
1 Ââîäíàÿ ëåêöèÿ

2 Êëàññè÷åñêàÿ ñòðóíà Ïîëÿêîâà

3 Îñíîâíûå èäåè êâàíòîâîé òåîðèè ñòðóí

4 Äåéñòâèå êëàññè÷åñêîé ñòðóíû è êâàíòî-

âûå àìïëèòóäû

5 Êàíîíè÷åñêîå êâàíòîâàíèå è ñòðóííûé ñïåêòð

5.1 Ôîðìàëüíîå êâàíòîâàíèå áîçîííîé ñòðóíû

Âñïîìíèì ñâîáîäíóþ ñòðóíó, ðàñïðîñòðàíÿþùóþñÿ â �ìèðîâîì âðåìåíè�
−∞ < τ < ∞, à ïàðàìåòð 0 ≤ σ ≤ l ïóñòü îãðàíè÷åí ïðîèçâîëüíûì l.
Åñòåñòâåííûìè ãðàíè÷íûìè óñëîâèÿìè áóäóò

Xµ(σ + l, τ) = Xµ(σ, τ), closed string

∂σX
µ(σ, τ)|σ=0,l = 0, open string

(5.1)

â ñëó÷àå îòêðûòîé ñòðóíû - ïðîñòåéøèå ãðàíè÷íûå óñëîâèÿ, îòâå÷àþùèå
ñâîáîäíîìó äâèæåíèþ â D-ìåðíîì ïðîñòðàíñòâå Ìèíêîâñêîãî. Ìîæíî
ñäåëàòü ïðåîáðàçîâàíèå Ôóðüå ïî íàïðàâëåíèþ σ

• Xµ(σ + l, τ) = Xµ(σ, τ), çàìêíóòàÿ ñòðóíà, â ðàçëîæåíèè Ôóðüå
Xµ(σ, τ) =

∑
n∈Z exp

(
−2πinσ

l

)
Xµ

n (τ), X̄
µ
n = Xµ

−n;

• ∂σX
µ|σ=0,l = 0, îòêðûòàÿ ñòðóíà, â ðàçëîæåíèè Ôóðüå Xµ(σ, τ) =

Xµ
0 (τ) +

√
2
∑

n>0 cos
(
πnσ
l

)
Xµ

n (τ).

Â ñëó÷àå îòêðûòîé ñòðóíû - áåñêîíå÷íûé íàáîð ðåëÿòèâèñòñêèõ âîëí-
÷àñòèö, â ñëó÷àå çàìêíóòîé - �äâàæäû áåñêîíå÷íûé� íàáîð. Ïîäñòàíîâêà
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â äåéñòâèå ïðèâîäèò ê ñèñòåìå áåñêîíå÷íûõ îñöèëëÿòîðîâ

S =
T

2

∫
dτdσ

(
ẊµẊµ −X ′µX ′

µ

)
=

=


T l

2

∫
dτ
∑
n∈Z

(
Ẋµ,nẊ

µ
−n −

4π2n2

l2
Xµ,nX

µ
−n

)
, closed string

T l

2

∫
dτ

(
Ẋµ,0Ẋ

µ
0 +

∑
n>0

(
Ẋµ,nẊ

µ
n − π2n2

l2
Xµ,nX

µ
n

))
, open string

(5.2)
Âñïîìíèì, ÷òî êëàññè÷åñêèå ðåøåíèÿ äëÿ çàìêíóòîé ñòðóíû èìåþò âèä

Xµ
n (τ) =

l=π
−i

√
α′

n

(
αµ
ne

−2inτ − α̃µ
−ne

2inτ
)
, n ̸= 0

ᾱµ
n = αµ

−n, α̃
µ

n = α̃µ
−n

Xµ
0 (τ) = xµ + pµτ = xµ +

P µ

lT
τ =

T=1/2πα′, l=π
xµ + 2α′P µτ

(5.3)

à äëÿ îòêðûòîé

Xµ
n (τ) =

l=π

i
√
α′

n

(
αµ
ne

−inτ − αµ
−ne

inτ
)
, n > 0, ᾱµ

n = αµ
−n

Xµ
0 (τ) = xµ + pµτ = xµ +

P µ

lT
τ =

T=1/2πα′, l=π
xµ + 2α′P µτ

(5.4)

Êàæäîå ñëàãàåìîå äëÿ îòêðûòîé ñòðóíû - äåéñòâèå íàáîðà ãàðìîíè÷å-
ñêèõ îñöèëëÿòîðîâ âèäà

Sn =
α′=1/2, l=π

1
2

∫
dτ
(
Ẋ2

n − n2X2
n

)
(5.5)

ñ ÷àñòîòàìè ωn = n. Â ãàìèëüòîíîâîì ôîðìàëèçìå

Pn = Ẋn, Hn = 1
2

(
P 2
n + n2X2

n

)
(5.6)

ôîðìàëüíîå êàíîíè÷åñêîå êâàíòîâàíèå ýòèõ îñöèëëÿòîðîâ çàäàåòñÿ ñî-
îòíîøåíèÿìè:

[X̂n, P̂m] = iδnm (5.7)
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èëè, âñïîìíèâ, ÷òî êîîðäèíàò-ïîëåé ó íàñ ìíîãî

[X̂µ
n , P̂m,ν ] = iδnmδ

µ
ν (5.8)

Ïåðåõîäÿ ê ãîëîìîðôíîìó ïðåäñòàâëåíèþ

Ĥn = 1
2

(
P̂ 2
n + n2X̂2

n

)
= 1

2

(
P̂n + inX̂n

)(
P̂n − inX̂n

)
+

n

2
=

= α̂−nα̂n +
n

2

(5.9)

èëè

X̂µ
n = − i√

2n
(α̂µ

n − α̂µ
−n) , P̂ µ

n =
1√
2
(α̂µ

n + α̂µ
−n) , n > 0 (5.10)

ãäå îïåðàòîðû ãîëîìîðôíîãî ïðåäñòàâëåíèÿ óäîâëåòâîðÿþò êîììóòàöè-
îííûì ñîîòíîøåíèÿì

[α̂µ
n, α̂

ν
m] = nδn+m,0η

µν (5.11)

Ìû âèäèì, ÷òî ôîðìàëüíîå êâàíòîâàíèå ñâîäèòñÿ ê çàìåíå àìïëèòóä
ïëîñêèõ âîëí â êëàññè÷åñêîì ðåøåíèè íà îïåðàòîðû ðîæäåíèÿ è óíè-
÷òîæåíèÿ áåñêîíå÷íîé ñèñòåìû ãàðìîíè÷åñêèõ îñöèëëÿòîðîâ.

Äëÿ çàìêíóòîé ñòðóíû ðàçëîæåíèå ïî îñöèëëÿòîðàì ìîæíî ïðåäñòà-
âèòü â âèäå

T l

2

∫
dτ
∑
n∈Z

(
Ẋµ,nẊ

µ
−n −

4π2n2

l2
Xµ,nX

µ
−n

)
=

T=1/π, l=π

= 1
2

∫
dτẊµ,0Ẋ

µ
0 +

∑
n>0

∫
dτ
(
Ẋµ,n

˙̄X
µ

n − 4n2Xµ,nX̄
µ
n

) (5.12)

Òàêèì îáðàçîì äëÿ êàæäîé ïîëîæèòåëüíîé ãàðìîíèêè n > 0 ìû ïîëó-
÷àåì äåéñòâèå ïàðû ãàðìîíè÷åñêèõ îñöèëëÿòîðîâ∫

dτ
(
Ẋn

˙̄Xn − 4n2XnX̄n

)
=

= 1
2

∫
dτ
(
Ẏ 2
n − 4n2Y 2

n

)
+ 1

2

∫
dτ

(
˙̃Y
2

n − 4n2Ỹ 2
n

) (5.13)

ñ óäâîåííûìè ÷àñòîòàìè, ïî ñðàâíåíèþ ñî ñëó÷àåì îòêðûòîé ñòðóíû.
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Ëåãêî ïðîâåðèòü, ÷òî Ãàìèëüòîíèàí òàêîé ñèñòåìû â ãîëîìîðôíîì
ïðåäñòàâëåíèè èìååò âèä

Ĥn = α̂−nα̂n + ˆ̃α−n
ˆ̃αn + n (5.14)

ãäå îáå ïàðû îïåðàòîðîâ ðîæäåíèÿ è óíè÷òîæåíèÿ êîììóòèðóþò

[α̂µ
n, α̂

ν
m] = nδn+m,0η

µν , [ˆ̃α
µ

n, ˆ̃α
ν

m] = nδn+m,0η
µν (5.15)

ñòàíäàðòíûì îáðàçîì (ñ òî÷íîñòüþ äî íîðìèðîâêè), è ÿâëÿþòñÿ ëèíåé-
íûìè êîìáèíàöèÿìè îñöèëëÿòîðîâ

Ŷn = − i√
2n

(
β̂n − β̂−n

)
, P̂n =

1√
2

(
β̂n + β̂−n

)
, n > 0

ˆ̃Y n = − i√
2n

(
ˆ̃βn −

ˆ̃β−n

)
, ˆ̃P n =

1√
2

(
ˆ̃βn +

ˆ̃β−n

)
, n > 0

(5.16)

äëÿ äâóõ âåùåñòâåííûõ ñêàëÿðíûõ ïîëåé â (5.13). Èìåííî,

αn =
1√
2

(
βn + iβ̃n

)
, α−n =

1√
2

(
β−n − iβ̃−n

)
α̃n =

1√
2

(
βn − iβ̃n

)
, α̃−n =

1√
2

(
β−n + iβ̃−n

) (5.17)

ãäå âåçäå n > 0. ×òî êàñàåòñÿ íóëåâîé ìîäû Xµ
0 (τ), âåùåñòâåííîé â îáîèõ

ñëó÷àÿõ (îòêðûòîé è çàìêíóòîé ñòðóíû), òî îíà îòâå÷àåò äâèæåíèþ ñâî-
áîäíîé ÷àñòèöû (�öåíòðà ìàññ ñòðóíû�). Äëÿ åäèíîîáðàçèÿ ÷àñòî ââîäÿò
ïåðåìåííóþ

αµ
0 = α̃µ

0 =
P µ

√
2

(5.18)

ÿâëÿþùóþñÿ (â êëàññè÷åñêîé òåîðèè) èìïóëüñîì öåíòðà ìàññ. Â êâàíòî-
âîé òåîðèè ïîñëå ýòîãî ðàçëè÷àþò �âàêóóìíûå� (ñ òî÷êè çðåíèÿ ãàðìî-
íè÷åñêîãî îñöèëëÿòîðà) ñîñòîÿíèÿ ñ ôèêñèðîâàííûì èìïóëüñîì

α̂µ
0 |0; k⟩ = ˆ̃α

µ

0 |0; k⟩ =
kµ

√
2
|0; k⟩ (5.19)

÷òî ÿâëÿåòñÿ áàíàëüíîé ïåðåôîðìóëèðîâêîé êëàññè÷åñêîãî óòâåðæäåíèÿ
â ñèëó êîììóòàòèâíîñòè α̂µ

0 è ˆ̃α
µ

0 ñ îñòàëüíûìè îïåðàòîðàìè ðîæäåíèÿ
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è óíè÷òîæåíèÿ, ãäå �âàêóóì� (ñ òî÷êè çðåíèÿ îòñóòñòâèÿ âîçáóæäåíèÿ
ñòðóííûõ ãàðìîíèê) óäîâëåòâîðÿåò óñëîâèÿì

α̂µ
n|0; k⟩ = ˆ̃α

µ

m|0 = 0, ∀ n,m > 0 (5.20)

à âîçáóæäåííûå ñîñòîÿíèÿ ñòðóíû èìåþò âèä (äëÿ îòêðûòîé ñòðóíû,
êîòîðóþ áóäåì îáñóæäàòü äàëåå â ýòîé ëåêöèè)

α̂µ1
−n1

. . . α̂µm
−nm

|0; k⟩ (5.21)

Ñ òî÷êè çðåíèÿ ôîðìàëüíîãî êâàíòîâàíèÿ ìû ïîñòðîèëè ïðîñòðàíñòâî
ñîñòîÿíèé áîçîííîé ñòðóíû.

5.2 Êâàíòîâàíèå è ñâÿçè

×òî â ïðîäåëàííîì ðàññóæäåíèè íåïðàâèëüíî?

• Êâàíòîâàíèå ñèñòåìû ïðîâåäåíî ôîðìàëüíî - íå âûÿâëåíû ôèçè-
÷åñêèå ïåðåìåííûå, íèêàê íå ó÷òåíà (è íå çàôèêñèðîâàíà ðåïàðà-
ìåòðèçàöèîííàÿ èíâàðèàíòíîñòü).

• Ìû ñîâåðøåííî çàáûëè ïðî ñâÿçè - óðàâíåíèÿ Tαβ = 0. Êëàññè÷åñêè
(äëÿ îòêðûòîé ñòðóíû, â åâêëèäîâîì ïðîñòðàíñòâå - ÷òî â äàííîì
ñëó÷àå íå âàæíî) îíè èìåþò âèä

T = −1
2
∂Xµ∂Xµ = 0, ∂Xµ = −i

∑
n∈Z

αµ
n

zn+1 (5.22)

ò.å.

T (z) =
∑
n∈Z

Ln

zn+2
= 0, Ln = 1

2

∑
k∈Z

αµ
n−kαk,µ = 0 (5.23)

Êîòîðûå ÷àñòî íàçûâàþòñÿ óñëîâèÿìè Âèðàñîðî. Çàìåòèì, ÷òî L0 =∑
n≥0 Hn, ïîõîæå ïðîñòî íà ñóììó ôîðìàëüíûõ ãàìèëüòîíèàíîâ

(5.6) âçÿòóþ, â òîì ÷èñëå ïî âñåì ïðîñòðàíñòâåííî-âðåìåííûì êîì-
ïîíåíòàì.
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• Ëåãêî óáåäèòüñÿ, ÷òî òàêîå êâàíòîâàíèå ïðîòèâîðå÷èâî, íàïðèìåð
ïîñìîòðåâ íà íîðìó ïðîñòåéøåãî âåêòîðà αµ

−1|0⟩ (ôîêîâñêèé âàêó-
óìà |0, k⟩ ïðè ëþáîì k). Äåéñòâèòåëüíî,

⟨0|αµ
1α

ν
−1|0⟩ = ηµν (5.24)

è åñëè ∥αi
−1|0⟩∥2 > 0, òî ∥α0

−1|0⟩∥2 < 0 (èíäåôèíèòíàÿ ìåòðèêà).

×òîáû êâàíòîâàòü ñèñòåìó íåôîðìàëüíî ñëåäóåò ó÷åñòü ñâÿçè. Ïåð-
âûé ñïîñîá - åñëè âîçìîæíî - ðàçðåøèòü èõ êëàññè÷åñêè, è êâàíòîâàòü
â íåçàâèñèìûõ ôèçè÷åñêèõ ïåðåìåííûõ. Âòîðîé ñïîñîá - âîñïîëüçîâàòü-
ñÿ ôîðìàëüíûì êâàíòîâàíèåì, íî íàó÷èòüñÿ íàëàãàòü ñâÿçè â êâàíòîâîé
òåîðèè.

5.3 Ôèçè÷åñêèå ïåðåìåííûå è ñïåêòð

Ñòàíäàðòíûé ñïîñîá ðàçðåøåíèÿ ñâÿçåé â êëàññè÷åñêîé òåîðèè ñòðóí -
âûáîð êàëèáðîâêè ñâåòîâîãî êîíóñà. Ïåðåéäåì ê êîíóñíûì êîîðäèíàòàì
x± = 1√

2

(
x0 ± xD−1

)
â ïðîñòðàíñòâå-âðåìåíè Ìèíêîâñêîãî, â êîòîðûõ

ìåòðèêà ïðèíèìàåò âèä

ηµνA
µBν =

D−2∑
i=1

AiBi − A+B− − A−B+ (5.25)

Çàìåòèì, ÷òî äëÿ ëþáîãî âåêòîðà Ai = Ai, íî A± = −A∓. Êàëèáðîâ-
êà ñâåòîâîãî êîíóñà îçíà÷àåò, ÷òî âûáîðîì ïàðàìåòðèçàöèè íà ìèðîâîì
ëèñòå ìîæíî äîáèòüñÿ òîãî, ÷òî

X+(τ, σ) = x+ + P+τ (5.26)

Â ýòîé êàëèáðîâêå óñëîâèÿ Âèðàñîðî (5.23) ïðèíèìàþò âèä

0 = Ln = 1
2

∑
k∈Z

αi
n−kα

i
k − P+α−

n (5.27)

òî åñòü íåçàâèñèìûìè ïåðåìåííûìè îñòàþòñÿ αi
n, i = 1, . . . , D − 2, à

êîíóñíûå êîìïîíåíòû âûðàæàþòñÿ ÷åðåç íèõ êàê α+
n = P+

2
δn0 è

α−
n =

1

2P+

∑
k∈Z

αi
n−kα

i
k (5.28)
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Ïîñìîòðèì òåïåðü ïîâíèìàòåëüíåå íà óñëîâèå L0 = 0

0 = L0 =
1
2

∑
n∈Z

αi
−nα

i
n − P+P− =

=
∑
n>0

αi
−nα

i
n +

1
2
P iP i − P+P−

(5.29)

Åãî ìîæíî ïåðåïèñàòü â âèäå

P− =
P iP i + 2

∑
n>0 α

i
−nα

i
n

2P+
(5.30)

÷òî èìååò î÷åâèäíóþ èíòåðïðåòàöèþ: â êàëèáðîâêå ñâåòîâîãî êîíóñà ãà-
ìèëüòîíèàíîì ÷àñòèöû ÿâëÿåòñÿ êîìïîíåíòà P−, ñâÿçàííàÿ ñ äðóãèìè
êîìïîíåíòàìè èìïóëüñà ñîîòíîøåíèåì

P− =
P iP i +M2

2P+
(5.31)

ïðî êîòîðîå ãîâîðÿò êàê ïðî óñëîâèå ìàññîâîé ïîâåðõíîñòè. Òàêèì îáðà-
çîì, ÷òîáû óçíàòü ìàññó ñòðóííûõ âîçáóæäåíèé íóæíî �ïðîêâàíòîâàòü�
ìàññîâûé îïåðàòîð

M2 =
1

α′

∑
n>0

αi
−nα

i
n (5.32)

ïðåäñòàâëÿþùèé èç ñåáÿ ñóììó ãàìèëüòîíèàíîâ ïîïåðå÷íûõ ôèçè÷åñêèõ
îñöèëëÿòîðîâ. Îòâåò î÷åâèäåí: ìàññîâûé ñïåêòð ñîñòîÿíèé îòêðûòîé áî-
çîííîé ñòðóíû îïðåäåëÿåòñÿ ñîáñòâåííûìè çíà÷åíèÿìè îïåðàòîðà

M̂2 =
1

α′

(∑
n>0

α̂i
−nα̂

i
n +

D − 2

2

∑
n>0

n

)
(5.33)

ãäå �êîñìîëîãè÷åñêàÿ ïîñòîÿííàÿ�∑
n>0

n = − 1

12 (5.34)

ìîæåò áûòü ñêîðåå îáîñíîâàíà ôèçè÷åñêèìè ñîîáðàæåíèÿìè, ÷åì ðåàëü-
íî âû÷èñëåíà.
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5.4 Êðèòè÷åñêàÿ ðàçìåðíîñòü, òàõèîí è àíîìàëèÿ

Ôîðìóëó (5.34) ìîæíî �äîêàçûâàòü� ïî-ðàçíîìó

• Äçåòà-ôóíêöèÿ

∑
n>0

n =
∑
n>0

n−s

∣∣∣∣∣
s=−1

= ζ(s)|s→−1 = − 1

12
(5.35)

äàåò ðîâíî ýòî çíà÷åíèå â ñìûñëå àíàëèòè÷åñêîãî ïðîäîëæåíèÿ.

• Äðóãàÿ ðåãóëÿðèçàöèÿ

∑
n>0

n =
∑
n>0

ne−ϵn

∣∣∣∣∣
ϵ→0

= − ∂

∂ϵ

∑
n>0

e−ϵn

∣∣∣∣∣
ϵ→0

=

= − ∂

∂ϵ

1

eϵ − 1

∣∣∣∣
ϵ→0

=
ϵ→0

1

ϵ2
− 1

12
+O(ϵ2)

(5.36)

äàåò òîò æå ñàìûé ðåçóëüòàò åñëè âûêèíóòü ñèíãóëÿðíûé ÷ëåí.

Â ðåàëüíîñòè ýòè ðåãóëÿðèçàöèè îòíîñÿòñÿ ê êëàññó ðàçóìíûõ, êî-
òîðûå äàþò îòâåò ñîãëàñîâàííûé ñ äðóãèìè ôèçè÷åñêèìè êðèòåðèÿìè.
Ïîëó÷èì ïðè ýòîì ìàññîâûé îïåðàòîð:

M̂2 =
1

α′

(∑
n>0

α̂i
−nα̂

i
n −

D − 2

24

)
(5.37)

è äëÿ íèçøèõ âîçáóæäåíèé áîçîííîé ñòðóíû

α′M̂2|0, k⟩ = −D − 2

24
|0, k⟩

α′M̂2αi
−1|0, k⟩ =

(
1− D − 2

24

)
αi
−1|0, k⟩

α′M̂2αi1
−k1

. . . αim
−km

|0, k⟩ =

(
m∑
j=1

kj −
D − 2

24

)
αi1
−k1

. . . αim
−km

|0, k⟩

(5.38)

Ñîñòîÿíèå αi
−1 ÿâëÿåòñÿ ïîïåðå÷íûì âåêòîðîì â D-ìåðíîì ïðîñòðàíñòâå

âðåìåíè, òàêîé âåêòîð äîëæåí áûòü áåçìàññîâûì â ñèëó êàëèáðîâî÷íîé
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èíâàðèàíòíîñòè. Ýòî ôèçè÷åñêîå òðåáîâàíèå îäíîçíà÷íî ôèêñèðóåò åãî
ìàññó 1− D−2

24
= 0, èëè êðèòè÷åñêóþ ðàçìåðíîñòü

D = 26 (5.39)

Îòñþäà ñëåäóåò, ÷òî âàêóóìíîå ñîñòîÿíèå äîëæíî áûòü òàõèîíîì ñ ìàñ-
ñîé

−D − 2

24α′ =
D=26

− 1

α′
(5.40)

÷òî áóêâàëüíî ñîâïàäàåò ñî çíà÷åíèåì ìàññ âíåøíèõ �íåâîçáóæäåííûõ�
êîíöîâ, êîòîðîå ñëåäóåò èç ïðîåêòèâíîé èíâàðèàíòíîñòè èíòåãðàëà äëÿ
àìïëèòóäû Âåíåöèàíî. Íàêîíåö, ìàññû �òÿæåëûõ� ñòðóííûõ ñîñòîÿíèé
òàêæå îïèñûâàþòñÿ îáùåé ôîðìóëîé α′M2 = n, ãäå n ≥ −1, ÷òî îïÿòü
æå ñîâïàäàåò ñ âûâîäàìè îòíîñèòåëüíî ìàññ ïðîìåæóòî÷íûõ ðåçîíàíñîâ,
êîòîðûå âîçíèêàþò ïðè àíàëèçå ôîðìóëû Âåíåöèàíî. Òàêèì îáðàçîì,
îñöèëÿòîðíîå êâàíòîâàíèå ñòðóíû ïðè âûáîðå ðàçóìíîé ðåãóëÿðèçàöèè
ïðèâîäèò ê îæèäàåìûì ôèçè÷åñêèì ðåçóëüòàòàì äëÿ ñïåêòðà ñòðóíû,
íî òîëüêî â êðèòè÷åñêîé ðàçìåðíîñòè D = 26!

Íåòðèâèàëüíàÿ ïðîâåðêà ýòîãî çíà÷åíèÿ çàêëþ÷àåòñÿ â ïðîâåðêå ñî-
îòíîøåíèé àëãåáðà Ïóàíêàðå â ïðîñòðàíñòâå-âðåìåíè ïîñëå òîãî, êàê
ìû ïåðåøëè ê ôèçè÷åñêèì ïåðåìåííûì. Â òåðìèíàõ D ñâîáîäíûõ ïîëåé
âû÷èñëåíèå êîììóòàòîðîâ ãåíåðàòîðîâ

Jµν = T

∫
dσ
(
ẊµXν −XµẊν

)
(5.41)

âûðàæåííûõ ÷åðåç îñöèëëÿòîðû αµ
n ïðåäñòàâëÿåò ñîáîé äîñòàòî÷íî ïðî-

ñòîå óïðàæíåíèå. Óòâåðæäåíèå ÃÃÐÒ ñîñòîèò â òîì, ÷òî êîììóòàòîð â
àëãåáðå Ëîðåíöà

[J i−, J j−] = 0 (5.42)

êóáè÷åñêèõ ïî ôèçè÷åñêèì îñöèëëÿòîðàì ãåíåðàòîðîâ â äåéñòâèòåëüíî-
ñòè ðàâåí íóëþ ëèøü ïðè D = 26. Ýòî ÿâëåíèå èíîãäà íàçûâàþò àíîìà-
ëèåé â àëãåáðå Ëîðåíöà èëè Ïóàíêàðå.
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