∑

l>j≥0
ajb
′
j =

2π
∑

l>j+k≥0

ajbk2
j+k

2l
=

2π
∑

l>j,k≥0

ajbk2
j+k

2l
=

2π
2l

∑
l>j≥0

aj2
j
∑

l>k≥0
bk2

j = 2π
2l
.

(3)

÷òî â òî÷íîñòè ñîîòâåñòâóåò îáðàòíîìó ïðåîáðàçîâàíèþ Ôóðüå.
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Ãëàâíîå íàçíà÷åíèå êâàíòîâîãî êîìïüþòåðà - ìîäåëèðîâàíèå
ðåàëüíîñòè íà êâàíòîâîì óðîâíå

Êâàíòîâûé êîìïüþòåð ñïîñîáåí íàõîäèòü ðåøåíèå óðàâíåíèÿ Øðåäèíãåðà äëÿ n ÷àñòèö
çà âðåìÿ O(t2) ñ èñïîëüçîâàíèåì ïàìÿòè O(n), â äèñêðåòíîì ïðèáëèæåíèè ñ çåðíîì
ðàçðåøåíèÿ dx , dt, îò êîòîðîãî çàâèñÿò êîíñòàíòû âðåìåíè è ïàìÿòè.

Ñîçäàíèå QC îçíà÷àëî áû íîâûé ýòàï â òî÷íîì åñòåñòâîçíàíèè, òàê êàê ïîÿâèëàñü áû
âîçìîæíîñòü ìîäåëèðîâàòü ñëîæíûå ñèñòåìû íà êâàíòîâîì óðîâíå.

Ñóùåñòâîâàíèå QC íå ïðîòèâîðå÷èò íèêàêèì çàêîíàì ôèçèêè.
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Òåîðåòè÷åñêèå ïðåäåëû âîçìîæíîñòåé êâàíòîâîãî êîìïüþòåðà
Generic Machine Simulation Problem (GMSP): Íàõîæäåíèå ðåçóëüòàòà t- êðàòíîãî
ïðèìåíåíèÿ çàäàííîé ôóíêöèè F ê äàííîìó àðãóìåíòó x . GMSP- P-ïîëíàÿ ïðîáëåìà, íå
äîïóñêàþùàÿ ðàñïàðàëëåëèâàíèÿ (Limits to Parallel Computation: P-Completeness Theory,

R.Greenlaw et al., University of New Hampshire, 1995).
Íà êâàíòîâîì êîìïüþòåðå â ìîäåëè F êàê "÷åðíîãî ÿùèêà" ïðè t = O(N1/7) (N- ÷èñëî
âñåõ ñîñòîÿíèé ìàøèíû) ñ âåðîÿòíîñòüþ 1 GSMP íå äîïóñêàåò êâàíòîâîãî óñêîðåíèÿ äàæå
íà 1 øàã. Áåç îãðàíè÷åíèÿ íà t êâàíòîâîå âðåìÿ ðåøåíèÿ GSMP ïðîáëåìû ñ
âåðîÿòíîñòüþ 1 íå ìîæåò áûòü áîëüøå Ω(

√
t) (Ozhigov Y.I., Chaos, Solitons and Fractals, 1999,

10 and Proc.R.Soc.Lond. A 1999, 455).
Êâàíòîâûé ïàðàëëåëèçì îêàçûâàåòñÿ òåñíî ñâÿçàí ñ êëàññè÷åñêèì. Áûñòðûå êâàíòîâûå
àëãîðèòìû åñòü ðåäêèé ôåíîìåí, èìåþùèé ìåñòî ëèøü äëÿ êëàññè÷åñêèõ àëãîðèòìîâ,
äîïóñêàþùèõ ðàñïàðàëëåëèâàíèå (FNC êëàññ ñëîæíîñòè).
Ãðîâåðîâñêîå óñêîðåíèå ÿâëÿåòñÿ òèïè÷íûì âåðõíèì ïðåäåëîì äëÿ áîëüøèíñòâà çàäà÷.
Ýòîò ïðåäåë ìîæåò ïðåâûøàòüñÿ òîëüêî äëÿ îòäåëüíûõ ÷àñòíûõ ñëó÷àåâ, íàïðèìåð,
ôàêòîðèçàöèÿ öåëûõ ÷èñåë (àëãîðèòì Øîðà P. W. Shor, Algorithms for quantum computation:

Discrete logarithms and factoring, Proc. 35nd Annual Symposium on Foundations of Computer

Science, IEEE Computer Society Press , 1994 ).
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CNOT ãåéò: |x , y〉 → |x , x ⊕ y〉. íà çàðÿäîâûõ ñîñòîÿíèÿõ
Ê.À.Âàëèåâ, Ë.Å.Ôåäè÷êèí, Êâàíòîâûå êîìïüþòåðû è êâàíòîâûå âû÷èñëåíèÿ, ò.9, 1, 2009
Äëÿ ðåàëèçàöèè ïðîèçâîëüíîãî óíèòàðíîãî îïåðàòîðà äîñòàòî÷íî ðåàëèçîâàòü âñå
îäíîêóáèòíûå è êàêóþ-ëèáî çàïóòûâàþùóþ äâóõ-êóáèòíóþ îïåðàöèþ, íàïðèìåð, CNOT.

Figure: À. NOT íà êâàíòîâîé òî÷êå ñ äâóõ-ÿìíûì ïîòåíöèàëîì. Ñîáñòâåííûå ñîñòîÿíèÿ
|φ0〉 = 1√

2
(|0〉+ |1〉) è |φ1〉 = 1√

2
(|0〉 − |1〉).

Á. CNOT. Ñîñòîÿíèå òî÷êè x îïðåäåëÿåò âûñîòó áàðüåðà â òî÷êå y (çåëåíûé öâåò), è ñêîðîñòü
òóííåëèðîâàíèÿ â y .

Êâàíòîâûå òî÷êè íà NV- öåíòðàõ â àëìàçå F.Jelezko, S.Kilin, A.Nizovtsev, J.Wrachtrup, C.Tietz,

A.Gruber, I.Popa, Single Molecules, 2001, vol.2, 4, 255
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Íåëèíåéíûé ôàçîâûé ñäâèã â îïòè÷åñêîé ïîëîñòè

Figure: NPS: optical cavity, which the two-level atom �ies through. The energy of the �eld in the cavity
does not exceed 2ωc . We choose the appropriate time τ0 = ∆s/v for �nding the atom in the cavity for
the realization of NFS: |0〉 → |0〉, |1〉 → |1〉, |2〉 → −|2〉

H.Azuma, Quantum computation with the Jaynes�Cummings model, Prog. Theor. Phys. 126 (2011),

369�385.
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CSign |x , y〉 → (−1)xy |x , y〉 íà ôîòîííûõ ñîñòîÿíèÿõ.
Äîáðîòíîñòü ìîæíî äîâåñòè äî 90%. Èñïîëüçóåòñÿ 2 ïîëîñòè äëÿ íåëèíåéíûõ ôàçîâûõ
ñäâèãîâ è 2 ëèíåéíûå ñâåòîäåëèòåëè, äåéñòâóþùèå òàê:

|n〉a1 |m〉a2 = 1√
n!m!

(a+
1 )n(a+

2 )m|0〉a1 |0〉a2 −→
−→ 1√

n!m!
[ 1√

2
(a+

1 + a+
2 )]n[ 1√

2
(a+

1 − a+
2 )]m|0〉a1 |0〉a2

(4)

Figure: C-Sign gate array
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Tavis-Cummings-Hubbard model
Hamiltonian of TCH model has the form:

HTCH =
∑
i

hωca
+
i ai +

∑
i,j

hωij
aσ

+
ij σ
−
ij +k

∑
i

(a+
i+1ai +a+ai+1) +

∑
i,j

µij(ai +a+
i )(σ+

ij +σ−ij ) (5)

where i designes cavity, j - atom, a
(+)
i are operators of creation-annihilation of photons in i-th

cavity, σ
(±)
ij are operators of creation-annihilation of excitation of j-th atom in i-th cavity,

ωc − ωa = d � ωa. If µij � hωa summands not conserving energy can be omitted (RWA
approximation).

In�uence of thermal phonons gives the deposit in the form of dephasing b
(+)
mk are phonon

operators, Sikj - Juang-Rhys factors for interaction between j-th atom in i-th cavity with phonon
mode k :

H = HTCH + HB + HI , HB =
∑
m,k

Emkb
+
mkbmk ,

HI = 1
2

∑
i,k,j

√
Sikjωk(b+

ik + bik)σ+
ij σ
−
ij + h.c .

(6)
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Jaynes-Tavis-Cummings-Hubbard-Dick model with dephasing noise

Figure: JC model with noise.
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Äåêîãåðåíòíîñòü - ãëàâíîå ïðåïÿòñòâèå íà ïóòè ê QC

Îòêëîíåíèå îò óíèòàðíîãî çàêîíà â îòñóòñòâèè
íàáëþäàòåëÿ íàçûâàåòñÿ äåêîãåðåíòíîñòüþ.

Ìàòåìàòè÷åñêè äåêîãåòåíòíîñòü îçíà÷àåò ïîäàâëåíèå íåäèàãîíàëüíûõ ýëåìåíòîâ
ìàòðèöû ïëîòíîñòè ñèñòåìû, ïåðåâîäÿùåé åå èç ÷èñòîãî (êîãåðåíòíîãî) ñîñòîÿíèÿ â
êëàññè÷åñêóþ ñìåñü ðàçëè÷íûõ ñîñòîÿíèé.
Ïðèíÿòî ñ÷èòàòü, ÷òî äåêîãåðåíòíîñòü âûçâàíà êîíòàêòîì ðàññìàòðèâàåìîé ñèñòåìû ñ åå
îêðóæåíèåì, êîòîðîãî ïîëíîñòüþ èçáåæàòü íåâîçìîæíî.
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×àñòè÷íîå îïèñàíèå äåêîãåðåíòíîñòè
Åñëè äåêîãåðåíòíîñòü âûçâàíà êîíòàêòîì ñ îêðóæåíèåì, îíà ïðîÿâëÿåòñÿ â âèäå
ïîäàâëåíèÿ íåäèàãîíàëüíûõ ýëåìåíòîâ â ìàòðèöå ïëîòíîñòè ρ(t), êîòîðàÿ â ñëó÷àå
îïðåäåëåííîãî (÷èñòîãî) êâàíòîâîãî ñîñòîÿíèÿ èìååò âèä ρ = |Ψ〉〈Ψ|, à â ñëó÷àå
êëàññè÷åñêîé íåîïðåäåëåííîñòè (íàïðèìåð, â ðåçóëüòàòå ÷àñòè÷íîãî èçìåðåíèÿ
ñîñòîÿíèÿ) - âèä ρmix =

∑
i pi |φ〉〈φ|, ãäå pi - âåðîÿòíîñòü òîãî, ÷òî ñèñòåìà íàõîäèòñÿ â

ñîñòîÿíèè |φ〉.
Äèíàìèêà ìàòðèöû ïëîòíîñòè â ñëó÷àå îòñóòñòâèÿ ïàìÿòè ó îêðóæåíèÿ ïîä÷èíÿåòñÿ
êâàíòîâîé ìàðêîâñêîé äèíàìèêå - óäîâëåòâîðÿåò óðàâíåíèþ
Êîññàêîâñêîãî-Ëèíäáëàäà-Ãëàóáåðà-Ñóäàðøàíà:

ihρ̇ = [H, ρ] + i
N2−1∑
j=1

gj(LjρL
+
j −

1

2
{L+

j Lj , ρ})

ãäå gj ≥ 0, Lj âìåñòå ñ òîæäåñòâåííûì îïåðàòîðîì îáðàçóþò îðòîãîíàëüíûé áàçèñ â
îïåðàòîðíîì ïðîñòðàíñòâå Ëèóâèëëÿ. Äëÿ îñîáî èíòåðåñíîãî ñëó÷àÿ íåìàðêîâñêîé
äèíàìèêè íåò ïîäîáíîãî îáùåãî ïîäõîäà, åñòü òîëüêî îòäåëüíûå ÷àñòíûå ðåçóëüòàòû.
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Âûâîäû

Êâàíòîâûé êîìïüþòåð - äîëãîâðåìåííûé ïðîåêò, â êîòîðîì òåîðåòè÷åñêèå ðàçðàáîòêè è
ýêñïåðèìåíòû îäèíàêîâî âàæíû.

Êâàíòîâàÿ òåîðèÿ â îáëàñòè ìíîãèõ òåë åùå íå ðàçðàáîòàíà â äîëæíîé ìåðå.

Êîìïüþòåðíîå è ñóïåðêîìïüþòåðíîå ìîäåëèðîâàíèå - êëþ÷åâîé ìîìåíò â ðàçâèòèè
òåîðèè QC.
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