
Ìîÿ æèçíü ñðåäè êâàíòîâûõ ïîëåéË. Ä. ÔàääååâÏðåæäå âñåãî ÿ õî÷ó ñêàçàòü, ÷òî ÿ î÷åíü áëàãîäàðåí Ïðåçèäèóìó�ÀÍ çà âûñîêóþ îöåíêó ìîåé íàó÷íîé ðàáîòû è ïðåäîñòàâëåííóþ âîç-ìîæíîñòü âûñòóïèòü ïåðåä Îáùèì Ñîáðàíèåì. Â òåêñòå ïîñòàíîâëåíèÿÏðåçèäèóìà ñêàçàíî, ÷òî Çîëîòàÿ Ìåäàëü èìåíè Ëîìîíîñîâà ïðèñóæ-äåíà ìíå çà âêëàä â ðàçâèòèå êâàíòîâîé òåîðèè ïîëÿ è òåîðèè ýëåìåí-òàðíûõ ÷àñòèö. Âûáðàííîå ìíîé ïî ñîâåòó æåíû íàçâàíèå äîêëàäà âäîëæíîé ìåðå ñîîòâåòñòâóåò ýòîé �îðìóëèðîâêå.Ñëîâî �ïîëå� èìååò â ðóññêîì ÿçûêå, êàê è â äðóãèõ ÿçûêàõ, ìíîãîçíà÷åíèé. Òàê, óâèäåâ íàçâàíèå êíèãè �Ìåçîíû è ïîëÿ�, îäíà èíòåëëè-ãåíòíàÿ äàìà ñêàçàëà: �Àõ, ÷òî ýòî çà ðîìàí î ïåéçàíñêîé æèçíè?� Íàøèíîâûå êîëëåãè èç ñåëüñêîõîçÿéñòâåííîé àêàäåìèè òîæå èìåþò ñâîþ èí-òåðïðåòàöèþ ýòîãî ñëîâà. Îäíàêî, â �èçèêå òåðìèí �ïîëå� çàêðåïëåí çà�èçè÷åñêîé ðåàëüíîñòüþ, ðàñïðîñòðàíåííîé ïî âñåìó íàøåìó òðåõìåð-íîìó ïðîñòðàíñòâó. Òåì ñàìûì ïîëå îïèñûâàåòñÿ îäíîé èëè íåñêîëüêèìè�óíêöèÿìè îò ïðîñòðàíñòâåííîé ïåðåìåííîé ~x è â êëàññè÷åñêîé �èçèêåçàäàåò ìåõàíè÷åñêóþ ñèñòåìó ñ áåñêîíå÷íûì ÷èñëîì ñòåïåíåé ñâîáîäû.Ïåðåìåííàÿ ~x èãðàåò ðîëü íîìåðà ñòåïåíè ñâîáîäû ïîäîáíî òîìó êàêèíäåêñ i íóìåðóåò êîîðäèíàòû �àçîâîãî ïðîñòðàíñòâà pi, qi äëÿ êîíå÷-íîìåðíîé ìåõàíè÷åñêîé ñèñòåìû.Âàæíåéøèì è èñòîðè÷åñêè ïåðâûì ïðèìåðîì ïîëÿ ÿâëÿåòñÿ ýëåêòðî-ìàãíèòíîå ïîëå, îïèñûâàåìîå íàïðÿæåííîñòÿìè ~E(~x), ~H(~x) èëè âåêòîð-íûì ïîòåíöèàëîì Aµ(~x), µ = 0, 1, 2, 3. Âòîðîå �óíäàìåíòàëüíîå ïîëå �ïîëå òÿãîòåíèÿ Ýéíøòåéíà � âîøëî â �èçèêó â íà÷àëå ïðîøëîãî âåêà.Êâàíòîâàÿ ìåõàíèêà ñèñòåìû ñ êîíå÷íûì ÷èñëîì ñòåïåíåé ñâîáîäûïîëó÷èëà çàêîí÷åííóþ �îðìóëèðîâêó â ñåðåäèíå 20ãã. Åñòåñòâåííî, ÷òîâîçíèê âîïðîñ è î êâàíòîâàíèè ýëåêòðîìàãíèòíîãî ïîëÿ, óäîâëåòâîðè-òåëüíî ðåøåííûé â ðàáîòàõ Äèðàêà, �åéçåíáåðãà è Ïàóëè. Áîëüøàÿ ðîëüâ ýòîì ðàçâèòèè ïðèíàäëåæàëà íàøåìó ñîîòâå÷åñòâåííèêó Â. À. Ôîêó.Åãî èìÿ ñâÿçàíî ñ ïîíÿòèåì ãðàäèåíòíîé èíâàðèàíòíîñòè (áîëüøå îáýòîì íèæå) è êîíñòðóêöèåé ïðîñòðàíñòâà ñîñòîÿíèé êâàíòîâî-ïîëåâîéñèñòåìû � ïðîñòðàíñòâà Ôîêà.Ïåðâûì âàæíåéøèì äîñòèæåíèåì êâàíòîâîé ýëåêòðîäèíàìèêè ÿâè-ëîñü ðàçðåøåíèå èñòîðè÷åñêîãî êîí�ëèêòà ìåæäó êîðïóñêóëÿðíîé è âîë-íîâîé òåîðèåé ñâåòà. Âîçáóæäåíèÿ êâàíòîâîãî ýëåêòðîìàãíèòíîãî ïîëÿïîëó÷èëè èíòåðïðåòàöèþ ÷àñòèöàìè � �îòîíàìè.1



Äàëåå ïîñëåäîâàëè óäîâëåòâîðèòåëüíûå ðàñ÷åòû ýëåìåíòàðíûõ ïðî-öåññîâ � ý��åêòà Êîìïòîíà, ðàññåÿíèÿ Ì¼ëëåðà è ò. ä. � â íèçøåìïîðÿäêå ïî çàðÿäó ýëåêòðîíà. Îäíàêî, ïîïûòêè ïîëó÷èòü ðàäèàöèîííûåïîïðàâêè ñòîëêíóëèñü ñ òðóäíîñòÿìè � ðàñõîäÿùèìèñÿ èíòåãðàëàìè. Âñîâðåìåííûõ îáîçíà÷åíèÿõ òèïè÷íûé ðàñõîäÿùèéñÿ èíòåãðàë ïî ÷åòû-ðåõìåðíîìó ïðîñòðàíñòâó èìïóëüñîâ èìååò âèä
I(k) =

∫

d4p

(p2 +m2)((p− k)2 +m2)è ðàñõîäèòñÿ íà áåñêîíå÷íîñòè. Åñëè îãðàíè÷èòü îáëàñòü èíòåãðèðîâà-íèÿ øàðîì |p| ≤ Λ, òî ýòîò èíòåãðàë ñîäðåæèò ñëàãàåìîå ïðîïîðöèîíàëü-íîå ln Λ, òî åñòü ëîãàðè�ìè÷åñêè ðàñõîäèòñÿ. Â ðåçóëüòàòå, íåñìîòðÿ íàóñèëèÿ ìíîãèõ âûäàþùèõñÿ èññëåäîâàòåëåé, êâàíòîâàÿ ýëåêòðîäèíàìè-êà íå ïîëó÷èëà óäîâëåòâîðèòåëüíîé �îðìóëèðîâêè è èíòåðåñ ê íåé êêîíöó 30-õ ãîäîâ óãàñ. À çàòåì Âòîðàÿ Ìèðîâàÿ Âîéíà çàñòàâèëà �è-çèêîâ ïåðåéòè íà îáîðîííóþ òåìàòèêó. Òàê ïðîèçîøåë ïåðâûé êðèçèñêâàíòîâîé òåîðèè ïîëÿ íà ïðîòÿæåíèè åå äðàìàòè÷åñêîãî ðàçâèòèÿ ñîâçëåòàìè è ïàäåíèÿìè.Âî âðåìÿ âîéíû öâåò åâðîïåéñêîé òåîðåòè÷åñêîé �èçèêè îêàçàëñÿ âÑØÀ. Â îáùåíèè ñ ìýòðàìè âûðîñëè ìîëîäûå àìåðèêàíñêèå ó÷åíûå,ñðåäè íèõ Øâèíãåð è Ôåéíìàí. È âîò, ïîñëå îêîí÷àíèÿ âîéíû, îñâîáîæ-äåííûå îò ðàáîòû íàä àòîìíîé áîìáîé, âñå îíè ñ ðàäîñòüþ è ýíòóçèàçìîìâåðíóëèñü ê íîðìàëüíîé ðàáîòå. Êâàíòîâàÿ ýëåêòðîäèíàìèêà îïÿòü âû-øëà íà ïåðåäîâîå ìåñòî. Çàìå÷åííîå åùå äî âîéíû ÿâëåíèå ñäâèãà àòîì-íûõ óðîâíåé âîäîðîäà ïîëó÷èëî áåññïîðíîå ýêñïåðèìåíòàëüíîå ïîäòâåð-æäåíèå â îïûòàõ Ëýìáà. �àäèàöèîííûå ïîïðàâêè äîëæíû áûëè äàòüîáúÿñíåíèå ýòîãî �àêòà.Âàæíåéøåé âåõîé â èñòîðèè ñòàëà êîí�åðåíöèÿ â Øåëòåð-Àéëåíäåâåñíîé 1947 ã. Â íåé ó÷àñòâîâàëè 25 ÷åëîâåê, êàê çíàìåíèòûå åâðîïåéöû,òàê è ìîëîäûå àìåðèêàíöû. Â ðåçóëüòàòå îáñóæäåíèÿ áûë âûðàáîòàí íî-âûé âçãëÿä íà áåñêîíå÷íîñòè: ðàäèàöèîííûå ïîïðàâêè ìåíÿëè çíà÷åíèÿïàðàìåòðîâ òåîðèè � ýëåêòðè÷åñêîãî çàðÿäà e è ìàññû ýëåòðîíà m èâñå áåñêîíå÷íîñòè ñîáèðàëèñü â ýòîì ïåðåîïðåäåëåíèè. Îñòàþùèåñÿ êî-íå÷íûå ðåçóëüòàòû äàâàëè �èçè÷åñêèé ý��åêò è ïîäòâåðæäàëè ñäâèãËýìáà.Ïðèíÿòî ñ÷èòàòü, ÷òî îñíîâíîé âêëàä â èäåþ è ïåðâûé ðàñ÷åò áûëñäåëàí Áåòå. îäíàêî äîëæíóþ ðîëü ñûãðàëè ïðåäëîæåíèÿ Êðàìåðñà,2



Âàéñêîï�à, Øâèíãåðà è äð. Òàê ðîäèëàñü òåîðèÿ ïåðåíîðìèðîâîê, êî-òîðàÿ ðàçâèâàåòñÿ äî ñèõ ïîð, ïðèâëåêàÿ âñå áîëåå âîçâûøåííóþ ìàòå-ìàòèêó. Íà íà÷àëüíîì åå ýòàïå âàæíóþ ðîëü ñûãðàëè ðàáîòû Í. Í. Áî-ãîëþáîâà è åãî ó÷åíèêà Î. Ñ. Ïàðàñþêà.Â òå÷åíè äâóõ ëåò ïîñëå íîâîãî óñïåõà êâàíòîâîé ýëåêòðîäèíàìèêèØâèíãåðîì è Ôåéíìàíîì áûëè ðàçðàáîòàíû äâà âàðèàíòà òåîðèè, ïîë-íîñòüþ óäîâëåòâîðÿþùèå òðåáîâàíèþ ÿâíîé ðåëÿòèâèñòñêîé èíâàðèàíò-íîñòè. Òåõíè÷åñêîå óñîâåðøåíñòâîâàíèå ñîñòîÿëî â òîì, ÷òî ýëåêòðîíûòàêæå îïèñûâàëèñü ñâîèì ïîëåì. Òàêèì îáðàçîì, êîíöåïöèÿ ïîëÿ ñòà-ëà óíèâåðñàëüíîé. Íè÷åãî äðóãîãî íåò. Âñÿ �èçèêà íà÷èíàåòñÿ ñ òåîðèèïîëÿ.Øâèíãåð ðàçðàáîòàë îïåðàòîðíûé �îðìàëèçì. Ôåéíìàí ñîçäàë ìå-òîä, îñíîâàííûé íà �óíêöèîíàëüíîì èíòåãðàëå. Îêàçàëîñü, ÷òî â ßïî-íèè Òîìîíàãà òàêæå ñ�îðìóëèðîâàë ñõîäíûå èäåè.Â âàðèàíòå Ôåéíìàíà êâàíòîâûå îòâåòû ïîëó÷àþòñÿ óñðåäíåíèåì�óíêöèîíàëà exp{ i
~
S} ïî âñåì êîí�èãóðàöèÿì ïîëåé. Çäåñü S � êëàññè-÷åñêîå äåéñòâèå, i = √

−1 è ~ � êîíñòàíòà Ïëàíêà. Â ýëåêòðîäèíàìèêå
S çàâèñèò îò ýëåêòðîííî-ïîçèòðîííîãî ïîëÿ (

ψ̄(x), ψ(x)
) è ýëåêòðîìàã-íèòíîãî ïîëÿ, çàäàííîãî âåêòîð-ïîòåíöèàëîì Aµ(x), µ = 0, 1, 2, 3
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d4x, (1)çäåñü Fµν � íàïðÿæåííîñòü ýëåêòðîìàãíèòíîãî ïîëÿ
Fµν = ∂µAν − ∂νAµ.Êàê âèäèì, ýòîò �óíêöèîíàë ñîäåðæèò êâàäðòàòè÷íóþ �îðìó ïîëåé èîäíî ñëàãàåìîå ψ̄γµAµψ òðåòüåé ñòåïåíè. Â èíòåãðàëå

∫

ei/~S(ψ̄,ψ,A)
∏

dψ̄dψdAìîæíî ðàçëîæèòü ýêñïîíåíòó ñ ýòîé êóáè÷åñêîé �îðìîé â ðÿä, è òîãäàâîçíèêàþùèå ãàóññîâû èíòåãðàëû ÿâíî ñ÷èòàþòñÿ. Ôåéíìàí ïðåäëîæèëçàïèñü äëÿ ýòèõ îòâåòîâ â òåðìèíàõ ãðà�îâ, âåðøèíû êîòîðûõ îòâå÷à-þò �îðìå ψ̄γµAµψ è èçîáðàæåíû íà ðèñ. 1, à ëèíèè îòâå÷àþò �óíêöèÿì�ðèíà îïåðàòîðîâ � = ∂µ∂µ è γµ∂µ+m (ñì. ðèñ. 2). Ïðîñòåéøèå äèàãðàì-ìû îòâå÷àþò ðàññåÿíèþ çàðÿæåííûõ ÷àñòèö (ýëåòðîíîâ è ïîçèòðîíîâ,ñì. ðèñ. 3) è ðàññåÿíèþ �îòîíà íà çàðÿæåííîé ÷àñòèöå (ðèñ. 4).3



�èñ. 1: Âåðøèíà
�èñ. 2: ËèíèèÍàãëÿäíûé õàðàêòåð äèàãðàìì Ôåéíìàíà î÷åíü èìïîíèðîâàë ñïå-öèàëèñòàì, ãðîìîçäêèå �îðìóëû ñòàðûõ íåðåëÿòèâèñòñêèõ âû÷èñëåíèéïðèîáðåëè êîìïàêòíûé è êðàñèâûé âèä. Â ðåçóëüòàòå èõ âûâîä ÷åðåç�óíêöèîíàëüíûé èíòåãðàë áûë çàáûò, à ñàìè äèàãðàììû áûëè àáñîëþ-òèçèðîâàíû êàê �ëàáîðàòîðèÿ òåîðåòè÷åñêîé �èçèêè� ïî ñëîâàì �åëë-Ìàííà. Áîëåå òîãî, Äàéñîí ïðèâåë àëüòåðíàòèâíûé âûâîä äèàãðàìì èçáîëåå çíàêîìîãî îïåðàòîðíîãî �îðìàëèçìà.Òóò ñëåäóåò ñêàçàòü, ÷òî äåéñòâèå S(ψ̄, ψ, A) ÿâëÿåòñÿ �óíêöèåé êëàñ-ñîâ ýêâèâàëåíòíûõ ïîëåé ïî îòíîøåíèþ ê ïðåîáðàçîâàíèþ

ψ → eiθψ, ψ̄ → e−iθψ̄, Aµ → Aµ + ∂µθ, (2)ãäå θ(x) � ïðîèçâîëüíàÿ âåùåñòâåííàÿ �óíêöèÿ. Èìåííî ýòî ïðåîáðàçî-âàíèå áûëî îáíàðóæåíî Â. À. Ôîêîì è íàçâàíî èì ãðàäèåíòíûì ïðåîá-ðàçîâàíèåì. Â ñîâðåìåííîé ëèòåðàòóðå, ñëåäóÿ �. Âåéëþ, åãî íàçûâàþòêàëèáðîâî÷íûì ïðåîáðàçîâàíèåì. Âëèÿíèå êàëèáðîâî÷íîãî ïðåîáðàçî-âàíèÿ íà �îðìóëèðîâêó �óíêöèîíàëüíîãî èíòåãðàëà áóäåò îáñóæäåíîíèæå.Ïîñëå ýòîãî èñòîðè÷åñêîãî ââåäåíèÿ ÿ ìîãó íà÷àòü ðàññêàç î ìîåéíàó÷íîé æèçíè, âîçâðàùàÿñü ê íåé íåñêîëüêî ðàç. ß ïîñòóïèë â Ëåíèí-ãðàäñêèé Óíèâåðñèòåò â 1951 ãîäó íà �èçè÷åñêèé �àêóëüòåò è íà òðå-òüåì êóðñå âûáðàë ñïåöèàëèçàöèþ �ìàòåìàòè÷åñêàÿ �èçèêà�, êîòîðàÿòîëüêî ÷òî áûëà îðãàíèçîâàíà. Â ýòî âðåìÿ âûøëà êíèãà Àõèåçåðà è Áå-ðåñòåöêîãî �Êâàíòîâàÿ ýëåêòðîäèíàìèêà� è ñîáðàííûé Ä. Ä. Èâàíåíêî4



�èñ. 3: �àññåÿíèå çàðÿæåííûõ ÷àñòèö
�èñ. 4: �àññåÿíèå ýëåêòðîíà íà �îòîíåòîì �Íîâéåøåå ðàçâèòèå êâàòíîâîé ýëåêòðîäèíàìèêè�, â êîòîðûé âîøëèñòàòüè Ôåéíìàíà, Øâèíãåðà, Òîìîíàãè è Äàéñîíà. Äëÿ ìîèõ ïðèÿòåëåéèç ãðóïïû �òåîðåòè÷åñêàÿ �èçèêà� ýòè êíèãè ñòàëè ñâîåãî ðîäà áèáëèåé.Âñå âîêðóã ìåíÿ ñóììèðîâàëè äèàãðàììû, ïðîâîäèëè ïåðåíîðìèðîâêóè ò. ä. Îäíàêî, ÿ ïîëó÷èë äðóãîé èìïóëüñ îò ñâîåãî ñòóäåí÷åñêîãî ðó-êîâîäèòåëÿ Î. À. Ëàäûæåíñêîé. Åå íàó÷íûå èíòåðåñû áûëè ñâÿçàíû ñóðàâíåíèÿìè â ÷àñòíûõ ïðîèçâîäíûõ è ïåðåñåêàëèñü ñ ðàáîòàìè àìåðè-êàíñêèõ ìàòåìàòèêîâ èç èíñòèòóòà Êóðàíòà â Íüþ-Éîðêå ñ òðàäèöèîí-íûì èíòåðåñîì ê �èçèêå, èäóùåé îò �åòòèíãåíñêîé øêîëû Ä. �èëüáåðòà.Â òîì ÷èñëå â 1952 ãîäó Ôðèäðèõñ îðãàíèçîâàë äëÿ ñâîèõ êîëëåã ñåìè-íàð ïî îñíîâàì êâàíòîâîé òåîðèè ïîëÿ. Åãî ëåêöèè áûëè îïóáëèêîâàíûâ æóðíàëå �Communi
ations in pure and applied mathemati
s� è âñêîðåâûøëè â âèäå ìîíîãðà�èè �Ìàòåìàòè÷åñêèå îñíîâû êâàíòîâîé òåîðèèïîëÿ�. Ëàäûæåíñêàÿ ðåøèëà îðãàíèçîâàòü ñòóäåí÷åñêèé ñåìèíàð ïî ýòîéêíèãå, è âñÿ íàøà ãðóïïà � äâà þíîøè è òðè äåâóøêè � ïðèíÿëèñü ðàç-áèðàòü êíèãó Ôðèäðèõñà. ß äóìàþ, ÷òî ýòî áûëî ïîëåçíî òîëüêî äëÿìåíÿ, ÿ ïîìíþ êàê Î. À. â íà÷àëå êàæäîãî ñåìèíàðà, ãäå ÿ äîêëàäûâàë,ñïðàøèâàëà �Ëþäâèã, íàïîìíèòå íàì, ÷òî òàêîå îïåðàòîð ðîæäåíèÿ�. Íî5



ÿ ïîëó÷èë õîðîøóþ òðåíèðîâêó è ñòàë ìå÷òàòü, ÷òî êîãäà-íèáóäü ñìîãóíà÷àòü ñåðüåçíî çàíèìàòüñÿ êâàíòîâîé òåîðèåé ïîëÿ. Îäíàêî, ïîñêîëüêóêðîìå ñ÷åòà äèàãðàìì íå áûëî íè÷åãî, çà ÷òî ìîæíî áûëî áû çàöåïèòüñÿ,ÿ âåñüìà ïðàãìàòè÷íî ðåøèë ïîäîæäàòü è çàíÿòüñÿ áîëåå ðåàëüíûìè çà-äà÷àìè êâàíòîâîé òåîðèè ðàññåÿíèÿ. Ìíå óäàëîñü íàéòè îðèãèíàëüíûéïîäõîä ê êâàíòîâîé çàäà÷å òðåõ òåë, äîâîëüíî ðàíî çàùèòèòü äîêòîð-ñêóþ äèññåðòàöèþ è ïîëó÷èòü ìåæäóíàðîäíîå ïðèçíàíèå.À òåì âðåìåíåì êâàíòîâàÿ òåîðèÿ ïîëÿ îïÿòü ïîïàëà â òðóäíîå ïîëî-æåíèå. Ëàíäàó, Àáðèêîñîâ è Õàëàòíèêîâ, ñóììèðóÿ äèàãðàììû, ïîêàçà-ëè ïðîòèâîðå÷èå â ïðîãðàììå ïåðåíîðìèðîâêè êâàíòîâîé ýëåêòðîäèíà-ìèêè. Â ðåàëèñòè÷åñêîì ïîäõîäå Ëàíäàó ñ÷èòàëîñü, ÷òî ïåðåíîðìèðîâêàñîñòîèò â òîì, ÷òî çàòðàâî÷íûå ïåðàìåòðû òåîðèè � ìàññà m0 è çàðÿäýëåêòðîíà e0 � ÿâëÿþòñÿ �óíêöèÿìè îò èìïóëüñà îáðåçàíèÿ Λ è âìåñòåñ ðàäèàöèîííûìè ïîïðàâêàìè îïðåäåëÿþò �èçè÷åñêèå çíà÷åíèÿ mr, er.Ëàíäàó è ñîàâòîðû ïîëó÷èëè �îðìóëó äëÿ er ÷åðåç e0 è Λ

1

e2r
=

1

e20
+ β ln

Λ

µ
, (3)ãäå µ � �èêñèðîâàííàÿ êîíñòàíòà. Êîý��èöèåíò β îêàçàëñÿ ïîëîæè-òåëüíûì. Òåì ñàìûì, êàêîâî áû íè áûëî çíà÷åíèå e0(Λ) ïåðåíîðìèðî-âàííûé çàðÿä e2r îáðàùàåòñÿ â íóëü ïðè Λ → ∞. Ýòî çàìå÷àíèå ñûãðàëîóáèéñòâåííóá ðîëü äëÿ òåîðèè ïîëÿ. Ìíîæåñòâî äðóãèõ ìîäåëåé äëÿ ìå-çîííîé òåîðèè ÿäåðíûõ ñèë è ÷åòûðåõ�åðìèîííûõ ìîäåëåé äëÿ ñëàáûõâçàèìîäåéñòâèé èìåëè òîò æå ý��åêò, ÷òî è êâàíòîâàÿ ýëåêòðîäèíàìè-êà. Â ðåçóëüòàòå Ëàíäàó � ýòîò íåóìîëèìûé öåíçîð �èçèêè � îáúÿâèë,÷òî êâàíòîâàÿ òåîðèÿ ïîëÿ ìåðòâà è äîëæíà áûòü ïîõîðîíåíà ñ íàäëåæà-ùèìè ïî÷åñòÿìè. È âñ¼. Íà÷èíàÿ ñ 1956 ãîäà òåîðèÿ ïîëÿ â ÑîâåòñêîìÑîþçå áûëà çàêðûòà. Ïðèìåðíî òî æå áûëî è çà ãðàíèöåé â ñâÿçè ñðàçî÷àðîâíèåì â ìåçîííîé òåîðèè ÿäåðíûõ ñèë è íåïåðåíîðìèðîâàííî-ñòè òåîðèè Ôåðìè ñëàáûõ âçàèìîäåéñòâèé.Íà ýòîì �îíå íåçàìåòíî ïðîøëî ïîÿâëåíèå íîâîé ìîäåëè. Ìîëîäîéêèòàéñêèé ýìèãðàíò Ñ. Í. ßíã âûñòóïèë íà ñåìèíàðå Îïïåíãåéìåðà âÏðèíñòîíå ñ ïðåäëîæåíèåì îáîáùåíèÿ ïîíÿòèÿ êàëèüðîâî÷íîãî ïðåîá-ðàçîâàíèÿ. Ê òîìó âðåìåíè áûëè õîðîøî èçâåñòíû áîëåå ñëîæíûå âíóò-ðåííèå ñòåïåíè ñâîáîäû ýëåìåíòàðíûõ ÷àñòèö ïîìèìî ýëåêòðè÷åñêîãîçàðÿäà. Òàê èçîòîïè÷åñêèé ñïèí áûë ââåäåí äëÿ ðàçëè÷èÿ ïðîòîíà èíåéòðîíà. Òåì ñàìûì, ñîîòâåòñòâóþùåå ïîëå ψ èìåëî äâå êîìïîíåíòû

ψ = (ψ1, ψ2). Âðàùåíèå çàðÿæåííîãî ïîëÿ â (2) åñòåñòâåííî îáîáùàåòñÿ6



íà ïðåîáðàçîâàíèå
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, (4)â êîòîðîì ó÷àñòâóåò óíèòàðíàÿ ìàòðèöà
g =

(
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γ δ
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.Ñîîòâåòñòâóþùåå âåêòîðíîå ïîëå, àíàëîã ýëåêòðîìàãíèòíîãî ïîòåíöèàëà
Aµ, äîëæíî òàêæå ñòàòü ìàòðèöåé ñ ïðåîáðàçîâàíèåì

Aµ → gAµg
−1 + ∂µgg

−1. (5)ßíã ñîñ÷èòàë, ÷òî â �îðìóëå äëÿ íàïðÿæåííîñòè ñëåäóåò äîáàâèòü êâàä-ðàòè÷íûé ÷ëåí
Fµν = ∂µAν − ∂νAµ + AµAν − AνAµ (6)ñ òåì, ÷òîáû Fµν ïîëó÷èëî îäíîðîäíîå ïðåîáðàçîâàíèå

Fµν → gFµνg
−1,òàê ÷òî â ðåçóëüòàòå ëàãðàíæèàí

L =
1

4g2
trF 2

µν + ψ̄γµ(∂µ + Aµ)ψ +mψ̄ψ,ÿâëÿþùèéñÿ åñòåñòâåííûì îáîáùåíèåì ýëåêòðîìàãíèòíîãî ëàãðàíæèàíà(1), ñòàíîâèòñÿ èíâàðèàíòíûì ïî îòíîøåíèþ ê êàëèáðîâî÷íûì ïðåîáðà-çîâàíèÿì (4) è (5). ßíã ïîäåëèëñÿ ýòèì îòêðûòèåì ñî ñâîèì ñîñåäîì ïîëàáîðàòîðèè â Áðóêõýâåíå Ìèëëñîì è îíè íàïèñàëè ìàëåíüêóþ çàìåòêó,î êîòîðîé ßíã è ðàññêàçûâàë â Ïðèíñòîíå.Íà ñåìèíàðå ïðèñóòñòâîâàë Ïàóëè � äðóãîé íåóìîëèìûé öåíçîð �êîòîðîìó ýòè �îðìóëû áûëè çíàêîìû. Äåéñòâèòåëüíî, â äè��åðåíöè-àëüíîé ãåîìåòðèè âåëè÷èíû òèïà ìàòðèö Aµ íàçûâàþòñÿ ñâÿçíîñòÿìè.Â �èçèêå ñâÿçíîñòè óæå èñïîëüçîâàëèñü â òåîðèè òÿãîòåíèÿ Ýéíøòåé-íà äëÿ îïèñàíèÿ âçàèìîäåéñòâèÿ ãðàâèòàöèîííîãî ïîëÿ è ïîëÿ Äèðàêà�. Âåéëåì è Â. À. Ôîêîì â 1929 ãîäó. Êâàäðàòè÷íîå ñëàãàåìîå â �îð-ìóëå äëÿ òåíçîðà êðèâèçíû ìîæíî òàì óâèäåòü. Îäíàêî, Ïàóëè íå ïîç-âîëÿë ñåáå ãîâîðèòü î ìîäåëè, ïîäîáíîé ßíãó-Ìèëëñó. Äåéñòâèòåëüíî,7



ïðè èíòåðïðåòàöèè ìîäåëè â ñîîòâåòñòâèè ïàðàäèãìîé �îäíî ïîëå � îä-íà ÷àñòèöà�, ìîäåëü ßíãà-Ìèëëñà ñîäåðæèò, êðîìå �îòîíà, åùå äâå çà-ðÿæåííûõ áåçìàññîâûõ âåêòîðíûõ ÷àñòèöû, êîòîðûõ â ïðèðîäå íåò. Èïîýòîìó ìîäåëü �èçè÷åñêè áåññìûñëåííà, íåñìîòðÿ íà ñâîþ ìàòåìàòè-÷åñêóþ êðàñîòó. Ïàóëè ñïðîñèë ó ßíãà, êàêàÿ ìàññà ó âîçáóæäåíèé åãîïîëÿ, ßíã îòâåòèë, ÷òî ýòî òðóäíàÿ äèíàìè÷åñêàÿ çàäà÷à. Ïàóëè áóðê-íóë, ÷òî �ýòî âàì íå èçâèíåíèå� è äîêëàä ßíãà íå áûë ñîðâàí òîëüêîáëàãîäàðÿ ïðîÿâëåííîé Îïåíãåéìåðîì ïîëèòè÷åñêîé êîððåêòíîñòè.Èòàê, ìàòåìàòè÷åñêàÿ èíòóèöèÿ âõîäèëà â ïðîòèâîðå÷èå ñ �èçè÷å-ñêèì ñìûñëîì, è ìîäåëü ßíãà-Ìèëëñà îñòàâàëàñü í ïåðè�åðèè èíòåðåñîâ�èçèêîâ.Âåðíóñü òåïåðü ê ìîåé èñòîðèè. Â 1964 ãîäó ÿ ðåøèë, ÷òî, íåñìîòðÿ íàçàïðåò Ëàíäàó, ÿ áóäó÷è äàëåêî â Ëåíèíãðàäå ìîãó íà÷àòü ðàáîòàòü íàäêâàíòîâîé òåîðèåé ïîëÿ. ß ñòàë ÷èòàòü ëèòåðàòóðó ïî òåîðèè òÿãîòåíèÿÝéíøòåéíà è äîâîëüíî ñëó÷àéíî ïîëó÷èë äâà âàæíûõ èìïóëüñà. Íà âû-ñòàâêå íîâûõ ïîñòóïëåíèé â áèáëèîòåêå ïîÿâèëñÿ íîìåð æóðíàëà �A
taPhysi
a Poloni
a�, â êîòîðîì áûëà îïóáëèêîâàíà ìàãíèòî�îííàÿ çàïèñüäîêëàäà Ôåéíìàíà íà îðãàíèçîâàííîé â Âàðøàâå êîí�åðåíöèè ïî òåî-ðèè òÿãîòåíèÿ. Íàäî ñêàçàòü, ÷òî â òî âðåìÿ ñîîáùåñòâà ñïåöèàëèñòîâïî ãðàâèòàöèè è ýëåìåíòàðíûì ÷àñòèöàì áûëè ñîâåðøåííî ðàçîáùåíû,è ïîÿâëåíèå Ôåéíìàíà â Âàðøàâå áûëî äëÿ ìåíÿ íåîæèäàííûì. Îäíàêî,êàê îêàçàëîñü, Ôåéíìàí çàíÿëñÿ òåîðèåé Ýéíøòåéíà ïîä âëèÿíèåì Âàé-ñêîï�à, êîòîðûé ïðåäëîæèë åìó ïîñìîòðåòü, êàê äèàãðàììíûå ìåòîäûðàáîòàþò â òåîðèè Ýéíøòåéíà. Ôåéíìàí áûñòðî âûâåë âñå èçâåñòíûåý��åêòû êëàññè÷åñêîé òåîðèè ãðàâèòàöèè íà îñíîâàíèè äèàãðàìì áåçïåòåëü è ñòàë èñêàòü êâàíòîâûå ïîïðàâêè ïî àíàëîãèè ñ ýëåêòðîäèíàìè-êîé. Ê ñâîåìó íåäîóìåíèþ îí ïîëó÷èë íåóäîâëåòâîðèòåëüíûé ðåçóëüòàò.Ñ÷åò ñ ïîëåì òÿãîòåíèÿ î÷åíü ãðîìîçäîê. È �åëë-Ìàíí, êîìïàíüîíÔåéíìàíà â Ïàñàäåíå, ïîñîâåòîâàë åìó ïîòðåíèðîâàòüñÿ íà áåñìûññëåí-íîé ñ �èçè÷åñêîé òî÷êè çðåíèÿ, íî áîëåå óäîáíîé ñ òåõíè÷åñêîé òî÷êèçðåíèÿ ìîäåëè ßíãà-Ìèëëñà. Îáùåå ñ ãðàâèòàöèîííûì ïîëåì � ñàìî-äåéñòâèå ïîëÿ ßíãà-Ìèëëñà, ïîðîæäåííîå êâàäðàòè÷íûì ÷ëåíîì â (6).Ôåéíìàí îáíàðóæèë, ÷òî íàèâíûé äèàãðàììíûé ïîäõîä äàåò â îäíî-ïåòëåâîì ïðèáëèæåíèè íåóíèòàðíûé îòâåò. Òîãäà îí âîñïîëüçîâàëñÿ èç-âåñòíûì ìåòîäîì âîññòàíîâëåíèÿ îäíîïåòëåâîãî îòâåòà ÷åðåç äðåâåñíûåäèàãðàììû íà îñíîâàíèè óñëîâèÿ àíàëèòè÷íîñòè. Îí ïîëó÷èë, ÷òî êîð-ðåêòíûé îòâåò îòëè÷àåòñÿ îò íàèâíîãî íà ñëàãàåìîå, êîòîðîå ìîæåò áûòüïðîèíòåðïðåòèðîâàíî êàê âêëàä ñêàëÿðíîé ÷àñòèöû. Ïðè ýòîì ýòî ñëàãà-8



åìîå âõîäèëî ñî çíàêîì ìèíóñ, ÷òî íóæíî èíòåðïðåòèðîâàòü êàê �åðìè-õàðàêòåð ýòîé �èêòèâíîé ÷àñòèöû ñïèíà 0.Îñíîâíóþ ÷àñòü äîêëàäà Ôåéíìàíà è ñîñòàâëÿëî îïèñàíèå ýòîãî ý�-�åêòà, à ÿ ïîíÿë, ÷òî åñòü çàäà÷à îáúÿñíåíèÿ òðþêà Ôåéíìàíà íà âñåïîðÿäêè òåîðèè âîçìóùåíèé.Âòîðîé èìïóëüñ òîæå äîâîëüíî ñëó÷àåí. Íà ðàçâàëå ñòàðûõ êíèã íàÍåâñêîì ïðîñïåêòå ÿ çàìåòèë òîíêóþ ìîíîãðà�èþ �ðàíöóçñêîãî ãåîìåò-ðà Ëèõíåðîâè÷à ��îëîíîìèè è òåîðèÿ ñâÿçíîñòåé â öåëîì� è êóïèë åå çàñìåøíóþ öåíó 50 êîïååê. ß çíàë èìÿ Ëèõíåðîâè÷à êàê àâòîðà áîëüøîéêíèãè ïî òåîðèè òÿãîòåíèÿ. Êîãäà ÿ îòêðûë êóïëåííóþ êíèãó, ÿ ñðà-çó óâèäåë óæå çíàêîìûå �îðìóëû ßíãà-Ìèëëñà. Ïîëå ßíãà-Ìèëëñà ýòîñâÿçíîñòü, è òåì ñàìûì îíî ñòîëü æå ãåîìåòðè÷íî, êàê ïîëå òÿãîòåíèÿ.Çàäà÷à åãî êâàíòîâàíèÿ ñòàëà åùå áîëåå ïðèâëåêàòåëüíîé.Â ñåðåäèíå 60ãã. ó ìåíÿ õîðîøî øëà ðàáîòà ïî ìíîãîìåðíîé îáðàò-íîé çàäà÷å ðàññåÿíèÿ, íî ÿ ñòàë àêòèâíî ïðèãëÿäûâàòüñÿ ê ïîëþ ßíãà-Ìèëëñà. ß îáñóæäàë çàäà÷ó êâàíòîâàíèÿ ñ ìîëîäûì ñîòðóäíèêîì èíñòè-òóòà Âèêòîðîì Ïîïîâûì, è ìû ðåøèëè ïðèâëå÷ü èñõîäíûé ìåòîä Ôåéí-ìàíà � �óíêöèîíàëüíûé èíòåãðàë, òàê êàê òîëüêî â ýòîì �îðìàëèçìåìîæíî óäîâëåòâîðèòåëüíî ó÷åñòü êàëèáðîâî÷íóþ èíâàðèàíòíîñòü. Êà-ëèáðîâî÷íûå ïðåîáðàçîâàíèÿ â ñëó÷àå ýëåêòðîäèíàìèêì (ãðóïïà U(1))è ßíãà-Ìèëëñà (ãðóïïà SU(2)) îòëè÷àëèñü âàæíûì îáðàçîì: îðáèòûãðóïï, òî åñòü êëàññû ýêâèâàëåíòíûõ ïîëåé, ëèíåéíû â ïåðâîì ñëó÷àåè íåëèíåéíû âî âòîðîì. Òåì ñàìûì âûáîð ïðåäñòàâèòåëÿ êëàññà ïðèíàëîæåíèè êàëèáðîâî÷íîãî óñëîâèÿ ∂µAµ = 0 èìååò âàæíîå îòëè÷èå: âïåðâîì ñëó÷àå ýòà ïîâåðõíîñòü ïåðåñåêàåò îðáèòû ïîä �èêñèðîâàííûìóãëîì, âî âòîðîì æå ñëó÷àå ýòîò óãîë çàâèñèò îò ïîëÿ. Íàäî ïîìíèòü,÷òî ìû èìååì äåëî ñ áåñêîíå÷íîìåðíûì ïðîñòðàíñòâîì, ïîýòîìó ñëîâàïîâåðõíîñòü è óãîë äîëæíû áûòü ïðàâèëüíî èíòåðïðåòèðîâàíû. Êàê âñå-ãäà óãîë çàäàåòñÿ îïðåäåëèòåëåì. ß ñêàçàë Âèêòîðó, ÷òî åñòåñòâåííûéîïåðàòîð, îïðåäåëèòåëü êîòîðîãî íàì íàì íóæåí, ýòî âàðèàöèÿ êàëèáðî-âî÷íîãî óñëîâèÿ ïðè áåñêîíå÷íî ìàëîì êàëèáðîâî÷íîì ïðåîáðàçîâàíèè
δAµ = ∂µǫ+ [Aµ, ǫ],òî åñòü

δ∂µAµ =M(A)ǫ, M(A) = ∂2µ + [Aµ, ∂µ]è èíòåãðàë Ôåéíìàíà íàäî çàïèñûâàòü â âèäå
∫

ei/~
∫
L(x)dxδ(∂µAµ) detM

∏

dAµ.9



×åðåç ïàðó äíåé Âèêòîð ïðåäëîæèë ïðîñòîé ìåòîä âûâîäà ýòîé �îðìó-ëû. Ìû çíàëè îò Áåðåçèíà, ÷òî îïðåäåëèòåëè èìåþò �óíêöèîíàëüíîåïðåäñòàâëåíèå ÷åðåç ãðàññìàíîâû (�åðìèåâñêèå) ïåðåìåííûå
detM =

∫

e
∫
c̄Mc

∏

dc̄dc,òàê ÷òî ó÷åò îïðåäåëèòåëÿ îçíà÷àåò óâåëè÷åíèå ÷èñëà ïîëåé â èíòåãðàëåÔåéíìàíà ñ äîáàâêîé ê äåéñòâèþ ñëàãàåìîãî, çàâèñÿùåãî îò ïîëåé (c̄, c).Áûëî ëåãêî ïðîâåðèòü, ÷òî îäíîïåòëåâîé ðåçóëüòàò Ôåéíìàíà îòâå÷àëäîïîëíèòåëüíîé ïåòëå ýòèõ ïîëåé.ß áûë î÷åíü óäîâëåòâîðåí ýòèì ðåçóëüòàòîì, íî ñîâñåì íå áûëî ÿñíî,÷òî ñ íèì äåëàòü. Â äåêàáðå 1966 ãîäà ìíå ïîçâîëèëè ïîåõàòü â íàó÷íóþêîìàíäèðîâêó âî Ôðàíöèþ, â Èíñòèòóò Âûñøèõ Íàó÷íûõ Èññëåäîâà-íèé â îêðåñòíîñòè Ïàðèæà. Ïðèãëàøåíèå áûëî îñíîâàíî íà ìîåé ðàáîòåïî òåîðèè ðàññåÿíèÿ, òàê ÷òî î ßíãå-Ìèëëñå ÿ íå ðàññêàçûâàë. Îäíàêî,ìîèì ñîñåäîì â äîìå ïðèåçæèõ ó÷åíûõ áûë àìåðèêàíåö Äåçåð, êîòî-ðûé ðàññêàçàë ìíå, ÷òî åãî êîëëåãà Äå-Âèòò, êîòîðûé ïðèñóòñòâîâàë íàëåêöèè Ôåéíìàíà â Âàðøàâå, òîæå çàíèìàëñÿ êâàíòîâàíèåì ïîëÿ ßíãà-Ìèëëñà. ß ïîíÿë, ÷òî íàäî òîðîïèòüñÿ è ïî âîçâðàùåíèþ äîìîé ñêàçàëÂèêòîðó, ÷òî ïîðà ïèñàòü ðàáîòó. Íî êóäà? Â ÑÑÑ� æóðíàë ÆÝÒÔñòàòüþ íå âîçüìåò èç çà îòñóòñòâèÿ �èçè÷åñêîãî ñìûñëà. Ê ñ÷àñòüþ êàêðàç â ýòî âðåìÿ áûë îðãàíèçîâàí åâðîïåéñêèé æóðíàë �Physi
s Letters�,êóäà ñîâåòñêèì ó÷åíûì ðàçðåøàëîñü ïîñûëàòü ñòàòüè. Îáúåì ñòàòüè � 2æóðíàëüíûõ ñòðàíèöû. ß ïîìíþ, êàê ÿ ïèñàë òåêñò, èñïîëüçóÿ ýêîíîìíîêàæäîå ñëîâî èëè �îðìóëó. Òàê èíòåãðàë Áåðåçèíà â ñòàòüþ íå ïîïàë.Ìíîãî ïîçæå îäèí êîëëåãà ñêàçàë ìíå, ÷òî ñóäÿ ïî òîðæåñòâåííîìó ñòè-ëþ òåêñòà, ÿ ÷óâòñòâîâàë âàæíîñòü ðåçóëüòàòà.Ñòàòüÿ áûëà ïîñëàíà è îïóáëèêîâàíà. Âîò ÷òî ìíîãî ïîçæå íàïèñàëÂåëüòìàí îá ýòîé èñòîðèè:
Ludwig Faddeev (1934)

This Russian mathematician from Steklov Mathematical In-
stitute, St.Petersburg, is one of the very few mathematicians that
contributed to the investigations of gauge theories. In 1962 Feyn-
man initiated such an investigation trying to find out the Feyn-
man rules for such a theory. The Feynman rules are the pre-
cise prescriptions concerning the mathematical expressions corre-
sponding to the diagrams. Feynman reported at some conference
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in Poland, never wrote it down himself, but the Polish made a
transcript of his lecture. He introduced ghost particles, which
are particles that occur in the Feynman rules and are essential
to mathematical prescriptions, but do not correpond to physical
particles. He did that up to a point, using his own path-integral
formalism, but got stuck at some level. Faddeev (together with
V. N. Popov), using the same path-integral formalism, published
a beautiful method to derive these Feynman rules for gauge the-
ories in full generality. Since then the ghost particles are called
Faddeev-Popov ghosts. You could say that Faddeev and Popov
did beat Feynman at his own game.

Faddeev was already quite famous before that. He derived
equations concerning the three-body problem that have been used
heavily in nuclear physics.

As it happened I was editor of Physics Letters, a scinetific
journal to which Faddeev and Popov submitted their publica-
tion. At the time I did not know about path integrals, and I
did not understand the article in any detail. Also I did not know
about then that gauge theories were important for understanding
weak interaction. Nonetheless, I somehow felt that this work was
importnant, and I accepted it (thank God). Here you see some-
thing quite important: new work is often difficult to recognize,
and an editor must have a nose for those things.Äåéñòâèòåëüíî, íåïîíÿòíî, ïî÷åìó Ôåéíìàí ñàì çàáûë èñõîäíûé âûâîääèàãðàììíîé òåõíèêè.Ïðèìåðíî â òî æå âðåìÿ, ÷òî è íàøà äâóõñòðàíè÷íàÿ ñòàòüÿ â �Physi
sLetters� âûøëà ìíîãîñòðàíè÷íàÿ ñåðèÿ ñòàòåé Äå-Âèòòà, ïîñâÿùåííàÿêâàíòîâàíèþ ïîëÿ ßíãà-Ìèëëñà. Îí òîæå ïîíÿë íåîáõîäèìîñòü îïðå-äåëèòåëÿ, íî íå çíàë èíòåãðàëà Áåðåçèíà, òàê ÷òî â åãî ðàáîòå íå áûëîëîêàëüíîãî ý��åêòèâíîãî äåéñòâèÿ ñ �èêòèâíûìè ÷àñòèöàìè. Â íàñòîÿ-ùåå âðåìÿ çà ïîëåì (c̄, c) çàêðåïèëîñü íàçâàíèå �äóõè Ôàääååâà-Ïîïîâà�.Ëåòîì 1967 ãîäà ìû îïóáëèêîâàëè ðàçâåðíóòóþ âåðñèþ íàøåãî ïîä-õîäà â âèäå ïðåïðèíòà Èíñòèòóòà Òåîðåòè÷åñêîé Ôèçèêè â Êèåâå. Êîãäàåãî àíãëèéñêèé âàðèàíò ïîÿâèëñÿ â 1972 ãîäó â ÑØÀ, â ïðåäèñëîâèèê ïåðåâîäó ñêàçàíî, ÷òî îí ïóáëèêóåòñÿ ïî âåðñèè, èçãîòîâëåííîé äëÿÂåëüòìàíà â 1968 ãîäó. Òåì ñàìûì àñïèðàíò Âåëüòìàíà ò'Õîî�ò óçíàëî íàøåì ïîäõîäå â ñàìîì íà÷àëå ñâîåé êàðüåðû.11



Ôèçè÷åñêèå ïðèëîæåíèÿ ïðèøëè íåîæèäàííî è äîâîëüíî ñêîðî. Â1969 ãîäó Âàéíáåðã ïðåäëîæèë ìîäåëü îáúåäèíåííîãî ýëåêòðîìàãíèòíî-ãî è ñëàáîãî âçàèìîäåéñòâèÿ, îñíîâàííîãî íà âåêòîðíûõ òîêàõ ëåïòîíîâ(â òåîðèþ êîòîðûõ âîøëà è íàãðàæäàåìàÿ ñåãîäíÿ ðàáîòà �åðøòåéíàè Çåëüäîâè÷à), è âåêòîðíûõ ïîëÿõ ßíãà-Ìèëëñà. Ìàññà äëÿ âåêòîðíûõïîëåé îáåñïå÷èâàëàñü ïîëåì Õèããñà.ß õîðîøî çíàë èìÿ Âàéíáåðãà, ó íàñ áûëè îáùèå èíòåðåñû ïî ïðî-áëåìå ìíîãèõ òåë, è ÿ íàïèñàë åìó â �àðâàðä ïèñüìî, ãäå óêàçàë, ÷òîìû ñ Âèòåé çíàåì êîððåêòíûå ïðàâèëà ðàáîòû ñ ïîëÿìè ßíãà-Ìèëëñà.Îí îòâåòèë, ÷òî áûëî áû õîðîøî ïîêàçàòü íà îñíîâàíèè ýòèõ ïðàâèë ïå-ðåíîðìèðóåìîñòü åãî ìîäåëè. ß íå ïðèíÿë âñüåðüåç åãî ïðåäëîæåíèå, àîí îòäàë íàøó ðàáîòó àñïèðàíòó, êîòîðûé áîëüøå èãðàë â òåííèñ, ÷åìðàáîòàë. Ê áîëüøîìó óäîâëåòâîðåíèþ �èçèêîâ ïåðåíîðìèðóåìîñòü áû-ëà äîêàçàíà, íî â ýòî âíåñëè âêëàä äðóãèå ëþäè, ñðåäè íèõ À. Ñëàâíîââ ÑÑÑ�, Çèí-Æþñòåí âî Ôðàíöèè, Áåí Ëè â ÑØÀ è ïàðà ò'Õîî�ò -Âåëüòìàí â �îëëàíäèè.Â ðåçóëüòàòå êâàíòîâàÿ òåîðèÿ ïîëÿ ñíîâà âîçðîäèëàñü. Âñêîðå áûëîïîíÿòî, ÷òî èñïîëüçîâàíèå ïîëåé ßíãà-Ìèëëñà åñòåñòâåííî è â òåîðèèñèëüíûõ âçàèìîäåéñòâèé. Âàæíåéøóþ ðîëü â ýòîì ñûãðàëî âû÷èñëåíèåò'Õîî�òîì, Ïîëèòöåðîì, �ðîññîì è Âèë÷åêîì çíàêà êîý��èöèåíòà β â�îðìóëå (3). Îêàçàëîñü, ÷òî îí îòðèöàòåëåí, òàê ÷òî ïðåäåë ïðè Λ → ∞èìååò ñìûñë è ïåðåíîðìèðóåìûé çàðÿä êîíå÷åí, íî çàâèñèò îò íåîïðåäå-ëåííîé êîíñòàíòû µ. Ïîñëåäíþþ ìîæíî âçÿòü çà íîâûé ïàðàìåòð, çàäà-þùèé âñþ òåîðèþ. Äðóãèìè ñëîâàìè, ïðîèçîøëà ðàçìåðíàÿ òðàíñìóòà-öèÿ � áåçðàçìåðíûé çàðÿä g çàìåíåí ðàçìåðíîé êîíñòàíòîé µ, êîòîðàÿâõîäèò â òåîðèþ êàê ìàñøòàá. Òàê êâàíòîâàíèå íàðóøàåò ìàñøòàáíóþèíâàðèàíòíîñòü êëàññè÷åñêîé òåîðèè ßíãà-Ìèëëñà è ââîäèò ìàññîâûéïàðàìåòð â êâàíòîâóþ òåîðèþ. Ïðîáëåìà ñ áåñêîíå÷íîñòÿìè ïîëíîñòüþðåøåíà. Îñòàëîñü ðåøèòü çàäà÷ó, ïîñòàâëåííóá Ïàóëè ïðè äîêëàäå ßíãàâ 1954 ãîäó. Ìàòåìàòè÷åñêèé èíñòèòóò Êëýÿ âêëþ÷èë ýòó çàäà÷ó â ÷èñëî7 çàäà÷ 2000-ëåòèÿ, îöåíèâ åå ðåøåíèå â ìèëëèîí äîëëàðîâ.Òàê â ðåçóëüòàòå îïèñàííîãî ðàçâèòèÿ êâàíòîâîé òåîðèè ïîëÿ ïîÿâè-ëàñü Ñòàíäàðòíàÿ Ìîäåëü ýëåìåíòàðíûõ ÷àñòèö. Îíà îõâàòûâàåò ñèëü-íîå, ýëåêòðîìàãíèòíîå è ñëàáîå âçàèìîäåéñòâèÿ, ñåé÷àñ â íåå âõîäÿò òðèïîêîëåíèÿ ëåïòîíîâ è êâàðêîâ è âåêòîðíûå ïîëÿ, îïèñûâàþùèå èõ âçà-èìîäåéñòâèå. Äî íàñòîÿùåãî âðåìåíè ýòà òåîðèÿ õîðîøî îïèñûâàåò âñåýêñïåðèìåíòàëüíûå �àêòû, ïîëó÷åííûå íà óñêîðèòåëÿõ.Äëÿ ìåíÿ êàê ìàòåìàòè÷åñêîãî �èçèêà âàæíî, ÷òî â âîçðîæäåíèè12



êâàíòîâîé òåîðèè ïîëÿ íà ýòîì ýòàïå ìàòåìàòè÷åñêàÿ èíòóèöèÿ ïîêàçàëàïðåìóùåñòâî ïåðåä ñóùåñòâóþùèì �èçè÷åñêèì ñìûñëîì.Óñïåõ òåîðèè ïîëÿ áûë îòìå÷åí ìíîãèìè ìåæäóíàðîäíûìè íàãðà-äàìè. Çà îáúåäèíåííóþ ìîäåëü ýëåêòðîìàãíèòíûõ è ñëàáûõ âçàèìîäåé-ñòâèé Íîáåëåâñêàÿ ïðåìèÿ áûëà ïðèñóæäåíà Âàéíáåðãó, à âìåñòå ñ íèìÑàëàìó, êîòîðûé ñóìåë äîêàçàòü êîìèòåòó, ÷òî îí èìåë ñõîäíóþ èäåþ.Íîáåëåâñêàÿ ïðåìèÿ çà ïåðåíîðìèðîâêó òåîðèè Ñàëàìà�Âàéíáåðãàáûëà ïðèñóæäåíà Âåëüòìàíó è ò'Õîî�òó.Íîáåëåâñêàÿ ïðåìèÿ çà âû÷èñëåíèå çíàêà êîíñòàíòû β è åå èíòåðïðå-òàöèþ â òåðìèíàõ àñèìïòîòè÷åñêîé ñâîáîäû áûëà äàíà �ðîññó, Âèë÷åêóè Ïîëòöåðó.Áåç ëîæíîé ñêðîìíîñòè ïðèâåäó äâà êîììåíòàðèÿ ïî ïîâîäó ìîåãîîòñóòñòâèÿ â ýòîì ñïèñêå. Âîò ÷òî ñêàçàíî â êîðîòêîì òåêñòå ïî ïîâîäóïðèñóæäåíèÿ ìíå Ïðåìèè �óìáîëüäòà:
Professor Faddeev is one of the leading mathematical physicists of
our time. His seminal work reaches from multiparticle scattering,
integrable systems through the quantization of gauge theories to
new mathematical structures such as quantum groups. At least
three Nobel prizes in theoretical particle physics were awarded
for work that would be inconveivable without his insights. He re-
mains to be one of the driving forces in mathematical and theoret-
ical physics through his work, which stands out by its originality,
technical mastery and depth.Îñîáåííî öåííî äëÿ ìåíÿ ìíåíèå ßíãà, êîòîðîå âõîäèò êàê ïðåäè-ñëîâèå â òîì ìîèõ èçáðàííûõ ïóáëèêàöèé, ãîòîâÿùèéñÿ �îíãêîíãñêèìèçäàòåëüñòâîì (íàøå èçäàòåëüñòâî �Íàóêà� íå èìååò âîçìîæíîñòè àíà-ëîãè÷íûì îáðàçîì îòìåòèòü ìîå 80-ëåòèå):

I am very happy that my friend Faddeev’s “Selected Papers”
is finally published. His contributions to physics and to math-
ematics are intensive and extremely important. Many people,
including myself, felt that he should have shared the Nobel Prize
of 1999 with ’t Hooft and Veltman. Perhaps by 2049, in the No-
bel archives, one could find why he was not included in that 1999
prize.

There is a strange cultural phenomenon among theoretical
physicists in the 20th century: downplaying the importance of
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mathematics. In the 19th century, the papers and letters of
Maxwell, Boltzmann, Gibbs, Kelvin, Helmholtz and Lorentz showed,
if anything, the opposite value judgement about mathematics and
physics. It seems that with the exuberance of the youthful Heisen-
berg and Pauli, there began the idea that mathematics is at best
detriminal to originality in physics. Witness the sufferings and
bitterness of Max Born. Or of Wigner, who in the 1960s and
1970s in Princeton, had murmured “when I was young, nothing
that I did was considered important. Nowadays everything I did
is considered important.”

Although the mature Heisenberg in his old age changed his
views about mathematics, American hubris seemed to have taken
over, to perpetuate the cultural phenomenon of downplaying the
importance of mathematics. I speculate that may have been part
of the reason that Faddeev was not included in the 1999 prize.

But of course, what really matters is what the author feels
himself at the time of the work. This was beautifully said thirteen
centuries ago by the great Tang poet Tu Fu (AD 712-770) (my
traslation):

A piece of literature
Is meant for the millenium.

But its ups and downs are known
Already in the author’s heart.×òî æå, îñòàåòñÿ ïîñëåäîâàòü ìóäðîìó ñîâåòó êëàññè÷åñêîãî êèòàéñêîãîïîýòà.�àññêàçàííàÿ èñòîðèÿ ìîåé æèçíè íà �îíå ðàçâèòèÿ êâàíòîâîé òåî-ðèè ïîëÿ, îòíîñèòñÿ ê ïåðèîäó êîíöà 60õ è íà÷àëà 70ãã. ×òî æå áûëîïîñëå? Ìàññà âåùåé, ñâÿçàííàÿ ñ ïîñòðîåíèåì êâàíòîâîé òåîðèè ñîëèòî-íîâ è ñîïðîâîæäàþùèõ ìàòåìàòè÷åñêèõ êîíñòðóêöèé. Â òîì ÷èñëå âðåìÿîò âðåìåíè ÿ âîçâðàùàþñü ê çàäà÷å ßíãà, òî åñòü ïîñòðîåíèþ âîçáóæ-äåíèé ïîëÿ ßíãà-Ìèëëñà. Ñåé÷àñ ÿñíî, ÷òî ýòè âîçáóæäåíèÿ � ãëþîíû� íå èìåþò îòíîøåíèÿ ê áåçìàññîâûì âåêòîðíûì ÷àñòèöàì. Ìîÿ ñòàðàÿìå÷òà ïîêàçàòü, ÷òî ýòî ñîëèòîíû, èìåþùèå ïîëóêëàññè÷åñêîå îïèñàíèåâ âèäå óçëîâ.Äåéñòâèòåëüíî, ïî íûíåøíèì ïðåäñòàâëåíèÿì â Ñòàíäàðòíîé ìîäåëèöâåòíûå ïîëÿ ßíãà-Ìèëëñà êîíöåíòðèðóþòñÿ â ñòðóíû, êîòîðûå óäåðæè-14



âàþò êâàðêè. Ìåçîí ñîñòîèò èç äâóõ êâàðêîâ, íóêëîí èç òðåõ (ñì. ðèñ.5, 6) Êâàðê Àíòèêâàðê�èñ. 5: Ìåçîí

�èñ. 6: ÍóêëîíÌîæíî ïîñòàâèòü ìàòåìàòè÷åñêèé âîïðîñ � à ÷òî áóäåò â ìîäåëèßíãà-Ìèëëñà áåç êâàðêîâ? Ñêîðåå âñåãî ñòðóíû äîëæíû çàìêíóòüñÿ ñà-ìè ñ ñîáîé, îáðàçóÿ ïåòëè è óçëû.Â ñåðåäèíå 70õ ãîäîâ ÿ ïðåäëîæèë ìîäåëü òåîðèè ïîëÿ, äîïóñêàþ-ùóþ ñîëèòîíû â âèäå óçëîâ. Ñ òåõ ïîð ðèñóíîê Ýøåðà (ðèñ. 7) íàõîäèòñÿâ ìîåì êàáèíåòå. Â êîíöå 90õ ãîäîâ áûëî ïîëó÷åíî âû÷èñëèòåëüíîå äî-êàçàòåëüñòâî ìîåãî ïðåäïîëîæåíèÿ. À â íà÷àëå ýòîãî âåêà ìîé êîëëåãàÀíòòè Íèåìè è ÿ ïîêàçàëè, ÷òî ñðåäè äèíàìè÷åñêèõ ïåðåìåííûõ â ìîäå-ëè ßíãà-Ìèëëñà ïðèñóòñòâóþò ïåðåìåííûå ñîñòàâëÿþùèå ìîþ ìîäåëü.15



�èñ. 7: Ýøåð, Óçëû, 1965Òåì ñàìûì ãèïîòåçà ãëþîíû � óçëû ïîëó÷èëà òåîðåòè÷åñêîå ïîäòâåðæäå-íèå, íî ïðåäñòîèò åùå áîëüøàÿ ðàáîòà äëÿ åå îáîñíîâàíèÿ. ß íàäåþñü,÷òî ñìîãó íàéòè ìîëîäûõ ïîìîùíèêîâ äëÿ ýòîé ðàáîòû.
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