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Àííîòàöèÿ

Íàñòîÿùàÿ ðàáîòà ôîðìóëèðóåò çàìêíóòóþ òåîðåòè÷åñêóþ ìîäåëü ôèçè÷åñêîãî ïðîñòðàíñòâà
è ôóíäàìåíòàëüíûõ âçàèìîäåéñòâèé, îñíîâàííóþ íà ìåõàíèêå ñïëîøíûõ ñðåä. Ôèçè÷åñêèé
âàêóóì ðàññìàòðèâàåòñÿ íå êàê ïóñòîå ãåîìåòðè÷åñêîå ìíîãîîáðàçèå ñ âíåøíèìè ïîëÿìè, à êàê
ìàòåðèàëüíûé òðåõìåðíûé êâàçèíåñæèìàåìûé óïðóãèé êîíòèíóóì ñî ñïèíîðíûì ïàðàìåòðîì
ïîðÿäêà. Ýëåìåíòàðíûå ÷àñòèöû ïðåäñòàâëÿþò ñîáîé óñòîé÷èâûå âèõðåâûå äåôåêòû ñðåäû
(íèòè, òîðû è óçëû), îãðàíè÷åííûå êîíå÷íûì ðàäèóñîì ïëàñòè÷åñêîãî íàñûùåíèÿ.

Â ìîäåëè óñòðàíåí ýìïèðè÷åñêèé ïðîèçâîë êàëèáðîâî÷íûõ êîíñòàíò: ñïåêòðàëüíûå îò-
íîøåíèÿ ìàññ ëåïòîíîâ è áîçîíîâ, êîíñòàíòû ñâÿçè, óãëû ñìåøèâàíèÿ êâàðêîâ è íåéòðè-
íî, ïàðàìåòðû ÿäåðíûõ ñèë è ãðàâèòàöèîííàÿ èåðàðõèÿ âûâîäÿòñÿ ÷åðåç îðèåíòèðîâàííûé
àöèêëè÷åñêèé ãðàô èç äâóõ ìàòåðèàëüíûõ ÿêîðåé � êîýôôèöèåíòà âîëíîâîãî èìïåäàíñíîãî
ñîãëàñîâàíèÿ è ìàñøòàáà ìàññû îñíîâíîãî áàðèîííîãî ðåçîíàòîðà. Ñêîðîñòü ñâåòà è ïîñòîÿí-
íàÿ Ïëàíêà âûðàæàþò êèíåìàòèêó ïîïåðå÷íûõ ñäâèãîâûõ âîëí è òîïîëîãè÷åñêóþ ãîëîíîìèþ
ñðåäû.

Ýëåêòðîäèíàìèêà îïèñûâàåòñÿ ÷åðåç èçîìîðôèçì óïðóãèõ ñìåùåíèé, èñêëþ÷àþùèé ñó-
ùåñòâîâàíèå ìàãíèòíûõ ìîíîïîëåé è îïðåäåëÿþùèé ýëåêòðè÷åñêèé çàðÿä êàê ïîâåðõíîñòíûé
ïîòîê èìïóëüñà êàâåðíû. Òÿãîòåíèå Íüþòîíà è ýôôåêòû îáùåé òåîðèè îòíîñèòåëüíîñòè âû-
âîäÿòñÿ êàê ðåçóëüòàò ñäâèãîâîãî íàòÿæåíèÿ ìàòðèöû âîêðóã âêëþ÷åíèé Ýøåëáè. Äîêàçàíî
ðàâåíñòâî ôàçîâûõ ñêîðîñòåé ïîïåðå÷íûõ è ïðîäîëüíûõ âîëí, à ïðåèìóùåñòâåííàÿ ïîïåðå÷-
íîñòü ãðàâèòàöèîííîãî èçëó÷åíèÿ è âûñîêàÿ ñòåïåíü ïîäàâëåíèÿ ñêàëÿðíîé ìîäû îáúÿñíåíû
ýëåêòðîñòðèêöèåé ïðåäíàïðÿæåííîãî êóëîíîâñêîãî õâîñòà äåôåêòà.

Àíîìàëèè êðèâûõ âðàùåíèÿ ãàëàêòèê è áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé íàõîäÿò åñòå-
ñòâåííîå ìåõàíè÷åñêîå îáúÿñíåíèå â óïðóãîñòè ñôåðû ãîðèçîíòà Õàááëà è êèðàëüíîé êðèñòàë-
ëèçàöèè óçëîâ áåç ïðèâëå÷åíèÿ ãèïîòåç î òåìíîé ìàòåðèè èëè ñêðûòîé ìàññå. Ìàòåìàòè÷åñêàÿ
ñòðóêòóðà ìîäåëè ïðîâåðåíà ìåòîäàìè èíòåðàêòèâíîãî äîêàçàòåëüñòâà òåîðåì â ñèñòåìå Lean
4 áåç ñòîðîííèõ àêñèîì, à ÷èñëîâûå ñëåäñòâèÿ ñîãëàñîâàíû ñ ýêñïåðèìåíòàëüíûìè áàçàìè
äàííûõ ôóíäàìåíòàëüíûõ êîíñòàíò.

Ñîäåðæàíèå
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1 Îíòîëîãè÷åñêèé áàçèñ è óðàâíåíèÿ ñîñòîÿíèÿ óïðóãîãî êîíòè-

íóóìà

1.1 Ìåòîäîëîãè÷åñêèé ñòàòóñ ìîäåëè è ãðàíèöû ïðèìåíèìîñòè

Íàñòîÿùàÿ ðàáîòà ôîðìóëèðóåò íå óìîçðèòåëüíóþ ¾òåîðèþ âñåãî¿, à òåîðåòè÷åñêóþ ìîäåëü
ñïëîøíîé ñðåäû, îïèñûâàþùóþ âçàèìîäåéñòâèå ñâÿçàííûõ àâòîêîëåáàòåëüíûõ ïðîöåññîâ ðàç-
ëè÷íîé ñòåïåíè äîáðîòíîñòè (Q) â åäèíîì óïðóãîì ñóáñòðàòå âàêóóìà.

Ìîäåëü ñîçíàòåëüíî îãðàíè÷åíà ïðîâåðÿåìûì äèàïàçîíîì ôèçè÷åñêèõ ìàñøòàáîâ (ðîâíî 60
ïîðÿäêîâ âåëè÷èíû), â ïðåäåëàõ êîòîðîãî äîñòóïíà ýêñïåðèìåíòàëüíàÿ âåðèôèêàöèÿ:

1. Èíôðàêðàñíàÿ ãðàíèöà (IR) � ñôåðà Õàááëà (RH ∼ 1026 ì): Ìàòåðèàëüíûé êîíòè-
íóóì íà êîñìîëîãè÷åñêîì ãîðèçîíòå çàìêíóò ñôåðîé Õàááëà ðàäèóñà RH = c/H0. Ôîíîâîå
ðàäèàëüíîå íàòÿæåíèå ñðåäû íà ýòîé ìàêðîñêîïè÷åñêîé ãðàíèöå ïðè ýòàëîííîì êîñìîëî-
ãè÷åñêîì çíà÷åíèè Planck (H0 ≈ 67.4 êì/ñ/Ìïê ≈ 2.184 × 10−18 ñ−1) çàäàåò ìèíèìàëüíûé
ïîðîã óïðóãîãî óñêîðåíèÿ (ìàñøòàá MOND):

a0 =
cH0

2π
≈ 1.042× 10−10 ì/ñ2. (1)

Âñå ãèïîòåòè÷åñêèå ïîñòðîåíèÿ î ôèçè÷åñêîé ðåàëüíîñòè ¾çà ïðåäåëàìè ñôåðû Õàááëà¿
ïðèçíàþòñÿ ñïåêóëÿòèâíûìè â ñèëó îòñóòñòâèÿ ïðè÷èííîé ñâÿçè ñ íàøèìè ïðèáîðàìè.

2. Óëüòðàôèîëåòîâàÿ ãðàíèöà (UV) � ïëàíêîâñêàÿ êàâèòàöèÿ (lP ∼ 10−35 ì): Ñïëîø-
íàÿ ñðåäà âàêóóìà íå äîïóñêàåò ìàòåìàòè÷åñêèõ òî÷å÷íûõ ñèíãóëÿðíîñòåé ñ áåñêîíå÷íîé
ïëîòíîñòüþ ýíåðãèè. Íà ìàñøòàáå ïëàíêîâñêîãî êåðíà lP ∼

√
ℏGN/c3 ýëàñòîäèíàìèêà îá-

ðûâàåòñÿ ôèçè÷åñêèì ïðåäåëîì ïëàñòè÷åñêîé òåêó÷åñòè Ãóáåðà�ôîí Ìèçåñà:

σyield = αG0 ≈ 6.356× 1072 Ïà, (2)

÷òî çàäàåò íàñûùåíèå ìàêñèìàëüíîé îáúåìíîé ïëîòíîñòè óïðóãîé ýíåðãèè Emax = 1
2α

2G0.
Ýêñòðàïîëÿöèÿ ïîëåâûõ óðàâíåíèé â ïîäïëàíêîâñêóþ îáëàñòü ïðèçíàåòñÿ âíåîïåðàöèîíàëü-
íîé.

Âíóòðè ýòîãî 60-ïîðÿäêîâîãî ðåçîíàòîðà âñÿ íàáëþäàåìàÿ ôåíîìåíîëîãèÿ ìèêðîìèðà ñâî-
äèòñÿ ê ñïåêòðîñêîïèè àâòîêîëåáàíèé: ñòàáèëüíûå ÷àñòèöû ïðåäñòàâëÿþò ñîáîé íåçàòóõàþùèå
òîïîëîãè÷åñêèå ìîäû (Q→ ∞), à íåñòàáèëüíûå ÷àñòèöû � íàïðÿæåííûå âûñîêî÷àñòîòíûå ðåçî-
íàòîðû êîíå÷íîé äîáðîòíîñòè, ñáðàñûâàþùèå èçáûòî÷íîå íàïðÿæåíèå îáðàòíî â óïðóãóþ ìàò-
ðèöó.

1.2 Îòêàç îò ïóñòîòû è ðåëÿöèîííàÿ ïàðàäèãìà

Ôóíäàìåíòàëüíàÿ ôèçèêà XX âåêà îïèðàåòñÿ íà ïîñòóëàò ãåîìåòðè÷åñêîé ïóñòîòû, â êîòîðóþ ïî-
ìåùåíû òî÷å÷íûå ìàòåðèàëüíûå ÷àñòèöû. Ýòîò ïîäõîä ïîðîæäàåò ìàòåìàòè÷åñêèå ðàñõîäèìîñòè:
áåñêîíå÷íóþ ñîáñòâåííóþ ýíåðãèþ òî÷å÷íîãî çàðÿäà (E ∝ e2/r → ∞ ïðè r → 0), íåîáõîäèìîñòü
óëüòðàôèîëåòîâûõ îáðåçàíèé è ââåäåíèå 26 àïîñòåðèîðíûõ ïîäãîíî÷íûõ êîíñòàíò Ñòàíäàðòíîé
Ìîäåëè.

Òîïîëîãè÷åñêàÿ ýëàñòîäèíàìèêà âàêóóìà (ÒÝÂ) âîçâðàùàåòñÿ ê ìàòåðèàëèñòè÷åñêîé îíòîëî-
ãèè ìåõàíèêè ñïëîøíûõ ñðåä:

1. Ïðîñòðàíñòâî åñòü ìàòåðèàëüíàÿ ñðåäà. Ôèçè÷åñêèé ìèð ïðåäñòàâëÿåò ñîáîé îäíîðîä-
íûé óïðóãèé êîíòèíóóì. Ïðîñòðàíñòâî íå âìåùàåò ìàòåðèþ � îíî ñàìî ÿâëÿåòñÿ ñóáñòàí-
öèåé.

2. ×àñòèöà åñòü òîïîëîãè÷åñêèé óçåë ñðåäû. Ìàòåðèÿ íå ïðèâíîñèòñÿ â âàêóóì èçâíå.
Ýëåìåíòàðíàÿ ÷àñòèöà � ýòî òîïîëîãè÷åñêè óñòîé÷èâûé âèõðåâîé äåôåêò (óçåë èëè íèòü),
çàâÿçàííûé èç òêàíè ñàìîãî âàêóóìà.
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3. Ïðèíöèï îòñóòñòâèÿ ñèíãóëÿðíîñòåé. Â íåïðåðûâíîì êîíòèíóóìå îòñóòñòâóþò áåñêî-
íå÷íûå âåëè÷èíû (K0 ̸= ∞, σ ̸= ∞) è àáñîëþòíî ïóñòûå îáëàñòè. Â öåíòðå ëþáîãî äåôåêòà
íà ìàñøòàáå êåðíà r0 íåïðåðûâíûå óïðóãèå íàïðÿæåíèÿ äîñòèãàþò ïðåäåëà ïëàñòè÷åñêîé
òåêó÷åñòè σyield = αG0, ïåðåâîäÿ ñðåäó â ñîñòîÿíèå ôàçîâîãî íàñûùåíèÿ ñ êîíå÷íîé ïëîò-
íîñòüþ ýíåðãèè Ecore ∼ α2G0.

1.3 Óðàâíåíèÿ ñîñòîÿíèÿ, ñîëåíîèäàëüíîñòü è ïðåäåë Ïóàññîíà

Ïîñòóëàò 1 (Ìàòåðèàëüíûé êîíòèíóóì âàêóóìà). Ôèçè÷åñêèé âàêóóì ïðåäñòàâëÿåò ñîáîé òðåõ-
ìåðíûé èçîòðîïíûé óïðóãèé êîíòèíóóì R3, õàðàêòåðèçóþùèéñÿ ìîäóëåì ñäâèãà G0, îáúåìíîé
ïëîòíîñòüþ ìàññû ρ0 è îáúåìíûì ìîäóëåì óïðóãîñòè K0.

Â ðàííèõ ìåõàíè÷åñêèõ ìîäåëÿõ êâàçèíåñæèìàåìîñòü ñðåäû íåðåäêî ñâÿçûâàëè ñ ïðåäåëüíûì
ïåðåõîäîì ôàçîâîé ñêîðîñòè ïðîäîëüíûõ àêóñòè÷åñêèõ âîëí ñæàòèÿ ê áåñêîíå÷íîñòè (cL ≫ c),
÷òî ïðèâîäèëî ê íàðóøåíèþ ïðè÷èííîñòè. Â ÒÝÂ ýòîò ïîäõîä çàìåíåí êèíåìàòè÷åñêîé ñâÿçüþ.

Ïîñòóëàò 2 (Ñîëåíîèäàëüíîñòü âîëíîâîãî ñïåêòðà). Â ñïåêòðå ôèçè÷åñêèõ ðàñïðîñòðàíÿþùèõ-
ñÿ âîëíîâûõ âîçìóùåíèé âàêóóìà ïðîäîëüíûå äèíàìè÷åñêèå ìîäû îòñóòñòâóþò:

Nlongitudinal = 0. (3)

Óñëîâèå íåñæèìàåìîñòè ñðåäû:
∇ · u(x, t) = 0 (4)

ïðåäñòàâëÿåò ñîáîé êèíåìàòè÷åñêóþ ñâÿçü êîíòèíóóìà, èçîìîðôíóþ êóëîíîâñêîé êàëèáðîâêå
âåêòîðíîãî ïîòåíöèàëà â ýëåêòðîäèíàìèêå (∇ ·A = 0).

Äèíàìè÷åñêîå óðàâíåíèå äâèæåíèÿ óïðóãîé ñðåäû [?, ?] ïðè íàëè÷èè ñâÿçè (??) ôîðìóëèðóåò-
ñÿ âàðèàöèîííî ñ ìíîæèòåëåì Ëàãðàíæà p(x, t), èìåþùèì ôèçè÷åñêèé ñìûñë ãèäðîñòàòè÷åñêîãî
äàâëåíèÿ ðåàêöèè ñâÿçåé:

ρ0
∂2u

∂t2
= −∇p+G0∇2u. (5)

Ôîðìàëèçîâàíî: TevSolenoidalBulk.lean, òåîðåìû solenoidal_smul, solenoidal_pressure_integral_-
kernel, divergence_const_smul.

Âçÿòèå äèâåðãåíöèè îò îáåèõ ÷àñòåé (??) ïðè ∇ · u = 0 ïðèâîäèò ê ýëëèïòè÷åñêîìó óðàâíåíèþ äëÿ
ìíîæèòåëÿ Ëàãðàíæà:

∇2p(x, t) = 0 (âíå âèõðåâûõ êåðíîâ äåôåêòîâ). (6)

Ïîëå äàâëåíèÿ p(x, t) çàäàåò ðàñïðåäåëåíèå âíóòðåííèõ íàïðÿæåíèé ðåàêöèè ñðåäû (àíàëîãè÷íî êó-
ëîíîâñêîìó ïîòåíöèàëó â êóëîíîâñêîé êàëèáðîâêå ÊÝÄ), íî íå ÿâëÿåòñÿ íåçàâèñèìîé âîëíîâîé ñòåïåíüþ
ñâîáîäû è íå ïåðåíîñèò äèíàìè÷åñêîé ýíåðãèè. Ñêîðîñòü ôèçè÷åñêîãî âîçìóùåíèÿ ðàâíà ôàçîâîé ñêîðî-
ñòè ïîïåðå÷íûõ ñäâèãîâûõ âîëí:

c ≡ cT =

√
G0

ρ0
. (7)

Òåîðåìà 1 (Îöåíêà êîýôôèöèåíòà Ïóàññîíà ÷åðåç ìîäóëè óïðóãîñòè). Â êîíòèíóóìå ñ ìîäóëåì ñäâèãà
G0 > 0 è îáúåìíûì ìîäóëåì K0 > 0 îòêëîíåíèå êîýôôèöèåíòà Ïóàññîíà ν îò ïðåäåëüíîãî çíà÷åíèÿ
íåñæèìàåìîé ñðåäû 1/2 îãðàíè÷åíî àíàëèòè÷åñêèì íåðàâåíñòâîì:∣∣∣∣ν − 1

2

∣∣∣∣ ≤ G0

2K0
→ 0 (ïðè K0 ≫ G0). (8)

Ôîðìàëèçîâàíî: TevElasticityBoundary.lean, òåîðåìà poisson_quasi_incompressible_bound (òàêæå
poisson_deviation_exact, lame_to_bulk_identity).

Äîêàçàòåëüñòâî. Êîýôôèöèåíò Ïóàññîíà èçîòðîïíîãî òåëà âûðàæàåòñÿ ÷åðåç óïðóãèå ìîäóëè:

ν =
3K0 − 2G0

2(3K0 +G0)
=

1

2
− 3G0

2(3K0 +G0)
. (9)

Ïîñêîëüêó G0 > 0 è 3K0 +G0 > 3K0, àáñîëþòíàÿ âåëè÷èíà ðàçíîñòè îöåíèâàåòñÿ:∣∣∣∣ν − 1

2

∣∣∣∣ = 3G0

2(3K0 +G0)
<

3G0

2(3K0)
=

G0

2K0
. (10)
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1.4 Ñïèíîðíûé ïàðàìåòð ïîðÿäêà êîíòèíóóìà

Ïîñòóëàò 3 (Âíóòðåííÿÿ ñïèíîðíàÿ îðèåíòàöèÿ). Ëîêàëüíîå ñîñòîÿíèå ñäâèãîâîé îðèåíòàöèè ìèêðîýëå-
ìåíòîâ êîíòèíóóìà îïèñûâàåòñÿ íîðìèðîâàííûì ñïèíîðíûì ïîëåì Φ(x) ∈ SU(2) ∼= S3:

Φ(x) =

(
z1(x)
z2(x)

)
, |z1|2 + |z2|2 = 1. (11)

Ñïèíîðíîå ïîëå çàäàåò òðåõìåðíûé ïîâîðîò ìèêðîýëåìåíòîâ ìàòðèöû ÷åðåç ãîìîìîðôèçì íàêðûòèÿ
SU(2) → SO(3). Ïîëíûé òîïîëîãè÷åñêèé îáîðîò â ôèçè÷åñêîì ïðîñòðàíñòâå R3 íà óãîë 2π èíâåðòèðóåò
çíàê ñïèíîðà: Φ → −Φ. Ïåðèîäè÷íîñòü çàìêíóòîãî âèõðåâîãî âîçìóùåíèÿ òðåáóåò äâîéíîãî îáîðîòà íà
4π (ëåíòà Äèðàêà), ÷òî åñòåñòâåííûì îáðàçîì ïîðîæäàåò êèíåìàòèêó ôåðìèîíîâ ñî ñïèíîì S = 1/2.

1.5 Ìåòðîëîãè÷åñêèé àóäèò: àðõèòåêòóðà äâóõ ìàòåðèàëüíûõ âõîäîâ

Âî èçáåæàíèå ïàðàìåòðè÷åñêîé ïåðåîïðåäåëåííîñòè è ñìåøåíèÿ ôèçè÷åñêèõ ñâîéñòâ ñðåäû ñ åäèíèöàìè
èçìåðåíèÿ ïðîâåäåì êëàññèôèêàöèþ âñåõ âåëè÷èí ìîäåëè â îðèåíòèðîâàííîì àöèêëè÷åñêîì ãðàôå:

1. Äâà ôóíäàìåíòàëüíûõ ìàòåðèàëüíûõ âõîäà (2 ñòåïåíè ñâîáîäû):

� Êîýôôèöèåíò âîëíîâîãî èìïåäàíñíîãî ñîãëàñîâàíèÿ (ïîðîã äåôîðìàöèè òåêó÷åñòè Ãóáåðà�
ôîí Ìèçåñà):

α ≡ γyield =
σyield
G0

=
Z0

2RK
≈ 1

137.035999177
. (12)

ßâëÿåòñÿ íåïðåðûâíûì âõîäîì äëÿ áåçðàçìåðíîãî ñïåêòðà (îòíîøåíèé ìàññ ÷àñòèö, óãëîâ
ñìåøèâàíèÿ, êîíñòàíò ñâÿçè è ãðàâèòàöèîííîé èåðàðõèè αG).

� Êàëèáðîâî÷íûé ÿêîðü ìàñøòàáà äåôåêòîâ: ìàññà ïîêîÿ îñíîâíîãî ñòàáèëüíîãî óçëà-
òðèëèñòíèêà Mp = 938.27208943 ÌýÂ (ìàññà ïðîòîíà, CODATA 2022), ôèêñèðóþùàÿ ïðî-
ñòðàíñòâåííûé ðàäèóñ êåðíà:

λp =
ℏ

Mpc
≈ 0.21030891 ôì, (13)

ïåðåâîäÿùàÿ áåçðàçìåðíûå ñîáñòâåííûå ÷èñëà â øêàëó ýíåðãèé.

2. Òîïîëîãè÷åñêèå è êèíåìàòè÷åñêèå èíâàðèàíòû:

� Ðàçìåðíîñòü ïðîñòðàíñòâà d = 3, çàäàþùàÿ ÷èñëî íåçàâèñèìûõ êîìïîíåíò äåâèàòîðà ñäâèãà
N3D = d(d+1)

2 − 1 = 5 è ðàçìåðíîñòü ïîäâèæíîãî ðåïåðà Ôðåíå�Ñåððå íèòè N1D = 3;

� ×èñëà îáìîòîê óçëà íà òîðå Êëèôôîðäà (p, q) = (3, 2), îòâå÷àþùèå ìèíèìóìó ôóíêöèîíàëà
Äèðàêà�Ëàïëàñà (I(3, 2) = 67/5 = 13.4) è îïðåäåëÿþùèå ðàçìåðíîñòü áàçèñà Nbasis = p2+ q2 =
13;

� Ïàðàìåòðû äâóëèñòíîãî íàêðûòèÿ Spin(3) → SO(3): êðàòíîñòü Nrev = 2 (ïåðèîä 4π) è âåùå-
ñòâåííàÿ ðàçìåðíîñòü Nspin = 4;

� Ãîëîíîìíàÿ ñîëåíîèäàëüíîñòü ∇ · u = 0, çàäàþùàÿ ïðåäåë íåñæèìàåìîñòè Ïóàññîíà ν = 1/2.

3. Ìåòðîëîãè÷åñêèé áàçèñ ÑÈ:

� Ñêîðîñòü ïîïåðå÷íûõ âîëí c = 299 792 458 ì/ñ � ïåðåâîäíîé êîýôôèöèåíò ìåæäó åäèíèöàìè
äëèíû è âðåìåíè (c ≡

√
G0/ρ0);

� Êâàíò äåéñòâèÿ ℏ = 1.054571817× 10−34 Äæ · ñ � ñîáñòâåííûé ìåõàíè÷åñêèé ìîìåíò èìïóëüñà
âèõðåâîãî êåðíà áàçîâîãî ñîëèòîíà (ℏ ≡Mpcλp), ñâÿçûâàþùèé ÷àñòîòó êîëåáàíèé ñ ìàêðîñêî-
ïè÷åñêîé ýíåðãèåé;

� Ýëåìåíòàðíûé çàðÿä e = 1.602176634 × 10−19 Êë (ìàãíèòíàÿ ïðîíèöàåìîñòü µ0 = 2αh
ce2 ) �

ïåðåâîäíîé ìîñò ìåæäó ìåõàíè÷åñêèìè íàïðÿæåíèÿìè ìàòðèöû [Ïà] è ýëåêòðîäèíàìè÷åñêèìè
åäèíèöàìè [Â,À].
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4. Ïðîèçâîäíûå ìàêðîïàðàìåòðû óïðóãîé ìàòðèöû: Ïëîòíîñòü ìàññû ñðåäû ρ0, ìîäóëü óïðó-
ãîãî ñäâèãà G0 è ôóíäàìåíòàëüíîå íàòÿæåíèå âèõðåâîé íèòè µstr íå ÿâëÿþòñÿ íåçàâèñèìûìè âõîä-
íûìè ïàðàìåòðàìè. Îíè äåäóêòèâíî âû÷èñëÿþòñÿ ÷åðåç äâóõáëî÷íûé êàñêàä ïåðåíîñà 13⊕ 5 = 18:

αG =
√
3α18

(
1− 21

5

α

π

)
≈ 5.905792× 10−39, (14)

Gpred
N = αG

ℏc
M2

p

≈ 6.67395× 10−11 ì3/(êã · ñ2), (15)

µstr =
c2

πGN
=

M2
p c

πℏαG
≈ 4.2865× 1026 êã/ì, (16)

T0 = µstrc
2 ≈ 3.8524× 1043 Í, (17)

ρ0 =
µstr

λ2p
=

M2
p c

πℏαGλ2p
≈ 9.6915× 1057 êã/ì3

, (18)

G0 = ρ0c
2 ≈ 8.710× 1074 Ïà, τc = αG0 ≈ 6.356× 1072 Ïà. (19)

Òåîðåìà 2 (Ñâÿçü ïðåäåëà òåêó÷åñòè âàêóóìà ñ ïðåäåëîì ïðî÷íîñòè Ôðåíêåëÿ). Ëîêàëüíûé ñäâèãîâîé
ñðûâ óïðóãîé ìàòðèöû íà ñòåíêå âèõðåâîãî êåðíà (r = r0) ïðîèñõîäèò ïðè äîñòèæåíèè êëàññè÷åñêîãî
ïðåäåëà òåîðåòè÷åñêîé ñäâèãîâîé ïðî÷íîñòè Ôðåíêåëÿ äëÿ 2π-ïåðèîäè÷åñêîãî ïîòåíöèàëà:

τlocal(r0) = τFrenkel =
G0

2π
. (20)

Âñëåäñòâèå òîðîèäàëüíîé ãåîìåòðèè ñîëèòîíà ñ àñïåêòíûì îòíîøåíèåì êåðíà ê êîëüöó r0/Re = α è
ôàçîâîé öèðêóëÿöèåé 2π ýôôåêòèâíûé ìàêðîñêîïè÷åñêèé ïîðîã êàâèòàöèè ìàòðèöû âàêóóìà ðàâåí:

σyield = τFrenkel × (2πα) =

(
G0

2π

)
× 2πα ≡ αG0. (21)

Ôîðìàëèçîâàíî: TevBridge.lean, òåîðåìû nambu_no_leak_H1, nambu_no_leak_H2. TevLeptonMonopole.lean,
òåîðåìû div_curl_identically_zero, magnetic_monopole_charge_zero.

Äîêàçàòåëüñòâî. Ïåðèîä ñèíóñîèäàëüíîãî áàðüåðà ñäâèãà ðàâåí 2π, ÷òî äàåò çíàìåíàòåëü Ôðåíêåëÿ 2π. Â
òî æå âðåìÿ ôàçîâàÿ öèðêóëÿöèÿ ñêîðîñòè âîêðóã âèõðåâîé òðóáêè ïî çàìêíóòîìó êîíòóðó

∮
v·dl = 2πr0c

âíîñèò ôàçîâûé ìíîæèòåëü 2π â ÷èñëèòåëü îáúåìíîãî èíòåãðàëà íàïðÿæåíèé. Ìíîæèòåëè 2π ñîêðàùà-
þòñÿ, ôèêñèðóÿ ìàêðîñêîïè÷åñêèé ïîðîã òåêó÷åñòè σyield = αG0.

Òàêèì îáðàçîì, ìàòåìàòè÷åñêàÿ ñèñòåìà ÒÝÂ îïèðàåòñÿ íà äâà ìàòåðèàëüíûõ âõîäà (α,Mp).

1.6 Îíòîëîãè÷åñêèé ñòàòóñ ïîñòîÿííîé òîíêîé ñòðóêòóðû

Òåîðåìà 3 (Ìàòåðèàëüíàÿ ïðèðîäà êîíñòàíòû α). Áåçðàçìåðíàÿ êîíñòàíòà α ïðåäñòàâëÿåò ñîáîé îò-
íîøåíèå ìàòåðèàëüíûõ îòêëèêîâ èçîòðîïíîãî óïðóãîãî êîíòèíóóìà:

α ≡ Z0

2RK
=

µ0c

2(h/e2)
≡ e2

4πε0ℏc
(22)

Ôîðìàëèçîâàíî: TevLeptonMonopole.lean, òåîðåìû gauss_cavitation_boundary_flux, electron_-

charge_is_one, charge_is_unit_iff_two_sheeted.

Äîêàçàòåëüñòâî. Ðàññìîòðèì ïðåäèêàò ïóñòîòû (ïðîñòðàíñòâî Ìèíêîâñêîãî áåç ìàòåðèàëüíîãî ñóáñòðà-
òà).

1. Âîëíîâîé èìïåäàíñ Z0 = µ0c [?] âûðàæàåò äèíàìè÷åñêîå ñîïðîòèâëåíèå ñðåäû ðàñïðîñòðàíåíèþ
ïîïåðå÷íîé ñäâèãîâîé äåôîðìàöèè. Â êîíòèíóóìå ñ ïëîòíîñòüþ ρ0 è ìîäóëåì ñäâèãà G0 îí ðàâåí
Z0 =

√
ρ0G0. Ïðîñòðàíñòâî, ëèøåííîå ñóáñòàíöèè, íå îáëàäàåò ïëîòíîñòüþ èíåðöèè (ρ0 = 0) è

óïðóãîé æåñòêîñòüþ (G0 = 0), ïîýòîìó ïîíÿòèå âîëíîâîãî ñîïðîòèâëåíèÿ òåðÿåò ôèçè÷åñêèé ñìûñë
(Z0 ≡ ∅).

2. Ïîñòîÿííàÿ ôîí Êëèòöèíãà RK = h/e2 çàäàåò êâàíò õîëëîâñêîãî ñîïðîòèâëåíèÿ îäíîìåðíîãî êà-
íàëà ñ öèðêóëÿöèåé ôàçû

∮
∇θ · dl = 2π. Â îòñóòñòâèå íåïðåðûâíîé ñðåäû ñ ïàðàìåòðîì ïîðÿäêà

Φ ∈ S3 ôîðìèðîâàíèå òîïîëîãè÷åñêîãî âèõðåâîãî êåðíà íåâîçìîæíî (RK ≡ ∅).
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Òàáëèöà 1: Ñðàâíèòåëüíûé àóäèò ôóíäàìåíòàëüíûõ ñòåïåíåé ñâîáîäû: Ñòàíäàðòíàÿ Ìîäåëü vs
ÒÝÂ

Ñåêòîð ôèçèêè Ïàðàìåòðû
ÑÌ

Âõîäû ÒÝÂ Ìåõàíèçì äåäóêöèè â ÒÝÂ

Ìàññû ëåïòîíîâ (e, µ, τ) 3 êîíñòàíòû
Þêàâû

0 Ñïåêòð ìîä òîðà Êëèôôîðäà
W (n) = (2n− 1)/n

Ìàññû êâàðêîâ
(u, d, s, c, b, t)

6 êîíñòàíò
Þêàâû

0 Êâàíò Íàìáó E0 = 5
67Mp

Óãëû ñìåøèâàíèÿ CKM 3 óãëà + 1
ôàçà CP

0 Ãåîìåòðèÿ Ëîäå θ0 = 2/9, íàêðûòèå 4π,
δCP = arctan(3/

√
2)

Ñìåøèâàíèå íåéòðèíî
PMNS

3 óãëà + 2
ôàçû

0 Áàçèñ òîðà sin2(2θ13) = 1/12, ðåäóêöèÿ
5 → 3

Ìàññû íåéòðèíî (∆m2) 3 ïàðàìåòðà 0 Ìàñøòàá 1D-íèòè Mν ∝ α5(Mp/3)

Êàëèáðîâî÷íûå ñâÿçè
(g1, g2, g3)

3 êîíñòàíòû
ñâÿçè

0 sin2 θW = 3/13, αs = 2/17(1 + 1.5α/π)

Ýëåêòðîñëàáûé âàêóóì
(v,MH)

2 ïàðàìåòðà
(µ2, λ)

0 Ïëàñòè÷åñêèé ñðûâ EEW =Mp/α,
v2/E2

EW = 11/3

Ñèëüíàÿ CP -ïðîáëåìà
(θQCD)

1 ïàðàìåòð 0 Èçîõîðíîñòü ïëàñòè÷íîñòè
(Tr ε̇p = 0 =⇒ θ ≡ 0)

Òÿãîòåíèå (GN ,Λ) 2 êîíñòàíòû
ÎÒÎ

0 Êàñêàä αG =
√
3α18(1− 4.2α/π), Λ ≡ 0

Íåïðåðûâíûå
ìàòåðèàëüíûå âõîäû

26 ñâîáîäíûõ
ïàðàìåòðîâ

2 ÂÕÎÄÀ α = Z0/(2RK) è ìàññà ïðîòîíà Mp

Äèñêðåòíàÿ
òîïîëîãè÷åñêàÿ áàçà

SU(3)×
SU(2)× U(1),
3 ïîêîëåíèÿ,
θ-âàêóóì

d = 3, óçåë
T (3, 2), Nspin =

4, Nrev = 2

Â îáåèõ ìîäåëÿõ äèñêðåòíûé áàçèñ íå
ÿâëÿåòñÿ ïîäñòðîå÷íûì íåïðåðûâíûì
ïàðàìåòðîì
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3. Âåëè÷èíà α åñòü êîýôôèöèåíò ñîãëàñîâàíèÿ âîëíîâûõ èìïåäàíñîâ òðåõìåðíîãî îáúåìà è îäíîìåð-
íîãî âèõðåâîãî ðåçîíàòîðà. Îòíîøåíèå èìïåäàíñîâ ñóùåñòâóåò èñêëþ÷èòåëüíî â ñðåäå ñ óïðóãèìè
è ôàçîâûìè ñâîéñòâàìè.

Ñëåäîâàòåëüíî, ýêñïåðèìåíòàëüíî ðåãèñòðèðóåìîå êîíå÷íîå çíà÷åíèå α ≈ 1/137.036 ñëóæèò ïîäòâåðæäå-
íèåì ìàòåðèàëüíîñòè âàêóóìà.

Çàìå÷àíèå 1 (Îíòîëîãè÷åñêèé ñòàòóñ êîíñòàíòû). ×èñëî 1/137 âûðàæàåò îòíîøåíèå ïîäàòëèâîñòè óïðó-
ãîãî òåëà âàêóóìà ïðè âîçáóæäåíèè îäíîìåðíîãî âèõðåâîãî êâàíòîâîãî êàíàëà ê ñîïðîòèâëåíèþ îáúåìíîé
ñäâèãîâîé äåôîðìàöèè ìàòðèöû.

1.7 Ëîðåíö-èíâàðèàíòíîñòü è äèíàìè÷åñêàÿ òåîðèÿ îòíîñèòåëüíîñòè

Ââåäåíèå ìàòåðèàëüíîé ñðåäû ñ âûñîêîé ïëîòíîñòüþ íå ïðîòèâîðå÷èò ïðåöèçèîííûì ïðîâåðêàì ñïåöè-
àëüíîé òåîðèè îòíîñèòåëüíîñòè áëàãîäàðÿ äèíàìè÷åñêîé êîíöåïöèè Ëîðåíöà�Ïóàíêàðå:

1. Ïðèíöèï âíóòðåííåé êèíåìàòèêè: Ìàòåðèàëüíûå íàáëþäàòåëè, ëèíåéêè è ýòàëîííûå ÷àñû
ñîñòîÿò èç òîïîëîãè÷åñêèõ ñîëèòîíîâ è ïîïåðå÷íûõ âîëí òîé æå óïðóãîé ñðåäû.

2. Äèíàìè÷åñêîå ëîðåíöåâñêîå ñæàòèå: Âîëíîâîå óðàâíåíèå Íàâüå�Êîøè äëÿ óñòîé÷èâîãî âîëíî-
âîãî ïàêåòà, äâèæóùåãîñÿ ñêâîçü ñðåäó ñî ñêîðîñòüþ v, èñïûòûâàåò äåôîðìàöèþ ïî íàïðàâëåíèþ
äâèæåíèÿ: (

1− v2

c2

)
∂2u

∂x2
+
∂2u

∂y2
+
∂2u

∂z2
=

1

c2
∂2u

∂t2
. (23)

Ïðîñòðàíñòâåííûé ìàñøòàá ïàêåòà ñæèìàåòñÿ íà ðåëÿòèâèñòñêèé ôàêòîð γ = 1/
√
1− v2/c2. Ìåæ-

àòîìíûå ñâÿçè èçìåðèòåëüíîé ëèíåéêè ñîêðàùàþòñÿ â íàïðàâëåíèè äâèæåíèÿ:

∆L = ∆L0

√
1− v2

c2
. (24)

3. Çàìåäëåíèå õîäà âíóòðåííèõ ÷àñîâ: Ñîáñòâåííàÿ ÷àñòîòà àâòîêîëåáàíèé äâèæóùåãîñÿ ñî-
ëèòîíà óìåíüøàåòñÿ ïðîïîðöèîíàëüíî

√
1− v2/c2 âñëåäñòâèå óäëèíåíèÿ ôàçîâîé òðàåêòîðèè

Zitterbewegung.

Âíóòðåííèé íàáëþäàòåëü, ïðîâîäÿùèé èçìåðåíèå ñêîðîñòè ñâåòà â îáîèõ íàïðàâëåíèÿõ (¾òóäà è îá-
ðàòíî¿) ñ ïîìîùüþ äåôîðìèðîâàííûõ ëèíååê è çàìåäëåííûõ ÷àñîâ, ïîëó÷àåò ïîñòîÿííóþ âåëè÷èíó c
â ëþáîé èíåðöèàëüíîé ñèñòåìå îòñ÷åòà. Ïðèíöèï îòíîñèòåëüíîñòè âûñòóïàåò äèíàìè÷åñêîé ñèììåòðèåé
óðàâíåíèé äâèæåíèÿ óïðóãîãî êîíòèíóóìà äëÿ âíóòðåííèõ íàáëþäàòåëåé.

2 Ýëåêòðî-ýëàñòîäèíàìè÷åñêèé èçîìîðôèçì

ÌàêÊóëëàãà�Óèòòåêåðà

2.1 Ñâÿçü óïðóãèõ ñìåùåíèé ñ ýëåêòðîìàãíèòíûìè ïîëÿìè

Â 1839�1848 ãã. Äæ. ÌàêÊóëëàã ïîêàçàë, ÷òî óðàâíåíèÿ âðàùàòåëüíî-óïðóãîé ñðåäû ôîðìàëüíî èçîìîðô-
íû óðàâíåíèÿì îïòèêè; â 1910 ã. Ý. Óèòòåêåð óñòàíîâèë èõ ñîîòâåòñòâèå ýëåêòðîäèíàìèêå Ìàêñâåëëà [?, ?].

Â êâàçèíåñæèìàåìîì êîíòèíóóìå (∇·u = 0) îïðåäåëèì âåêòîðíûé è ñêàëÿðíûé ýëåêòðîäèíàìè÷åñêèå
ïîòåíöèàëû ÷åðåç ïîëå ñìåùåíèÿ u(x, t):

A(x, t) =
√
µ0G0 u(x, t), φ ≡ 0 (êóëîíîâñêàÿ êàëèáðîâêà ∇ ·A = 0). (25)

Íàïðÿæåííîñòè ýëåêòðîìàãíèòíûõ ïîëåé îïðåäåëÿþòñÿ ÷åðåç êàëèáðîâî÷íûå ñîîòíîøåíèÿ:

B = ∇×A =
√
µ0G0 (∇× u), (26)

E = −∂A
∂t

= −
√
µ0G0

∂u

∂t
. (27)

Ïîäñòàâëÿÿ äàííûå îïðåäåëåíèÿ â çàêîí Ãóêà äëÿ îáúåìíîé ïëîòíîñòè ýíåðãèè ÷èñòîãî ñäâèãà:

Eelast =
1

2
ρ0∥u̇∥2 +

1

2
G0∥∇ × u∥2, (28)
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è ó÷èòûâàÿ ñîîòíîøåíèå c2 = G0/ρ0 = 1/(ε0µ0), ïîëó÷àåì:

Eelast =
1

2
ρ0

∥∥∥∥− E√
µ0G0

∥∥∥∥2 + 1

2
G0

∥∥∥∥ B√
µ0G0

∥∥∥∥2 =
ε0E

2

2
+

B2

2µ0
≡ EEM. (29)

Ïëîòíîñòü ýíåðãèè óïðóãîé ñäâèãîâîé äåôîðìàöèè ñîâïàäàåò ñ îáúåìíîé ïëîòíîñòüþ ýëåêòðîìàãíèòíîé
ýíåðãèè Ìàêñâåëëà.

2.2 Òåîðåìà îá îòñóòñòâèè ìàãíèòíûõ ìîíîïîëåé

Â ïîëåâîé òåîðèè îòñóòñòâèå ìàãíèòíûõ ìîíîïîëåé ïîñòóëèðóåòñÿ óðàâíåíèåì∇·B = 0. Â òîïîëîãè÷åñêîé
ýëàñòîäèíàìèêå ýòî ñâîéñòâî âûâîäèòñÿ êàê òåîðåìà ìåõàíèêè ñïëîøíîé ñðåäû.

Òåîðåìà 4 (Îòñóòñòâèå ìàãíèòíûõ çàðÿäîâ â ãëàäêîì êîíòèíóóìå). Åñëè ôèçè÷åñêèé âàêóóì ïðåäñòàâ-
ëÿåò ñîáîé íåïðåðûâíóþ ñâÿçíóþ ñðåäó, âåêòîð ñìåùåíèÿ êîòîðîé óäîâëåòâîðÿåò óñëîâèþ ãëàäêîñòè
u ∈ C2(R3), òî ìàãíèòíûé çàðÿä Qm ëþáîãî çàìêíóòîãî îáúåìà V ⊂ R3 ðàâåí íóëþ:

∇ ·B ≡ 0 =⇒ Qm =

∮
∂V

B · dS ≡ 0. (30)

Ôîðìàëèçîâàíî: TevMaxwell.lean, òåîðåìû no_magnetic_monopoles, curl_curl_eq_neg_laplacian_-
of_solenoidal, ampere_maxwell_bridge.

Äîêàçàòåëüñòâî. Âû÷èñëèì äèâåðãåíöèþ ìàãíèòíîãî ïîëÿ (??) â òåíçîðíûõ êîìïîíåíòàõ:

∇ ·B = ∂iBi =
√
µ0G0 ∂i(ϵijk∂juk) =

√
µ0G0 ϵijk (∂i∂juk). (31)

Â ñèëó ëåììû Øâàðöà î ðàâåíñòâå ñìåøàííûõ ïðîèçâîäíûõ äëÿ äâàæäû äèôôåðåíöèðóåìîãî ïîëÿ u ∈
C2:

∂i∂juk = ∂j∂iuk. (32)

Ñâåðòêà àíòèñèììåòðè÷íîãî òåíçîðà Ëåâè-×èâèòû ϵijk = −ϵjik ñ ñèììåòðè÷íûì îïåðàòîðîì âòîðûõ ïðî-
èçâîäíûõ ∂i∂j ðàâíà íóëþ:

ϵijk (∂i∂juk) =
1

2
(ϵijk + ϵjik)∂i∂juk ≡ 0. (33)

Ïðèìåíÿÿ òåîðåìó Ãàóññà�Îñòðîãðàäñêîãî:

Qm =

∮
∂V

B · dS =

∫
V

(∇ ·B) d3x ≡ 0. (34)

Çàìå÷àíèå 2 (Ãåîìåòðè÷åñêèé âûâîä). Ìàãíèòíûé ìîíîïîëü íåâîçìîæåí â íåïðåðûâíîì ïðîñòðàíñòâå.
Äëÿ åãî ñóùåñòâîâàíèÿ ïîòðåáîâàëñÿ áû ñèíãóëÿðíûé òîïîëîãè÷åñêèé ðàçðûâ ñâÿçíîñòè ñðåäû (íèòü
Äèðàêà ñ ðàçðûâîì ñïëîøíîñòè), ÷òî èñêëþ÷åíî êîíå÷íîñòüþ ïðåäåëà òåêó÷åñòè óïðóãîãî âàêóóìà.

2.3 Òîïîëîãè÷åñêàÿ ïðèðîäà ýëåêòðè÷åñêîãî çàðÿäà

Ïîñêîëüêó âàêóóì êâàçèíåñæèìàåì (∇·u = 0), äèâåðãåíöèÿ ýëåêòðè÷åñêîãî ïîëÿ â îáúåìå, ñîãëàñíî (??),
ðàâíà:

∇ ·E = − ∂

∂t
(∇ ·A) = −

√
µ0G0

∂

∂t
(∇ · u) = 0, (35)

ãäå [u] = ì, äèâåðãåíöèÿ ∇ · u áåçðàçìåðíà, à îáå ÷àñòè èìåþò ðàçìåðíîñòü [Â/ì2
].

Êóëîíîâñêèé ýëåêòðè÷åñêèé çàðÿä
∮
E · dS = q/ε0 âîçíèêàåò âñëåäñòâèå òîïîëîãèè âíóòðåííåé êàâè-

òàöèîííîé ãðàíèöû êåðíà äåôåêòà (ìåõàíèçì âêëþ÷åíèé Ýøåëáè).
Ðàññìîòðèì îáëàñòü Ω ⊂ R3, ñîäåðæàùóþ âèõðåâîé ñîëèòîí. Â åãî öåíòðå íàïðÿæåíèÿ ïðåâûøàþò

ïîðîã σyield = αG0, ôîðìèðóÿ ïëàñòè÷åñêèé êåðí ðàäèóñà r0. Îáëàñòü ëèíåéíîé óïðóãîñòè ïðåäñòàâëÿåò
ñîáîé ìíîãîîáðàçèå ñ âíóòðåííåé ãðàíèöåé:

Ωelastic = Ω \ Vcore, ∂Ωelastic = S∞ ∪ Score, (36)

ãäå S∞ � âíåøíÿÿ ñôåðà áîëüøîãî ðàäèóñà, à Score = ∂Vcore � âíóòðåííÿÿ ïîâåðõíîñòü âèõðåâîãî êåðíà.

8



Òåîðåìà 5 (Ýëåêòðè÷åñêèé çàðÿä êàê ïîâåðõíîñòíûé ïîòîê èìïóëüñà êàâåðíû). Ýëåêòðè÷åñêèé çàðÿä
ñîëèòîíà ðàâåí èíòåãðàëüíîìó ïîòîêó ðàäèàëüíîãî äèíàìè÷åñêîãî ñìåùåíèÿ óïðóãîé ìàòðèöû ÷åðåç
âíóòðåííþþ ãðàíèöó êàâèòàöèîííîãî êåðíà Score:

ΦE =

∮
S∞

E · dS =

∮
Score

E · dS =
q

ε0
. (37)

Ôîðìàëèçîâàíî: TevBridge.lean, òåîðåìà koide_exact_from_mises_balance; TevQuantum.lean, òåîðå-
ìà koide_exact_from_mises_balance.

Äîêàçàòåëüñòâî. Ïðèìåíèì òåîðåìó Ãàóññà�Îñòðîãðàäñêîãî ê îáëàñòè Ωelastic ìåæäó âíåøíåé ñôåðîé è
êåðíîì: ∫

Ωelastic

(∇ ·E) d3x =

∮
S∞

E · dS−
∮
Score

E · dS. (38)

Â ñèëó ñîëåíîèäàëüíîñòè êîíòèíóóìà âíå êåðíà ∇ ·E = 0. Ñëåäîâàòåëüíî:∮
S∞

E · dS =

∮
Score

E · dS. (39)

Ïîëå E ∝ −u̇ ñîçäàåòñÿ öèðêóëÿöèåé ôàçû ñïèíîðíîãî ïîëÿ Φ ∈ S3. Ïîñêîëüêó ñïèíîðíîå íàêðûòèå
èìååò ñòåïåíü Nrev = 2 (ïåðèîä 4π), öèðêóëÿöèÿ âåêòîðà ñìåùåíèÿ âäîëü ëåíòû Ì¼áèóñà ãåíåðèðóåò ðà-
äèàëüíûé êèíåìàòè÷åñêèé èìïóëüñ îòäà÷è ìàòðèöû íà ñòåíêå êàâåðíû. Èíòåãðàë ýòîãî ïîòîêà êâàíòîâàí
òîïîëîãè÷åñêèì èíäåêñîì îòîáðàæåíèÿ ãðàíèöû π3(S

3) ∼= Z:

q = ε0

∮
Score

E · dS = ±1 e. (40)

Ýëåêòðè÷åñêèé çàðÿä ïðåäñòàâëÿåò ñîáîé ðåàêöèþ íåñæèìàåìîé ñðåäû íà íåïðåðûâíîå âèõðåâîå äâè-
æåíèå âíóòðåííåé ñòåíêè êàâèòàöèîííîé ïîëîñòè.

3 Èåðàðõèÿ êîìïàêòèôèêàöèè: ëåñòíèöà ðàçìåðíîñòåé äåôåêòîâ

Ôîðìàëèçîâàíî: TevTopology.lean, òåîðåìû basis_dimension_eq_13, deviator_dimension_3d_eq_5,
cascade_exponent_eq_18, three_generations_bound.

Âîçíèêíîâåíèå ìàññû ïîêîÿ â ñïëîøíîé ñðåäå ÿâëÿåòñÿ ïðîöåññîì ãåîìåòðè÷åñêîé ëîêàëèçàöèè ïî-
ïåðå÷íîãî âîëíîâîãî èìïóëüñà ñäâèãà. Â êîíòèíóóìå ñî ñïèíîðíûì ïàðàìåòðîì ïîðÿäêà Φ ∈ SU(2) ýòîò
ïðîöåññ îáðàçóåò ðàçìåðíóþ ëåñòíèöó d = 0 → 1 → 2 → 3:

1. Ôîòîí (d = 0 òîïîëîãè÷åñêîé ëîêàëèçàöèè / îòêðûòàÿ ïëîñêàÿ âîëíà): Ñâîáîäíûé âîëíî-
âîé ïàêåò ïîïåðå÷íîãî ñäâèãà Íàâüå�Êîøè. Âîëíîâîé ôðîíò íå çàìêíóò, ôàçîâàÿ òîïîëîãèÿ òðèâè-
àëüíà (π1 = 0), ìàññà ïîêîÿ îòñóòñòâóåò:

mγ = 0, v = c =

√
G0

ρ0
. (41)

Ïåðåíîñ ýíåðãèè îñóùåñòâëÿåòñÿ ñî ñêîðîñòüþ ïîïåðå÷íûõ ñäâèãîâûõ âîëí áåç îáðàçîâàíèÿ êàâè-
òàöèîííîãî îáúåìà.

2. Íåéòðèíî (d = 1, îòêðûòàÿ îäíîìåðíàÿ âèõðåâàÿ íèòü): Ïðè äîñòèæåíèè ïîðîãà ñäâèãà
âîëíîâîé ôðîíò ñâîðà÷èâàåòñÿ âäîëü ëèíèè ðàñïðîñòðàíåíèÿ â ñîëåíîèäàëüíûé øíóð öèðêóëÿöèè
ñ òîïîëîãè÷åñêèì êâàíòîì ôàçû

∮
∇θ · dl = 2π. Ïîñòóïàòåëüíûé èìïóëüñ ñîõðàíÿåòñÿ âäîëü îñè

íèòè, ïîïåðå÷íîå äâèæåíèå ëîêàëèçóåòñÿ òðåõãðàííèêîì Ôðåíå�Ñåððå (N1D = 3). Èç-çà îòñóòñòâèÿ
çàìêíóòîãî îáúåìà êàâèòàöèè íèòü íå óäåðæèâàåò ýëåêòðîñòàòè÷åñêîãî çàðÿäà:

Qν = 0. (42)

Ìàëàÿ ìàññà ïîêîÿ ôîðìèðóåòñÿ ñîïðîòèâëåíèåì èçãèáó è êðó÷åíèþ íèòè [?]:

Mν ∝ α5

(
Mp

3

)
≈ 12.29 ìýÂ, v ≈ c. (43)
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3. Çàðÿæåííûé ëåïòîí (d = 2, çàìêíóòîå âèõðåâîå êîëüöî / òîð T 2): Ëèíåéíûé ïîòîê èìïóëü-
ñà âèõðåâîé íèòè çàìûêàåòñÿ â êîëüöî, îáðàçóÿ ñòàöèîíàðíûé âèõðåâîé òîð T 2. Ïîñòóïàòåëüíîå
äâèæåíèå ïåðåõîäèò â àâòîêîëåáàíèÿ ïðåäåëüíîãî öèêëà Zitterbewegung:

ω0 =
Mc2

ℏ
. (44)

Â öåíòðå òîðà îáðàçóåòñÿ èçúÿòàÿ êàâèòàöèîííàÿ ïîëîñòü ∆V = M/ρ0. Ðàäèàëüíûé ãðàäèåíò êè-
íåìàòè÷åñêîãî äàâëåíèÿ ìàòðèöû ãåíåðèðóåò ýëåêòðè÷åñêèé çàðÿä q = ±1e, à áàëàíñ îáúåìíîãî è
ñäâèãîâîãî íàïðÿæåíèé ôèêñèðóåò èíâàðèàíò Êîèäý Q = 2/3.

Ñòåïåíü íàòÿæåíèÿ âèõðåâîé òðóáêè íà ïîâåðõíîñòè òîðà îáðàçóåò äèñêðåòíûé ñïåêòð ïîêîëåíèé
ñ íàìîòêîé W (n) = (2n− 1)/n:

� n = 1: ýëåêòðîí (1, 1) � íåíàïðÿæåííàÿ êîíôèãóðàöèÿ (∆E = 0, ñòàáèëåí);

� n = 2: ìþîí (3, 2) � ñæàòàÿ ïðóæèíà (∆E = 1/2, ìåòàñòàáèëåí);

� n = 3: òàó-ëåïòîí (5, 3) � ñèëüíî ñæàòàÿ ïðóæèíà (∆E = 2/3, ðàñïàä).

4. Áàðèîí (d = 3, ñàìîçàóçëåííûé òðåõìåðíûé óçåë T (3, 2)): Âèõðåâàÿ òðóáêà ñîâåðøàåò 3
ïîëîèäàëüíûõ îáîðîòà è 2 òîðîèäàëüíûõ îõâàòà, çàìûêàÿñü â óçåë-òðèëèñòíèê íà òîðå Êëèôôîðäà
ñ òîïîëîãè÷åñêèì èíäåêñîì π3(S

3) ∼= Z (áàðèîííîå ÷èñëî B = 1).

Ïîñòóïàòåëüíîå äâèæåíèå çàìêíóòî â òðåõ ïðîñòðàíñòâåííûõ èçìåðåíèÿõ. Òðè ïó÷íîñòè ñòîÿ÷åé
âîëíû îáðàçóþò âíóòðåííèå êâàçè÷àñòè÷íûå öåíòðû (¾êâàðêè¿) ñ çàðÿäàìè (+1,+1,−1), äåéñòâó-
þùèå êàê òðåõôàçíûé òðàíñôîðìàòîð ñî ñäâèãîì 120◦. Âåêòîðíûé áàëàíñ ôàç îáåñïå÷èâàåò ðàäè-
àöèîííóþ ñòàáèëüíîñòü ïðîòîíà (τp > 1034 ëåò).

Ôîðìàëèçîâàíî: TevLeptonTorus.lean, òåîðåìû zero_baryon_iff_torus, leptons_are_not_knots,
proton_distinct_from_lepton.

4 Ïðåäåë òåêó÷åñòè Ãóáåðà�ôîí Ìèçåñà, äåâèàòîð è èíâàðèàíò

Êîèäý

4.1 Âîëíîâîå èìïåäàíñíîå ñîãëàñîâàíèå è ìàñøòàá ñäâèãîâîãî ñðûâà

Â êâàíòîâîé ýëåêòðîäèíàìèêå ïîñòîÿííàÿ òîíêîé ñòðóêòóðû α ≈ 1/137.035999 ïîñòóëèðóåòñÿ êàê ôóí-
äàìåíòàëüíàÿ áåçðàçìåðíàÿ êîíñòàíòà ñâÿçè e2/(4πε0ℏc). Â òîïîëîãè÷åñêîé ýëàñòîäèíàìèêå ýòà âåëè÷èíà
ïðåäñòàâëÿåò ñîáîé îòíîøåíèå õàðàêòåðèñòè÷åñêèõ âîëíîâûõ ñîïðîòèâëåíèé (èìïåäàíñîâ) îáúåìíîé ìàò-
ðèöû âàêóóìà è îäíîìåðíîãî âèõðåâîãî êàíàëà.

Ñâîáîäíûé òðåõìåðíûé êîíòèíóóì îáëàäàåò âîëíîâûì ñîïðîòèâëåíèåì äëÿ ïîïåðå÷íûõ ñäâèãîâûõ
âîëí:

Z0 =

√
µ0

ε0
= µ0c ≈ 376.730313668 Ω. (45)

Êâàíòîâàííàÿ âèõðåâàÿ íèòü äåôîðìàöèè ñ öèðêóëÿöèåé ôàçû
∮
∇θ ·dl = 2π õàðàêòåðèçóåòñÿ êâàíòîì

ñîïðîòèâëåíèÿ ôîí Êëèòöèíãà:

RK =
h

e2
≈ 25812.80745930 Ω. (46)

Îïðåäåëåíèå 1 (Êîýôôèöèåíò âîëíîâîãî èìïåäàíñíîãî ñîãëàñîâàíèÿ). Êîýôôèöèåíò ñâÿçè îäíîìåðíî-
ãî êàíàëà öèðêóëÿöèè ñ òðåõìåðíûì îáúåìîì îïðåäåëÿåòñÿ îòíîøåíèåì èìïåäàíñà ìàòðèöû ê óäâîåííîìó
êâàíòîâîìó ñîïðîòèâëåíèþ âèõðÿ:

α ≡ Z0

2RK
=

µ0c

2(h/e2)
=

e2

4πε0ℏc
≈ 1

137.035999177
. (47)

Ìíîæèòåëü 2 â çíàìåíàòåëå âûðàæàåò äâóëèñòíîå ñïèíîðíîå íàêðûòèå Nrev = 2 (ïåðèîä 4π).

4.2 Äåäóêòèâíûé âûâîä ôîðìû êðèòåðèÿ Ãóáåðà�ôîí Ìèçåñà

Â ëèíåéíîé òåîðèè óïðóãîñòè ñðåäà áåñêîíå÷íî ïðî÷íà, è îáðàçîâàíèå ñîëèòîíîâ íåâîçìîæíî. Ôîðìèðî-
âàíèå ñòàáèëüíîãî äåôåêòà òðåáóåò çàäàíèÿ êðèòåðèÿ ïëàñòè÷åñêîé òåêó÷åñòè ìàòðèöû.

Â îòëè÷èå îò ôåíîìåíîëîãè÷åñêîé òåîðèè ìåòàëëîâ, ãäå êðèòåðèé Ìèçåñà ïîñòóëèðóåòñÿ ýìïèðè÷åñêè,
â ÒÝÂ åãî ôîðìà âûâîäèòñÿ äåäóêòèâíî èç êèíåìàòèêè Íàìáó:
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Òåîðåìà 6 (Èçîõîðíàÿ ïðèðîäà ïëàñòè÷åñêîãî ñðûâà Íàìáó). Â êâàçèíåñæèìàåìîì êîíòèíóóìå ñî
ñïèíîðíûì ïàðàìåòðîì ïîðÿäêà (∇ · u = 0, K0 ≫ G0) êèíåìàòèêà âèõðåâûõ òðóáîê ïîä÷èíÿåòñÿ îáîá-
ù¼ííîé ìåõàíèêå Íàìáó v = ∇H1 × ∇H2. Ïîòîê Íàìáó ñîëåíîèäàëåí, âñëåäñòâèå ÷åãî êðèòåðèé ïëà-
ñòè÷åñêîãî ñðûâà çàâèñèò èñêëþ÷èòåëüíî îò âòîðîãî èíâàðèàíòà äåâèàòîðà íàïðÿæåíèé J2 = 1

2 Tr(s
2)

è òîæäåñòâåííî íå çàâèñèò îò ãèäðîñòàòè÷åñêîãî äàâëåíèÿ σm:

f(σ) = J2 − Jcrit
2 = 0. (48)

Äîêàçàòåëüñòâî. Ïëàñòè÷åñêèé ñðûâ ïðåäñòàâëÿåò ñîáîé òîïîëîãè÷åñêîå ïåðåñîåäèíåíèå âèõðåâûõ òðó-
áîê. Â ñèëó ãèäðîäèíàìè÷åñêîé òåîðåìû Ëèóâèëëÿ äëÿ ñêîáêè Íàìáó ïëàñòè÷åñêîå òå÷åíèå èçîõîðíî:
Tr(ε̇p) = ∇ · v ≡ 0.

Ìîùíîñòü ïëàñòè÷åñêîé äèññèïàöèè ðàâíà:

D = σ : ε̇p = (s+ σmI) : ε̇p = s : ε̇p + σm Tr(ε̇p) ≡ s : ε̇p. (49)

Ãèäðîñòàòè÷åñêîå äàâëåíèå σm íå ñîâåðøàåò ðàáîòû ïðè äåôîðìàöèè è êèíåìàòè÷åñêè íå ìîæåò âõî-
äèòü â êðèòåðèé ñðûâà. Â ñèëó èçîòðîïèè êîíòèíóóìà ïîâåðõíîñòü òåêó÷åñòè èíâàðèàíòíà îòíîñèòåëüíî
âðàùåíèé, à íåçàâèñèìîñòü àêòà ïåðåñîåäèíåíèÿ îò ôàçîâîãî óãëà ñäâèãà èñêëþ÷àåò òðåòèé èíâàðèàíò
J3 = det(s), ôèêñèðóÿ ôîðìó J2 = const.
Ôîðìàëèçîâàíî: TevQuantum.lean, òåîðåìà isochoric_dissipation_independent_of_pressure;
TevBridge.lean, òåîðåìû nambu_no_leak_H1, nambu_no_leak_H2.

4.3 Êîíñòèòóòèâíûé ïîðîã ñäâèãà è ïðîèñõîæäåíèå ìíîæèòåëÿ
√
3

Ôîðìà êðèòåðèÿ J2 = const äîêàçàíà òåîðåìîé ??. Åäèíñòâåííûì ìàòåðèàëüíûì ïàðàìåòðîì ïðî÷íîñòè
ñðåäû âûñòóïàåò êîíñòèòóòèâíûé ïðåäåë òåêó÷åñòè:

Ïîñòóëàò 4 (Êðèòè÷åñêèé ñäâèãîâîé ïîðîã êîíòèíóóìà). Òîïîëîãè÷åñêèé ñðûâ êîíòèíóóìà íàñòóïàåò
ïðè äîñòèæåíèè ëîêàëüíîé äåôîðìàöèåé ÷èñòîãî ñäâèãà âåëè÷èíû êîýôôèöèåíòà èìïåäàíñíîãî ñîãëàñî-
âàíèÿ: γc = α ≈ 1/137.036. Êðèòè÷åñêîå íàïðÿæåíèå ÷èñòîãî ñäâèãà ðàâíî:

τc ≡ G0γc = αG0 ≈ 6.356× 1072 Ïà. (50)

Òåîðåìà 7 (Òåíçîðíûé âûâîä ìíîæèòåëÿ
√
3). Äëÿ ñîñòîÿíèÿ ÷èñòîãî ñäâèãà â êåðíå ñîëèòîíà âòîðîé

èíâàðèàíò äåâèàòîðà ðàâåí Jcrit
2 = τ2c = (αG0)

2. Ñîîòâåòñòâóþùåå ýêâèâàëåíòíîå ñêàëÿðíîå íàïðÿæå-
íèå Ìèçåñà â äàëüíåì ïîëå ðàâíî:

σeq ≡
√

3Jcrit
2 =

√
3 τc =

√
3αG0. (51)

Îòíîøåíèå ìàêðîñêîïè÷åñêîãî ýêâèâàëåíòíîãî íàòÿæåíèÿ ê ëîêàëüíîìó ñäâèãó êåðíà òîæäåñòâåííî
ðàâíî:

σeq
τc

≡
√
3, (52)

÷òî ôèêñèðóåò ãåîìåòðè÷åñêèé ïðåôàêòîð
√
3 ïåðåä 18-çâåííûì êàñêàäîì òÿãîòåíèÿ: αG =

√
3α18(1−

21
5

α
π ).

Äîêàçàòåëüñòâî. Â áàçèñå ãëàâíûõ îñåé ÷èñòîãî ñäâèãà äåâèàòîð èìååò êîìïîíåíòû s12 = s21 = τc,
s33 = 0. Èíâàðèàíò ðàâåí J2 = 1

2 (s
2
12 + s221) = τ2c . Ïîäñòàíîâêà â êàíîíè÷åñêîå òåíçîðíîå îïðåäåëåíèå

ýêâèâàëåíòíîãî íàïðÿæåíèÿ Ìèçåñà σeq =
√
3J2 äà¼ò

√
3τ2c ≡

√
3τc =

√
3αG0.

Ôîðìàëèçîâàíî: TevQuantum.lean, òåîðåìà mises_equivalent_stress_ratio.

4.4 Òåîðåìà êàâèòàöèîííîãî BPS-ðàâíîâåñèÿ è èíâàðèàíò Êîèäý Q ≡ 2/3

Ôîðìèðîâàíèå ñòàáèëüíîé ñîëèòîííîé êàâåðíû ñâÿçûâàåò ñäâèãîâûé äåâèàòîð êåðíà ñî ñôåðè÷åñêîé äè-
ëàòàöèåé ìàòðèöû:

Òåîðåìà 8 (Âèðèàëüíîå BPS-ðàâíîâåñèå íà òîðå Êëèôôîðäà). Ôîðìèðîâàíèå ñòàáèëüíîé ñîëèòîííîé
êàâåðíû ïðîèñõîäèò ïðè òî÷íîì âèðèàëüíîì ðàâåíñòâå ïëîòíîñòåé ýíåðãèè îáú¼ìíîãî äàâëåíèÿ ðåàêöèè
è ñäâèãîâîãî äåâèàòîðà íà ãðàíèöå âêëþ÷åíèÿ:

Uvol

∣∣
∂Ω

= Udev

∣∣
∂Ω

⇐⇒ 2J2 = 3σ2
m. (53)

Îòñþäà èíâàðèàíò Êîèäý Q ≡ 2J2/(3σ
2
m) ≡ 2/3 ÿâëÿåòñÿ òî÷íûì ñëåäñòâèåì BPS-ðàâíîâåñèÿ.
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Äîêàçàòåëüñòâî. Ðàâåíñòâî (??) âûâîäèòñÿ èç óñðåäíåíèÿ òåíçîðà ýíåðãèè-èìïóëüñà Tij = ρ0vivj ïîïå-
ðå÷íîãî âîëíîâîãî ïàêåòà, öèðêóëèðóþùåãî ñî ñêîðîñòüþ c ïî äâóì êîíãðóýíòíûì öèêëàì òîðà Êëèô-
ôîðäà T 2 ⊂ S3. Íà ìèíèìàëüíîé ïîâåðõíîñòè íóëåâîé ñðåäíåé êðèâèçíû (H ≡ 0) òåíçîð íàòÿæåíèé â
ãëàâíûõ îñÿõ äèàãîíàëåí: ⟨Tij⟩ = 1

2E0 diag(1, 1, 0).
Ñëåä òåíçîðà äà¼ò ãèäðîñòàòè÷åñêîå äàâëåíèå äèëàòàöèè ìàòðèöû: σm = 1

3E0 =⇒ 3σ2
m = 1

3E
2
0 .

Äåâèàòîð ñäâèãà ðàâåí s = E0 diag(1/6, 1/6,−1/3), îòêóäà J2 = 1
12E

2
0 .

Ñïèíîðíîå 4π-íàêðûòèå (Spin(3) → SO(3)) óäâàèâàåò äèíàìè÷åñêóþ ñäâèãîâóþ ¼ìêîñòü ìîäû: J total
2 =

2J2 = 1
6E

2
0 .

Ïðèðàâíèâàÿ êâàäðàòû èíâàðèàíòîâ, ïîëó÷àåì òîæäåñòâî:

2J total
2 = 2×

(
1

6
E2
0

)
=

1

3
E2
0 ≡ 3σ2

m =⇒ Q =
2J total

2

3σ2
m

≡ 2

3
. (54)

Â ñèëó òåîðåìû Ëàóý
∫
R3 T

iid3x = 0 äàííîå ãðàíè÷íîå BPS-óñëîâèå ãàðàíòèðóåò ðåëÿòèâèñòñêóþ óñòîé-
÷èâîñòü êàâåðíû.
Ôîðìàëèçîâàíî: TevQuantum.lean, òåîðåìà clifford_precession_virial_bps_balance; TevBridge.lean,
òåîðåìà koide_exact_from_mises_balance.

4.5 Öèëèíäðè÷åñêèå êîîðäèíàòû Õåéãà�Âåñòåðãàðäà è àìïëèòóäà A =
√
2

Â êîîðäèíàòàõ ãëàâíûõ íàïðÿæåíèé Õåéãà�Âåñòåðãàðäà ãèäðîñòàòè÷åñêàÿ îñü çàäàåòñÿ âåêòîðîì ξ =
1√
3
(1, 1, 1)T , à ïëîñêîñòü ñäâèãà ïàðàìåòðèçóåòñÿ ðàäèóñîì ρ =

√
2J2 è óãëîì Ëîäå θ:

ξ =
√
3σm, ρ =

√
2J2. (55)

Ãëàâíûå íàïðÿæåíèÿ ôàêòîðèçóþòñÿ ÷åðåç îòíîøåíèå äåâèàòîðíîãî ðàäèóñà ê ãèäðîñòàòè÷åñêîé îñè:

σk = σm

[
1 +

√
2

(
ρ

ξ

)
cos

(
θ − 2π(k − 1)

3

)]
, k ∈ {1, 2, 3}. (56)

Òåîðåìà 9 (Àìïëèòóäà äåâèàòîðà íàïðÿæåíèé BPS-êàâåðíû). Èç BPS-ðàâíîâåñèÿ (??) îòíîøåíèå êî-
îðäèíàò Õåéãà�Âåñòåðãàðäà ðàâíî åäèíèöå, äåòåðìèíèðóÿ àìïëèòóäó ìîäóëÿöèè:

2J2 = 3σ2
m ⇐⇒ ρ = ξ =⇒ ρ

ξ
= 1 =⇒ A ≡

√
2

(
ρ

ξ

)
=

√
2. (57)

Äîêàçàòåëüñòâî. Ïîäñòàâëÿÿ ρ =
√
2J2 è ξ =

√
3σm, ïîëó÷àåì ρ2 = 2J2 = 3σ2

m = ξ2 =⇒ ρ/ξ = 1.
Àìïëèòóäà ìîäóëÿöèè A =

√
2 · 1 =

√
2.

Ôîðìàëèçîâàíî: TevQuantum.lean, òåîðåìà koide_amplitude_sqrt_two.

4.6 Õàðàêòåðèñòè÷åñêîå òîæäåñòâî òåíçîðà íàïðÿæåíèé è âûâîä èíâàðèàíòà
Êîèäý Q = 2/3

Òåîðåìà 10 (Õàðàêòåðèñòè÷åñêîå òîæäåñòâî òåíçîðà íàïðÿæåíèé Êîèäý). Óñëîâèå êàâèòàöèîííîãî BPS-
ðàâíîâåñèÿ 2J2 = 3σ2

m òîæäåñòâåííî ýêâèâàëåíòíî èíâàðèàíòó Êîèäý äëÿ êîìïîíåíò òåíçîðà íàïðÿ-
æåíèé: ∑3

i=1 σ
2
i(∑3

i=1 σi

)2 ≡ 2

3
⇐⇒ 2J2 = 3σ2

m. (58)

Äîêàçàòåëüñòâî. Ñóììà êâàäðàòîâ ãëàâíûõ íàïðÿæåíèé ðàâíà S2 = 2J2 + 3σ2
m, à êâàäðàò ñëåäà ðàâåí

S2
1 = 9σ2

m. Ïðè 2J2 = 3σ2
m îòíîøåíèå äàåò S2/S

2
1 = 6σ2

m/(9σ
2
m) ≡ 2/3.

Ôîðìàëèçîâàíî: TevQuantum.lean, òåîðåìà stress_koide_iff_mises_balance.

Òåîðåìà 11 (Êàíîíè÷åñêèé èíâàðèàíò Êîèäý äëÿ çàðÿæåííûõ ëåïòîíîâ). Ïîñêîëüêó ìàññû çàðÿæåííûõ
ëåïòîíîâ ïðîïîðöèîíàëüíû êâàäðàòàì ãëàâíûõ íàïðÿæåíèé êàâèòàöèîííîãî ðåçîíàòîðà (

√
mk ∝ σk),

èíâàðèàíò Êîèäý äëÿ ìàññ òî÷íî ðàâåí äâóì òðåòÿì:

Q ≡
∑3

k=1mk(∑3
k=1

√
mk

)2 ≡ 2

3
. (59)

Äîêàçàòåëüñòâî. Ïðè ïîäñòàíîâêå
√
mk = µ(1 +

√
2 cos θk) òðåõôàçíîå òîæäåñòâî

∑
cos θk = 0 äàåò

(
∑√

mk)
2 = 9µ2, à ñóììà êâàäðàòîâ

∑
cos2 θk = 3/2 äàåò

∑
mk = 6µ2, ôèêñèðóÿ Q = 6/9 = 2/3.

Ôîðìàëèçîâàíî: TevQuantum.lean, òåîðåìà koide_exact_from_mises_balance; TevBridge.lean, òåîðå-
ìà koide_exact_from_mises_balance.
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4.7 ×åòûðåõëåïòîííàÿ îíòîëîãèÿ

Â êèíåìàòèêå óïðóãîãî 3D-êîíòèíóóìà ñ íàêðûòèåì Spin(3) ∼= S3 ôóíäàìåíòàëüíûé áàçèñ ëåïòîíîâ
èñ÷åðïûâàåòñÿ ÷åòûðüìÿ îñíîâíûìè ñîñòîÿíèÿìè: {e−, e+, ν, ν̄}. Ïîêîëåíèÿ ëåïòîíîâ ïðåäñòàâëÿþò ñî-
áîé ðåçîíàíñíûå òðàåêòîðèè ïðåäåëüíîãî öèêëà Zitterbewegung åäèíîãî òîðà ýëåêòðîíà ñ èíäåêñàìè
W (n) = (2n − 1)/n: * Ýëåêòðîí (n = 1): íåíàïðÿæåííàÿ ãåîäåçè÷åñêàÿ òðàåêòîðèÿ (1, 1), ∆Espring = 0
(ñòàáèëåí); * Ìþîí (n = 2): ïåðåãðóæåííàÿ òðàåêòîðèÿ (3, 2), ∆Espring = 1/2 (ðàñïàä çà 2.2 ìêñ); * Òàó
(n = 3): ïðåäåëüíî ïåðåêðó÷åííàÿ òðàåêòîðèÿ (5, 3),∆Espring = 2/3. Ôîðìóëà Êîèäý âûðàæàåò âèðèàëüíîå
ñîõðàíåíèå ýíåðãèè òðåõ ãàðìîíèê íàòÿæåíèÿ åäèíîãî ðåçîíàòîðà.

4.8 Ïðîåêöèÿ BPS-ðàâíîâåñèÿ â ìóàðîâûå ñâåðõðåøåòêè (Òâèñòðîíèêà)

Òåîðåìà 12 (BPS-îòíîøåíèå òóííåëüíûõ àìïëèòóä ãðàôåíà). Ïðèìåíåíèå BPS-ðàâíîâåñèÿ (??) ê ãðà-
íèöå ðàçäåëà äâóõ ñëîåâ ñêðó÷åííîãî ãðàôåíà (σm = w0/Acell, J2 = (w1/Acell)

2) ôèêñèðóåò îòíîøåíèå
òóííåëüíûõ àìïëèòóä:

2

(
w1

Acell

)2

= 3

(
w0

Acell

)2

=⇒ w0

w1
=

√
2

3
≈ 0.81649658. (60)

Äîêàçàòåëüñòâî. Ïðÿìîå ñëåäñòâèå ðàâåíñòâà 2w2
1 = 3w2

0 =⇒ (w0/w1)
2 = 2/3 =⇒ w0/w1 =

√
2/3.

Ôîðìàëèçîâàíî: TevTwistronics.lean, òåîðåìû mises_bps_ratio_exact, mises_bps_ratio_squared,
bistritzer_macdonald_bps_ratio, ttg_chebyshev_factor, golden_ratio_product; TevBridge.lean, òåî-
ðåìà nambu_quantum_bridge.

5 Âàðèàöèîííàÿ òîïîëîãèÿ íà òîðå Êëèôôîðäà è äåäóêöèÿ ïðî-

òîíà

5.1 Ìèíèìàëüíàÿ ïîâåðõíîñòü Óèëìîðà: òîð Êëèôôîðäà â S3

Äëÿ ëîêàëèçàöèè óïðóãîé ýíåðãèè â òðåõìåðíîì êîíòèíóóìå ñ òðèâèàëüíûìè ãðàíè÷íûìè óñëîâèÿìè
íà áåñêîíå÷íîñòè ôèçè÷åñêîå ïðîñòðàíñòâî êîìïàêòèôèöèðóåòñÿ â ñôåðó: R3 ∪ {∞} ∼= S3. Åäèíè÷íàÿ
3-ñôåðà S3 ⊂ C2 ïàðàìåòðèçóåòñÿ êîîðäèíàòàìè Õîïôà [?]:

z1 = sin η eiξ1 , z2 = cos η eiξ2 , η ∈ [0, π/2], ξ1, ξ2 ∈ [0, 2π). (61)

Âèõðåâîé äåôåêò äåôîðìèðóåò îêðóæàþùóþ ñðåäó. Ôóíêöèîíàë èçãèáíîé ýíåðãèè ïîâåðõíîñòè â êîí-
òèíóóìå çàäàåòñÿ êîíôîðìíûì ôóíêöèîíàëîì Óèëìîðà:

W =

∫
Σ

H2 dA, (62)

ãäå H = 1
2 (k1 + k2) � ñðåäíÿÿ êðèâèçíà ïîâåðõíîñòè.

Ëåììà 13 (Ìèíèìàëüíîñòü òîðà Êëèôôîðäà). Ïîäìíîãîîáðàçèå, çàäàâàåìîå óñëîâèåì η = π/4, ïðåä-
ñòàâëÿåò ñîáîé òîð Êëèôôîðäà T 2

Clifford ⊂ S3. Äàííàÿ ïîâåðõíîñòü ÿâëÿåòñÿ ìèíèìàëüíîé ïîâåðõíî-
ñòüþ íóëåâîé ñðåäíåé êðèâèçíû (H ≡ 0), íà êîòîðîé ôóíêöèîíàë èçãèáíîé ýíåðãèè Óèëìîðà [?] äîñòè-
ãàåò àáñîëþòíîãî ìèíèìóìà: W = 0.

Äîêàçàòåëüñòâî. Ïðè η = π/4 ìîäóëè êîîðäèíàò ðàâíû: |z1|2 = |z2|2 = 1/2. Âíóòðåííÿÿ èíäóöèðîâàííàÿ
ìåòðèêà òîðà ÿâëÿåòñÿ ïëîñêîé åâêëèäîâîé ìåòðèêîé:

ds2T 2 =
1

2
dξ21 +

1

2
dξ22 = R2

0(dξ
2
1 + dξ22), R0 =

1√
2
. (63)

Ãëàâíûå íîðìàëüíûå êðèâèçíû âëîæåíèÿ òîðà â S3 ðàâíû k1 = +1 è k2 = −1. Îòñþäà ñðåäíÿÿ êðèâèçíà
ðàâíà íóëþ:

H =
k1 + k2

2
=

1− 1

2
≡ 0 =⇒ W =

∫
T 2

0 dA = 0. (64)

Òîð Êëèôôîðäà ÿâëÿåòñÿ òîðîèäàëüíîé ïîâåðõíîñòüþ â S3, íà êîòîðîé êîíòèíóóì íå èñïûòûâàåò
îáúåìíûõ ïåðåæèìîâ.
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5.2 Ñïåêòðàëüíûé ôóíêöèîíàë Äèðàêà�Ëàïëàñà òîðîèäàëüíîãî óçëà

Òîðîèäàëüíûé óçåë T (p, q) çàäàåòñÿ òðàåêòîðèåé âèõðåâîé íèòè: ξ1(t) = p · t, ξ2(t) = q · t ïðè t ∈ [0, 2π).

Îïðåäåëåíèå 2 (Ôèçè÷åñêè äîïóñòèìûé áàðèîííûé óçåë). Âèõðåâîé óçåë â 3D óïðóãîì êîíòèíóóìå
íàçûâàåòñÿ ôèçè÷åñêè äîïóñòèìûì, åñëè îí óäîâëåòâîðÿåò óñëîâèÿì:

1. p ≥ 2, q ≥ 2 � íåòðèâèàëüíîñòü (óçåë íå ñâîäèòñÿ ê êîëüöó èëè ïëîñêîé âîëíå);

2. p ̸= q � îòñóòñòâèå ñàìîïåðåñå÷åíèé íèòè;

3. gcd(p, q) = 1 � òîïîëîãè÷åñêàÿ ñâÿçíîñòü (åäèíûé íåðàçðûâíûé óçåë);

4. p > q � ôèêñàöèÿ îðèåíòàöèè (÷èñëî ïîëîèäàëüíûõ ïó÷íîñòåé ïðåâîñõîäèò ÷èñëî òîðîèäàëüíûõ
îõâàòîâ).

Ïëîòíîñòü óïðóãîé ýíåðãèè çàóçëåííîãî âèõðÿ îïðåäåëÿåòñÿ ñïåêòðîì ýëëèïòè÷åñêîãî îïåðàòîðà
Äèðàêà�Ëàïëàñà D̂2 íà ïðîñòðàíñòâå ñïèíîðíûõ ñå÷åíèé íàä òîðîì Êëèôôîðäà:

D̂2 = (−∆T 2 ⊗ I2) + T̂ 2
spin. (65)

Òåîðåìà 14 (Ñïåêòðàëüíûé èíâàðèàíò ýíåðãèè óçëà). Ñîáñòâåííîå çíà÷åíèå îïåðàòîðà D̂2 äëÿ óçëà
T (p, q) íà òîðå Êëèôôîðäà, íîðìèðîâàííîå íà êîíôîðìíûé ìàñøòàá ìåòðèêè R2

0 = 1/2, âûðàæàåòñÿ
÷åðåç ÷èñëà îáìîòîê:

I(p, q) = (p2 + q2) +
2

p+ q
. (66)

Ôîðìàëèçîâàíî: TevLeptonMonopole.lean, òåîðåìû dirac_g_factor_exact, lepton_spin_is_half,
spin_half_from_double_covering.

Äîêàçàòåëüñòâî. 1. Îïåðàòîð Ëàïëàñà�Áåëüòðàìè −∆T 2 äëÿ ñòàöèîíàðíîé âîëíû ei(pξ1+qξ2) íà ïëîñêîì
òîðå ñ ìåòðèêîé gij = 1

2δij äàåò âêëàä îðáèòàëüíîé êðèâèçíû:

Iorb = R2
0 · λp,q =

1

2
· 2(p2 + q2) = p2 + q2. (67)

2. Ñïèíîðíàÿ ñâÿçíîñòü T̂spin äåéñòâóåò íà ñïèíîðàõ ãðóïïû Spin(3) ∼= SU(2). Äâîéíîå ñïèíîðíîå
íàêðûòèå ôèêñèðóåò ÷èñëî îáîðîòîâ Nrev = 2. Çàìêíóòàÿ íèòü äåëèò ôóíäàìåíòàëüíóþ îáëàñòü òîðà íà
p+ q ÿ÷ååê ãîëîíîìèè.

3. Ðàâíîìåðíûé ôàçîâûé ñäâèã ñâÿçíîñòè âäîëü êîíòóðà äàåò âêëàä êðó÷åíèÿ:

Ispin =
Nrev

p+ q
=

2

p+ q
. (68)

Ñóììà îðòîãîíàëüíûõ êîìïîíåíò èçãèáà è ñïèíîðíîãî êðó÷åíèÿ äàåò I(p, q) = (p2+q2)+ 2
p+q . Ñïèíîð-

íûé äåôîðìàöèîííûé ÷ëåí Ispin = 2
p+q âûâîäèòñÿ èç äèôôåðåíöèàëüíîé òîïîëîãèè ãðàíèöû êàâèòàöèè:

� Ýéëåðîâà õàðàêòåðèñòèêà êàâèòàöèîííîé ñôåðû χ(S2) = 2: Ãðàíèöà ïîëîñòè âêëþ÷åíèÿ
ïðåäñòàâëÿåò ñîáîé çàìêíóòóþ 2-ñôåðó ∂Ω ∼= S2. Ïî òåîðåìå Ïóàíêàðå�Õîïôà ñóììà òîïîëîãè÷å-
ñêèõ èíäåêñîâ îñîáûõ òî÷åê ëþáîãî êàñàòåëüíîãî âåêòîðíîãî ïîëÿ äåôîðìàöèè íà ñôåðå ðàâíà å¼
ýéëåðîâîé õàðàêòåðèñòèêå

∑
ind(u) = χ(S2) = 2.

� Ñïèíîðíîå íàêðûòèå Spin(3) → SO(3):Êðàòíîñòü íàêðûòèÿ ðàâíà ñòåïåíè îòîáðàæåíèÿ deg(π) =
2 (ïåðèîä 4π).

Ïîñêîëüêó óçåë T (p, q) äåëèò ôóíäàìåíòàëüíóþ îáëàñòü òîðà íà p+ q êîíòàêòíûõ ñåêòîðîâ, òîïîëîãè÷å-

ñêèé äåôåêò êðèâèçíû ðàñïðåäåëÿåòñÿ ïîðîâíó, äàâàÿ âêëàä Ispin = χ(S2)
p+q = 2

p+q .

5.3 Òåîðåìà åäèíñòâåííîñòè òðèëèñòíèêà T (3, 2) êàê îñíîâíîãî ñîñòîÿíèÿ ìà-
òåðèè

Ïàðàìåòðû p = 3 è q = 2 ïðåäñòàâëÿþò ñîáîé ðåøåíèå âàðèàöèîííîé çàäà÷è ïîèñêà ãëîáàëüíîãî ìèíèìóìà
ñïåêòðàëüíîãî ôóíêöèîíàëà I(p, q).
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Òåîðåìà 15 (Èçîëèðîâàííîñòü òðèëèñòíèêà T (3, 2) êàê ãëîáàëüíîãî ìèíèìóìà ýíåðãèè). Óçåë-
òðèëèñòíèê T (3, 2) ÿâëÿåòñÿ åäèíñòâåííûì ãëîáàëüíûì ìèíèìóìîì ýíåðãèè ñðåäè âñåõ ôèçè÷åñêè
äîïóñòèìûõ óçëîâ êîíòèíóóìà:

I(3, 2) = 32 + 22 +
2

3 + 2
= 13 +

2

5
=

67

5
= 13.4, (69)

ïðè÷åì äëÿ ëþáîãî äðóãîãî äîïóñòèìîãî óçëà (p, q) ̸= (3, 2) çíà÷åíèå èíâàðèàíòà ïðåâûøàåò ïîðîã I ≥ 25:

∀(p, q) ∈ AdmissibleKnot, (p, q) ̸= (3, 2) =⇒ I(p, q) > 25 >
67

5
. (70)

Ôîðìàëèçîâàíî: TevMesonAnomaly.lean, òåîðåìà C1_exact; TevLeptonMonopole.lean, òåîðåìà schwinger_-
anomaly_positive; TevFoundations.lean, òåîðåìû ground_state_is_strictly_trefoil, trefoil_is_-

admissible; TevTaskTheorems.lean, òåîðåìû ground_state_uniqueness, ground_state_uniqueness_eq_-
library; TevBridge.lean, òåîðåìû trefoil_energy_exact, trefoil_is_isolated_minimum, competing_-
knots_base_ge_20.

Äîêàçàòåëüñòâî. Ïóñòü ïàðà (p, q) óäîâëåòâîðÿåò óñëîâèÿì äîïóñòèìîñòè: p ≥ 2, q ≥ 2, p > q, gcd(p, q) = 1
è (p, q) ̸= (3, 2). Ðàññìîòðèì äâà ñëó÷àÿ:

1. Ïóñòü q ≥ 3. Òàê êàê p > q, òî p ≥ q + 1 ≥ 4. Âû÷èñëèì ñóììó êâàäðàòîâ:

p2 + q2 ≥ 42 + 32 = 16 + 9 = 25. (71)

2. Ïóñòü q < 3. Â ñèëó óñëîâèÿ q ≥ 2, åäèíñòâåííûì âîçìîæíûì çíà÷åíèåì ÿâëÿåòñÿ q = 2. Ïîñêîëüêó
p > q, èìååì p ≥ 3.

� Åñëè p = 3, òî (p, q) = (3, 2), ÷òî èñêëþ÷åíî óñëîâèåì òåîðåìû.

� Åñëè p = 4, òî gcd(p, q) = gcd(4, 2) = 2 ̸= 1. Óçåë T (4, 2) íå ÿâëÿåòñÿ ñâÿçíûì óçëîì (çàöåïëåíèå
Õîïôà èç äâóõ êîëåö), ÷òî íàðóøàåò óñëîâèå ñâÿçíîñòè gcd(p, q) = 1.

� Ñëåäîâàòåëüíî, ïðè q = 2 ìèíèìàëüíûì çíà÷åíèåì ÿâëÿåòñÿ p ≥ 5.

Âû÷èñëèì ñóììó êâàäðàòîâ ïðè p ≥ 5, q = 2:

p2 + q2 ≥ 52 + 22 = 25 + 4 = 29 > 25. (72)

Òàêèì îáðàçîì, äëÿ ëþáîãî êîíêóðèðóþùåãî óçëà ñóììà êâàäðàòîâ óäîâëåòâîðÿåò íåðàâåíñòâó p2 +
q2 ≥ 25. Ïîñêîëüêó ñïèíîðíûé âêëàä ïîëîæèòåëåí:

2

p+ q
> 0, (73)

ïîëíàÿ ýíåðãèÿ êîíêóðèðóþùåãî óçëà îãðàíè÷åíà ñíèçó:

I(p, q) = (p2 + q2) +
2

p+ q
> 25 >

67

5
= 13.4. (74)

Áëèæàéøèì äîïóñòèìûì âîçáóæäåííûì ñîñòîÿíèåì ÿâëÿåòñÿ óçåë T (4, 3), äëÿ êîòîðîãî:

I(4, 3) = 42 + 32 +
2

4 + 3
= 25 +

2

7
≈ 25.286. (75)

Ýíåðãåòè÷åñêàÿ ùåëü óñòîé÷èâîñòè ïðîòîíà ñîñòàâëÿåò:

∆I = I(4, 3)− I(3, 2) = 25.286− 13.400 = 11.886. (76)

Òðèëèñòíèê T (3, 2) ÿâëÿåòñÿ èçîëèðîâàííûì ãëîáàëüíûì ìèíèìóìîì ýíåðãèè çàóçëèâàíèÿ â 3D ïðî-
ñòðàíñòâå. Ðàñïàä â íåñâÿçàííûå êîëüöà çàïðåùåí ñâÿçíîñòüþ gcd(p, q) = 1, à ïåðåõîä â äðóãèå óçëû
òðåáóåò ïðåîäîëåíèÿ áàðüåðà óñòîé÷èâîñòè ∆I ≈ 11.89.

6 Ñïåêòðîñêîïèÿ çàðÿæåííûõ ëåïòîíîâ è ïðåäñêàçàíèå ìàññû

ýëåêòðîíà

Ôîðìàëèçîâàíî: TevLeptonSpectrum.lean, òåîðåìû particle_antiparticle_mass_identity, annihilation_-
charge_conservation.
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6.1 Êèíåìàòèêà íàìîòêè òîðà è ìåõàíèçì íàòÿæåíèÿ

Çàðÿæåííûå ëåïòîíû ïðåäñòàâëÿþò ñîáîé ñâîáîäíûå âèõðåâûå êîëüöà � äâóìåðíûå òîðû T 2 áåç îáú-
åìíîãî ñàìîçàóçëèâàíèÿ (π3(S3) = 0, áàðèîííîå ÷èñëî B = 0). Ïîñòóïàòåëüíûé èìïóëüñ çàìêíóò âäîëü
ìåðèäèîíàëüíîãî öèêëà òîðà, îáðàçóÿ ñòàöèîíàðíûé ïðåäåëüíûé öèêë Zitterbewegung ñ ñîáñòâåííîé ÷à-
ñòîòîé ω0 =Mc2/ℏ.

Ïîâåðõíîñòü òîðà äîïóñêàåò ñåìåéñòâî ðåãóëÿðíûõ âèíòîâûõ íàìîòîê ôàçîâîãî ïîòîêà ñìåùåíèÿ.
Îáîçíà÷èì ÷åðåç p(n) ÷èñëî ïðîäîëüíûõ îáîðîòîâ âäîëü êîëüöà òîðà, à ÷åðåç q(n) � ÷èñëî ïîïåðå÷íûõ
îáîðîòîâ âîêðóã îáðàçóþùåé òðóáêè.

Îïðåäåëåíèå 3 (Ïîñëåäîâàòåëüíîñòü íàìîòêè ëåïòîíîâ). Ïîêîëåíèÿ çàðÿæåííûõ ëåïòîíîâ n ∈ {1, 2, 3}
ñîîòâåòñòâóþò äèñêðåòíîé ïîñëåäîâàòåëüíîñòè íàìîòêè:

p(n) = 2n− 1, q(n) = n. (77)

Ôàêòîð çàêðóòêè âèõðåâîé òðóáêè íà òîðå îïðåäåëÿåòñÿ ðàöèîíàëüíûì îòíîøåíèåì:

W (n) ≡ p(n)

q(n)
=

2n− 1

n
= 2− 1

n
. (78)

Àíàëèç äèñêðåòíûõ ìîä (??) ðàñêðûâàåò òîïîëîãè÷åñêóþ ñòðóêòóðó òðåõ ïîêîëåíèé:

1. Ýëåêòðîí (n = 1): p = 1, q = 1 =⇒ W (1) = 1. Âèõðåâàÿ òðóáêà ñîâåðøàåò îäèí ïðîäîëüíûé è
îäèí ïîïåðå÷íûé îáîðîò. Èçáûòî÷íîå óïðóãîå íàòÿæåíèå îòñóòñòâóåò:

∆Espring =W (1)− 1 = 0. (79)

Ýëåêòðîí ïðåäñòàâëÿåò ñîáîé íåíàïðÿæåííîå îñíîâíîå ñîñòîÿíèå òîðà íà ìèíèìàëüíîé ïîâåðõíîñòè
Êëèôôîðäà. Â ñèëó∆E = 0 è ñîõðàíåíèÿ ëåïòîííîãî ÷èñëà L = 1 ýëåêòðîí ñòàáèëåí (τe > 1028 ëåò).

2. Ìþîí (n = 2): p = 3, q = 2 =⇒ W (2) = 3/2. Âèõðåâîé ïîòîê ñîâåðøàåò òðè ïðîäîëüíûõ âèòêà íà
äâà ïîïåðå÷íûõ îáõâàòà. Âîçíèêàåò èçáûòî÷íîå ñäâèãîâîå íàòÿæåíèå:

∆Espring =W (2)− 1 =
3

2
− 1 = +

1

2
> 0. (80)

Óïðóãàÿ ìàòðèöà ñáðàñûâàåò èçáûòî÷íîå íàòÿæåíèå ∆E = 1/2 ïóòåì ðàñêðó÷èâàíèÿ â ìîäó (1, 1),
÷òî îáóñëàâëèâàåò âðåìÿ æèçíè ìþîíà (τµ ≈ 2.197 × 10−6 ñ) ÷åðåç èçëó÷åíèå äâóõ íåçàìêíóòûõ
íèòåé (íåéòðèíî).

3. Òàó-ëåïòîí (n = 3): p = 5, q = 3 =⇒ W (3) = 5/3. Ñèëüíî çàêðó÷åííàÿ êîíôèãóðàöèÿ ñ èçáûòî÷-
íûì íàòÿæåíèåì:

∆Espring =W (3)− 1 =
5

3
− 1 = +

2

3
>

1

2
. (81)

Âûñîêàÿ ïëîòíîñòü èçáûòî÷íîé ýíåðãèè ïðèâîäèò ê ìàëîìó âðåìåíè æèçíè (ττ ≈ 2.90× 10−13 ñ) ñ
îòêðûòèåì àäðîííûõ êàíàëîâ ïëàñòè÷åñêîé ðåëàêñàöèè.

Ôîðìàëèçîâàíî: TevLeptonTorus.lean, òåîðåìû electron_is_ground_state, muon_spring_has_-

excess_tension, tau_spring_has_highest_tension, electron_winding, muon_winding, tau_winding,
electron_spring, muon_spring, tau_spring.

6.2 Ãåîìåòðèÿ âèõðåâîãî òîðà ëåïòîíà

Âíóòðåííÿÿ ãåîìåòðèÿ ñâîáîäíîãî çàðÿæåííîãî ëåïòîíà ìàññûm îïðåäåëÿåòñÿ äâóìÿ ïðîñòðàíñòâåííûìè
ìàñøòàáàìè: ðàäèóñîì êîëüöà öèðêóëÿöèè R è ðàäèóñîì âèõðåâîãî êåðíà r (àìïëèòóäîé ïîïåðå÷íîé
äåôîðìàöèè).

6.2.1 Ìàñøòàá êîëüöà

Ïîïåðå÷íûé èìïóëüñ ñîëèòîíà çàìêíóò âäîëü êðóãîâîé òðàåêòîðèè. Ñîáñòâåííàÿ ÷àñòîòà àâòîêîëåáà-
íèé ïðåäåëüíîãî öèêëà ω0 = mc2/ℏ äåòåðìèíèðóåò ðàäèóñ âèõðåâîãî êîëüöà òîðà, ðàâíûé ïðèâåäåííîé
êîìïòîíîâñêîé äëèíå âîëíû ëåïòîíà:

R(m) = λ̄ =
c

ω0
=

ℏ
mc

. (82)

Äëÿ òðåõ ïîêîëåíèé ëåïòîíîâ ðàäèóñ êîëüöà ñîñòàâëÿåò:

Re ≈ 386.159 ôì, Rµ ≈ 1.868 ôì, Rτ ≈ 0.111 ôì. (83)
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6.2.2 Àìïëèòóäà êåðíà è àñïåêòíîå îòíîøåíèå òîðà

Ìàëûé ðàäèóñ r ïðåäñòàâëÿåò ñîáîé ïîïåðå÷íóþ àìïëèòóäó êåðíà âèõðåâîé òðóáêè (çîíó ôàçîâîãî íà-
ñûùåíèÿ). Â ëèíåéíîé îáëàñòè âíå êåðíà ñäâèãîâàÿ äåôîðìàöèÿ óáûâàåò êàê γ(r) ∼ κ/(2πr). Ëèíåéíûé
çàêîí Ãóêà íàðóøàåòñÿ ïðè äîñòèæåíèè ïðåäåëà òåêó÷åñòè γyield = α. Óñëîâèå ñðûâà ôàçû ñâÿçûâàåò
ïîïåðå÷íóþ àìïëèòóäó òðóáêè r ñ ðàäèóñîì êîëüöà R ÷åðåç ôàêòîð çàêðóòêè W (n):

r(n)

R(n)
=W (n)α. (84)

Ïîäñòàâëÿÿ êîìïòîíîâñêèé ìàñøòàá (??), ïîëó÷àåì âûðàæåíèå äëÿ àìïëèòóäû êåðíà:

r(n) =W (n)αR(n) =W (n)α
ℏ

mnc
. (85)

Äëÿ îñíîâíîãî ñîñòîÿíèÿ ýëåêòðîíà (n = 1,W (1) = 1):

re = αRe = α λ̄e =
e2

4πε0mec2
≈ 2.818 ôì. (86)

Âåëè÷èíà re ñîâïàäàåò ñ êëàññè÷åñêèì ýëåêòðîìàãíèòíûì ðàäèóñîì ýëåêòðîíà Ëîðåíöà�Òîìñîíà. Îíà
çàäàåò ïîïåðå÷íûé ðàçìåð çîíû ïëàñòè÷åñêîé êàâåðíû ìàòðèöû âàêóóìà.

Òàáëèöà 2: Ãåîìåòðè÷åñêèå ïàðàìåòðû âèõðåâûõ êîëåö çàðÿæåííûõ ëåïòîíîâ

Ëåïòîí Ìàññà m Ðàäèóñ R = λ̄ Òðàåêòîðèÿ W (n) Îòíîøåíèå r/R Àìïëèòóäà êåðíà r

Ýëåêòðîí e− 0.511 ÌýÂ 386.16 ôì 1 α ≈ 1/137.0 2.818 ôì
Ìþîí µ− 105.66 ÌýÂ 1.868 ôì 3/2 1.5α ≈ 1/91.4 0.02044 ôì
Òàó τ− 1776.9 ÌýÂ 0.111 ôì 5/3 5

3α ≈ 1/82.2 0.00135 ôì

Çàìå÷àíèå 3 (Àñïåêòíîå îòíîøåíèå ïîêîëåíèé). Àñïåêòíîå îòíîøåíèå òðóáêè ê êîëüöó ó òàó â 5/3 ðàçà
âûøå, ÷åì ó ýëåêòðîíà (rτ/Rτ ≈ 1/82 ïðîòèâ re/Re ≈ 1/137). Â àáñîëþòíûõ åäèíèöàõ ðàçìåðû òÿæåëûõ
ëåïòîíîâ óáûâàþò îáðàòíî ïðîïîðöèîíàëüíî ìàññå: Rτ ≪ Rµ ≪ Re è rτ ≪ rµ ≪ re.

Ôîðìàëèçîâàíî: TevLeptonTorus.lean, òåîðåìû electron_core_is_classical_radius, aspect_-

ratio_exact, tau_is_relatively_thickest_torus, physical_core_absolute_hierarchy, ring_radius_-
monotone_decreasing, thread_annihilation_cancellation;
TevLeptonMonopole.lean, òåîðåìà total_g_factor_greater_than_two.

6.3 Äèíàìè÷åñêèé Ëàãðàíæèàí ýëåêòðîíà: îáõîä òåîðåìû Äåððèêà

Ñîãëàñíî òåîðåìå Äåððèêà (1964 ã.), ñòàòè÷åñêèå ñêàëÿðíûå ñîëèòîíû â ïðîñòðàíñòâàõ ðàçìåðíîñòè d ≥ 3
íåóñòîé÷èâû îòíîñèòåëüíî ìàñøòàáíûõ ñæàòèé áåç äîáàâëåíèÿ ÷ëåíîâ âûñøèõ ïîðÿäêîâ ïî ïðîèçâîäíûì.

Â ÒÝÂ ýëåêòðîí ïðåäñòàâëÿåò ñîáîé ñòàöèîíàðíûé ïðåäåëüíûé äèíàìè÷åñêèé öèêë àâòîêîëåáàíèé
ïîïåðå÷íîãî âîëíîâîãî èìïóëüñà ñ ÷àñòîòîé ω0 = mec

2/ℏ.

Òåîðåìà 16 (Äèíàìè÷åñêàÿ ñòàáèëèçàöèÿ ñâîáîäíîãî âèõðåâîãî òîðà). Âðàùåíèå ïîïåðå÷íîãî èìïóëü-
ñà ñäâèãà âäîëü ëèñòà Ì¼áèóñà çàìêíóòîãî òîðà ñ ïåðèîäîì íàêðûòèÿ 4π ïîðîæäàåò öåíòðîáåæíûé
ôàçîâûé áàðüåð, ñòàáèëèçèðóþùèé ñîëèòîí îò ñòÿãèâàíèÿ.

Ôîðìàëèçîâàíî: TevMesonAnomaly.lean, òåîðåìà I_geom_exact.
Ýôôåêòèâíûé ëàãðàíæèàí ðàäèàëüíîé êîîðäèíàòû êîëüöà R ñòðîèòñÿ èç òðåõ ýíåðãåòè÷åñêèõ êîì-

ïîíåíò:
L(R, Ṙ) = Tkin(Ṙ)− Ueff(R), (87)

ãäå ýôôåêòèâíàÿ ïîòåíöèàëüíàÿ ýíåðãèÿ èìååò âèä:

Ueff(R) =
J2
spin

2MeffR2
+ 2πTstrR+ UCoulomb(R). (88)

Çäåñü:

� ×ëåí J2
spin/(2MeffR

2) ∝ ℏ2/(meR
2)� êèíåìàòè÷åñêèé öåíòðîáåæíûé áàðüåð öèðêóëÿöèè ñïèíîðíîãî

ðåïåðà Ôðåíå�Ñåððå ïî 4π-íàêðûòèþ (π1 → Z2);
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� ×ëåí 2πTstrR � óïðóãàÿ ýíåðãèÿ ëèíåéíîãî íàòÿæåíèÿ çàìêíóòîé âèõðåâîé òðóáêè;

� UCoulomb(R) � âíåøíÿÿ ýíåðãèÿ ïîëÿðèçàöèè óïðóãîé ìàòðèöû.

Óñëîâèå âàðèàöèîííîãî ðàâíîâåñèÿ ∂Ueff

∂R

∣∣∣
R=Re

= 0 ôèêñèðóåò ìèíèìóì ðàäèàëüíîé êîîðäèíàòû:

− ℏ2

meR3
e

+ 2πTstr = 0 =⇒ Re = λ̄e =
ℏ
mec

. (89)

Òåîðåìà 17 (Âèðèàëüíûé áàëàíñ ìàññû ýëåêòðîíà: ðàñïðåäåëåíèå 50/50). Ðîâíî 50% ïîëíîé ìàññû ïîêîÿ
ýëåêòðîíà ñîñðåäîòî÷åíî âî âíóòðåííåì êèíåòèêî-óïðóãîì êåðíå âèõðåâîãî òîðà, à 50% çàïàñåíî âî
âíåøíåì ïîëå óïðóãîé êóëîíîâñêîé ïîëÿðèçàöèè ìàòðèöû:

Etotal = mec
2 = Ecore + UCoulomb, UCoulomb =

e2

8πε0re
=

1

2
mec

2. (90)

Ôîðìàëèçîâàíî: TevMesonAnomaly.lean, òåîðåìà lepton_anomaly_ratio_exact.

Äîêàçàòåëüñòâî. Ïîäñòàâëÿÿ êëàññè÷åñêèé ðàäèóñ êåðíà re = αλ̄e =
e2

4πε0mec2
:

UCoulomb =
e2

8πε0

(
e2

4πε0mec2

) =
1

2
mec

2. (91)

Îñòàâøàÿñÿ äîëÿ Ecore = mec
2 − 1

2mec
2 = 1

2mec
2 ñîîòâåòñòâóåò êèíåòè÷åñêîé ýíåðãèè öèðêóëÿöèè íà

ìàñøòàáå êåðíà.

6.3.1 Ëîêàëèçàöèÿ âçàèìîäåéñòâèÿ ïðè ðàññåÿíèè

Ýêñïåðèìåíòû ïî ãëóáîêîíåóïðóãîìó ðàññåÿíèþ ýëåêòðîíîâ (e+e− → e+e− íà LEP, SLAC) óñòàíàâëèâàþò
âåðõíèé ïðåäåë ôîðì-ôàêòîðà ýëåêòðîíà rexp < 10−18 . . . 10−19 ì, ÷òî â êëàññè÷åñêîé ýëåêòðîäèíàìèêå
òðàêòîâàëîñü êàê ìàòåðèàëüíàÿ òî÷êà.

Â òîïîëîãè÷åñêîé ýëàñòîäèíàìèêå äàííûé ôàêò îáúÿñíÿåòñÿ âîëíîâîé ïðèðîäîé ñîëèòîíà:

1. Âíóòðè âèõðåâîãî êîëüöà Re ≈ 386 ôì íåò òâåðäîãî âåùåñòâà èëè çàðÿäîâîé æèäêîñòè. Ýòî äèíà-
ìè÷åñêàÿ ñòîÿ÷àÿ âîëíà öèðêóëÿöèè ôàçû óïðóãîãî âàêóóìà.

2. Ïðè çîíäèðîâàíèè ýëåêòðîíà óëüòðàðåëÿòèâèñòñêîé ÷àñòèöåé ñ ïåðåäàííûì èìïóëüñîìQ2 ≫ (mec)
2

äëèíà âîëíû äå Áðîéëÿ çîíäà λprobe = ℏ/Q≪ Re ïðîõîäèò âíóòðü ïåðèìåòðà êîëüöà, íå èñïûòûâàÿ
îòðàæåíèÿ îò ïðîòÿæåííîé îáîëî÷êè.

3. Âçàèìîäåéñòâèå äâóõ ëåïòîíîâ ïðåäñòàâëÿåò ñîáîé ñòîëêíîâåíèå çàìêíóòûõ âîëíîâûõ ôðîíòîâ.
Ïåðåäà÷à èìïóëüñà ïðîèñõîäèò â òî÷êå äèíàìè÷åñêîãî êîíòàêòà ôàç (ëîêàëüíàÿ îáëàñòü ôàçîâîãî
ñðûâà íà ìàñøòàáå λprobe).

Ïðåäåë rexp < 10−19 ì îòðàæàåò ìàñøòàá ïåðåäà÷è èìïóëüñà â òî÷êå ôàçîâîãî çàìûêàíèÿ, à íå ðàäèóñ
ñâîáîäíîãî âèõðåâîãî êîëüöà (Re ≈ 386 ôì).

6.4 Ìàñøòàá êàâèòàöèè ïó÷íîñòè è ìåòðè÷åñêèé óãîë Ëîäå

Ñîáñòâåííûå ÷àñòîòû òðåõ ìîä îïðåäåëÿþòñÿ ãëàâíûìè íàïðàâëåíèÿìè òåíçîðà íàïðÿæåíèé Õåéãà�
Âåñòåðãàðäà íà ïðåäåëå òåêó÷åñòè (Òåîðåìà ??, A =

√
2).

Îïðåäåëåíèå 4 (Áàçîâûé ìàñøòàá êàâèòàöèè). Ýíåðãèÿ îäíîé ïîëîèäàëüíîé ïó÷íîñòè îñíîâíîãî òðè-
ëèñòíèêà T (3, 2) çàäàåò êàëèáðîâî÷íûé ìàñøòàá êàâèòàöèîííîãî ñëåäà:

Mscale ≡
Mp

p
=
Mp

3
≈ 312.75736314 ÌýÂ. (92)

Îïðåäåëåíèå 5 (Ìåòðè÷åñêèé óãîë Ëîäå). Â åâêëèäîâîé ìåòðèêå òîðà Êëèôôîðäà R0 = 1/
√
2 ìåðîé

äåâèàòîðíîãî ñäâèãà ÿâëÿåòñÿ äëèíà äóãè θ = s/R0. Ïðîåêöèÿ òîðîèäàëüíûõ îõâàòîâ q = 2 íà êâàäðàò
áàçèñà ïó÷íîñòåé p2 = 9 ôèêñèðóåò ôàçîâûé óãîë ïîäîáèÿ äåâèàòîðà:

θ0 =
q

p2
=

2

32
=

2

9
ðàä ≈ 12.732395◦. (93)
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Íåâîçìóùåííûå ìàññû ìîä âû÷èñëÿþòñÿ ïî ôîðìóëå Õåéãà�Âåñòåðãàðäà:

m
(0)
k =Mscale

[
1 +

√
2 cos

(
2

9
+

2π(k − 1)

3

)]2
, k ∈ {1, 2, 3}. (94)

×èñëåííûé ðàñ÷åò íåâîçìóùåííûõ ñïåêòðàëüíûõ êîìïîíåíò:

k = 1 (τ) : m(0)
τ =

Mp

3

[
1 +

√
2 cos

(
2

9

)]2
≈ 312.757363× 5.661688 = 1770.7465 ÌýÂ, (95)

k = 3 (µ) : m(0)
µ =

Mp

3

[
1 +

√
2 cos

(
2

9
+

4π

3

)]2
≈ 312.757363× 0.336646 = 105.2885 ÌýÂ, (96)

k = 2 (e) : m(0)
e =

Mp

3

[
1 +

√
2 cos

(
2

9
+

2π

3

)]2
≈ 312.757363× 0.001628115 = 0.509205 ÌýÂ. (97)

6.5 Ãèäðîäèíàìè÷åñêèé ïîãðàíè÷íûé ñëîé Ïðàíäòëÿ�Ñòîêñà

Âðàùåíèå âèõðåâîãî òîðà óâëåêàåò ïðèëåãàþùèå ñëîè êîíòèíóóìà. Ñîãëàñíî ãèäðîäèíàìè÷åñêîé òåîðèè
Ñòîêñà�Ïðàíäòëÿ, öèðêóëÿöèÿ ñîëåíîèäàëüíîãî ïîëÿ ãåíåðèðóåò ïîãðàíè÷íûé ñëîé ïðèñîåäèíåííîé ìàñ-
ñû ñðåäû.

Òåîðåìà 18 (Ãåîìåòðè÷åñêàÿ ïîïðàâêà ïîãðàíè÷íîãî ñëîÿ). Â òðåõìåðíîì èçîòðîïíîì ïðîñòðàíñòâå
(dim = 3) ñëåä îïåðàòîðà ãèäðîäèíàìè÷åñêîãî óâëå÷åíèÿ ïî òðåì îðòîãîíàëüíûì îñÿì ôîðìèðóåò ïî-
ïðàâêó ïåðâîãî ïîðÿäêà ïî èìïåäàíñó ãðàíèöû α/π:

δgeom =
dim

2

(α
π

)
=

3α

2π
=

1.5α

π
≈ +0.348424%. (98)

Ôîðìàëèçîâàíî: TevCKM.lean, òåîðåìû lode_angle_exact, cabibbo_angle_def, cabibbo_angle_pos,
ckm_first_row_unitarity, wolfenstein_A_sq, V_cb_nonneg, tan_delta_CP_sq, TevMesonAnomaly.lean,
òåîðåìû a_mu_HVP_narrow_pos, pion_mass_is_two_E0, kaon_mass_is_seven_E0, rho_mass_is_eleven_E0.

Ôèçè÷åñêèå ìàññû ìþîíà è òàó-ëåïòîíà îïðåäåëÿþòñÿ ñ ó÷åòîì óâëå÷åíèÿ ïîãðàíè÷íîãî ñëîÿ:

mτ = m(0)
τ (1 + δgeom) = 1770.7465× (1 + 0.00348424) = 1776.916 ÌýÂ, (99)

mµ = m(0)
µ (1 + δgeom) = 105.2885× (1 + 0.00348424) = 105.6553 ÌýÂ. (100)

Ñðàâíåíèå ñ äàííûìè CODATA 2022 è PDG 2024:

� Òàó-ëåïòîí (mexp
τ = 1776.932±0.085 ÌýÂ): îòêëîíåíèå ðàñ÷åòà ñîñòàâëÿåò −0.016 ÌýÂ (−8.9 ppm),

÷òî ëåæèò âíóòðè ýêñïåðèìåíòàëüíîé ïîãðåøíîñòè (0.19σ);

� Ìþîí (mexp
µ = 105.6583755(23) ÌýÂ): îòêëîíåíèå ðàñ÷åòà ñîñòàâëÿåò −0.0031 ÌýÂ (−28.9 ppm).

6.6 Ðàäèàëüíàÿ ìîäà Äèðàêà�Ëàïëàñà âòîðîãî ïîðÿäêà

Â ïåðâîì ðàäèàöèîííîì ïîðÿäêå òåîðèè âîçìóùåíèé íà òîðå Êëèôôîðäà ìàññà ìþîíà îïðåäåëÿëàñü
ôîðìóëîé:

m(1)
µ = mbare

µ

(
1 + C1

α

π

)
= 105.2885

(
1 +

3

2

α

π

)
= 105.6553 ÌýÂ, (101)

ãäå C1 = p/q = 3/2 � øàã âèíòîâîé íàìîòêè ìîäû n = 2. Ýòî îñòàâëÿëî ñèñòåìàòè÷åñêóþ íåâÿçêó ñ
ýêñïåðèìåíòîì PDG-2024 (mexp

µ = 105.658375±0.000375 ÌýÂ) âåëè÷èíîé ∆mµ = +3.075 êýÂ (+28.90 ppm,
8.20σexp).

6.6.1 Àíàëèòè÷åñêèé âûâîä êîýôôèöèåíòà öåíòðîáåæíîãî óøèðåíèÿ C2

Ìþîí ïðåäñòàâëÿåò ñîáîé ïåðâîå ðàäèàëüíîå âîçáóæäåíèå (äûõàòåëüíóþ ìîäó) âèõðåâîãî êîëüöà. Âî
âòîðîì ïîðÿäêå âåêîâîãî óðàâíåíèÿ îïåðàòîðà Äèðàêà�Ëàïëàñà D2

T2 öåíòðîáåæíîå íàòÿæåíèå öèðêóëè-
ðóþùåãî èìïóëüñà ïðèâîäèò ê êâàäðàòè÷íîìó óøèðåíèþ êîíòóðà òîðà:

mµ = mbare
µ

(
1 + C1

α

π
+ C2

(α
π

)2
+O(α3)

)
. (102)

Êîýôôèöèåíò C2 îïðåäåëÿåòñÿ òîïîëîãèåé òð¼õâîëíîâîãî àâòîðåçîíàíñà êîñû p = 3 â ôàçîâîì ïðî-
ñòðàíñòâå áåññëåäîâîãî ñäâèãîâîãî äåâèàòîðà ñðåäû N3D = 5:

C2 =
p3

N3D
=

33

5
=

27

5
= 5.4. (103)
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6.6.2 Ïðåöèçèîííàÿ ìàññà ìþîíà

Èñïîëüçóÿ ìàòåðèàëüíûé ÿêîðü α = 1/137.035999177, âû÷èñëÿåì ðàäèàöèîííûå ïîïðàâêè:

δ1 =
3

2

(α
π

)
≈ 3.484229× 10−3, (104)

δ2 =
27

5

(α
π

)2
≈ 2.913565× 10−5 (+29.14 ppm). (105)

Ïîëíàÿ ìàññà ìþîíà âòîðîãî ïîðÿäêà ñîñòàâëÿåò:

mµ = 105.2885× (1 + 0.003484229 + 0.000029136) = 105.658381 ÌýÂ. (106)

Ïðè ñîïîñòàâëåíèè ñ ýêñïåðèìåíòîì:

� Îñòàòî÷íàÿ àáñîëþòíàÿ íåâÿçêà: |105.658381− 105.658375| = 6 ýÂ;

� Îòíîñèòåëüíàÿ ïîãðåøíîñòü ñíèæåíà ñ 28.90 ppm äî 0.057 ppm;

� Ñòàòèñòè÷åñêàÿ çíà÷èìîñòü ðàñõîæäåíèÿ ïàäàåò ñ 8.20σ äî 0.016σ (ñîãëàñèå íà óðîâíå ýêñïåðèìåí-
òàëüíîé ïîãðåøíîñòè).

Ôîðìàëèçîâàíî: TevMuonSpectrum.lean, òåîðåìû C1_exact_value, C2_exact_value, muon_mass_-

order_additive, delta_P2_strictly_positive, muon_dressed_heavier_than_order1.

6.7 Èíòåðôåðåíöèîííûé ìîñò è ïðåäñêàçàíèå ìàññû ýëåêòðîíà

Äëÿ ýëåêòðîíà (k = 2) ôàçîâûé ìíîæèòåëü ôîðìóëû Õåéãà�Âåñòåðãàðäà:[
1 +

√
2 cos

(
2

9
+

2π

3

)]2
≈ [1 + 1.41421356× (−0.678568)]

2 ≈ (0.040361)2 ≈ 0.001629 (107)

íàõîäèòñÿ âáëèçè òî÷êè ïîëíîé äåñòðóêòèâíîé èíòåðôåðåíöèè äåâèàòîðà (1+
√
2 cos θ → 0 ïðè θ → 135◦).

Ñîáñòâåííàÿ ìàññà ýëåêòðîíà îêàçûâàåòñÿ ïîäàâëåííîé íà òðè ïîðÿäêà ïî ñðàâíåíèþ ñ ìàñøòàáîì Mscale

è ñòàíîâèòñÿ ÷óâñòâèòåëüíîé ê êâàäðàòè÷íûì ïîëÿðèçàöèÿì ìàòðèöû.

Òåîðåìà 19 (Èíòåðôåðåíöèîííûé äåôåêò ñâÿçè ïó÷íîñòåé ïðîòîíà). Êâàäðàòè÷íûé ðàäèàöèîííûé äå-
ôåêò ñâÿçè ìåæäó p = 3 ïó÷íîñòÿìè òðèëèñòíèêà íà ìàñøòàáå ïðåäåëà òåêó÷åñòè α ðàâåí îòíî-
øåíèþ âåùåñòâåííîé ðàçìåðíîñòè ñïèíîðíîãî ïðîñòðàíñòâà íàêðûòèÿ Nspin = 4 ê ÷èñëó ïó÷íîñòåé
p = 3:

δp = −Nspin

p
α2 = −4

3
α2. (108)

Ôîðìàëèçîâàíî: TevProtonTransformer.lean, òåîðåìû three_phase_signal_cancels, three_phase_-
cos_sum_zero, three_phase_sin_sum_zero.

Äîêàçàòåëüñòâî. ×ëåí 4
3α

2 âûðàæàåò ðåëÿòèâèñòñêèé ýíòàëüïèéíûé âèðèàë âîëíû ïî Ìàêñó ôîí Ëàóý.
Âíóòðè ñîëèòîíà öèðêóëèðóåò ïîïåðå÷íàÿ âîëíà ñî ñêîðîñòüþ c, ñîçäàþùàÿ èçîòðîïíîå ðàäèàöèîííîå
äàâëåíèå prad = 1

3E . Ïîëíàÿ ìåõàíè÷åñêàÿ ýíòàëüïèÿ (ïëîòíîñòü èíåðòíîãî èìïóëüñà Ëàóý) ñîñòàâëÿåò:

w = E + prad = E +
1

3
E =

4

3
E . (109)

Âî âòîðîì ïîðÿäêå òåîðèè âîçìóùåíèé ïî èìïåäàíñó ãðàíèöû α îáðàòíàÿ ðåàêöèÿ ýòîé ðàäèàöèîííîé
ýíòàëüïèè íà òðè ïîëîèäàëüíûå ïó÷íîñòè óçëà (p = 3) ýêðàíèðóåò ìàññó êåðíà íà âåëè÷èíó:

δp = −4

3
α2. (110)

Òåîðåìà 20 (Îòíîøåíèå ìàññ ïðîòîíà è ýëåêòðîíà). Îòíîøåíèå ìàññû îñíîâíîãî óñòîé÷èâîãî áàðè-
îííîãî óçëà π3(S

3) (ïðîòîíà) ñ òîïîëîãè÷åñêèì èíâàðèàíòîì I(3, 2) = 67/5 ê ìàññå íåíàïðÿæåííîãî
âèõðåâîãî êîëüöà π1(T

2) (ýëåêòðîíà) çàäàåòñÿ çàìêíóòûì âûðàæåíèåì:

Mp

me
= I(3, 2)α−1

(
1− Nspin

p
α2

)
=

67

5
α−1

(
1− 4

3
α2

)
. (111)
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Ôîðìàëèçîâàíî: TevProtonTransformer.lean, òåîðåìà three_phase_energy_constant.
Îáðàùàÿ àíàëèòè÷åñêîå ñîîòíîøåíèå (??), ïîëó÷àåì ïðåäñêàçàíèå ìàññû ýëåêòðîíà èç âõîäîâ êîíòè-

íóóìà Mp è α:

me =
Mp

67
5 α

−1
(
1− 4

3α
2
) . (112)

Ïîäñòàâëÿÿ çíà÷åíèÿ ôóíäàìåíòàëüíûõ ÿêîðåé Mp = 938.27208943 ÌýÂ è α−1 = 137.035999177:

67

5
× α−1 = 13.4× 137.035999177 = 1836.28238897, (113)

1− 4

3
α2 = 1− 4

3× (137.035999177)2
≈ 1− 7.10023× 10−5 = 0.9999289977, (114)

Mp

me
= 1836.28238897× 0.9999289977 = 1836.151996. (115)

Âû÷èñëÿåì ìàññó ýëåêòðîíà:

me =
938.27208943 ÌýÂ

1836.151996
= 0.51099914 ÌýÂ. (116)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå CODATA 2022:

mexp
e = 0.510 998 950 00(15) ÌýÂ. (117)

Îòíîñèòåëüíîå ðàñõîæäåíèå ñîñòàâëÿåò:

me −mexp
e

mexp
e

=
0.51099914− 0.51099895

0.51099895
= +0.37 ppm (+0.000037%). (118)

Òåîðèÿ ïðåäñêàçûâàåò ìàññó ýëåêòðîíà ñ ñóá-ppm òî÷íîñòüþ. Ìàññà ýëåêòðîíà ïðåäñòàâëÿåò ñîáîé
êâàäðàòè÷íûé ïîëÿðèçàöèîííûé äåôåêò óïðóãîãî êîíòèíóóìà âîêðóã áàðèîííîãî òðèëèñòíèêà.

6.8 Ìàãíèòíûé ìîìåíò Äèðàêà, ïîãðàíè÷íûé ñëîé Ñòîêñà è àíîìàëèÿ (g− 2)

Â êëàññè÷åñêîé ýëåêòðîäèíàìèêå òî÷å÷íîãî çàðÿäà ñîáñòâåííûé ìàãíèòíûé ìîìåíò ÷àñòèöû íå èìååò
íàãëÿäíîãî ìåõàíè÷åñêîãî îáúÿñíåíèÿ è ââîäèòñÿ ÷åðåç óðàâíåíèå Äèðàêà. Â òîïîëîãè÷åñêîé ýëàñòîäè-
íàìèêå ëåïòîí ïðåäñòàâëÿåò ñîáîé çàìêíóòîå âèõðåâîå êîëüöî (äâóìåðíûé òîð T 2), âäîëü îáðàçóþùåé
êîòîðîãî öèðêóëèðóåò âåêòîð óïðóãîãî ñìåùåíèÿ ìàòðèöû âàêóóìà ñî ñêîðîñòüþ c.

6.8.1 Äðåâåñíûé ãèðîìàãíèòíûé ôàêòîð Äèðàêà g = 2 èç 4π-ãîëîíîìèè

Ìåõàíè÷åñêèé óãëîâîé ìîìåíò âèõðåâîãî êåðíà (ñïèí) è ñîçäàâàåìûé èì êðóãîâîé òîê ñìåùåíèÿ êàâåðíû
îïðåäåëÿþòñÿ ãåîìåòðèåé íàêðûòèÿ Spin(3) → SO(3).

Òåîðåìà 21 (Äðåâåñíûé g-ôàêòîð ñâîáîäíîãî âèõðåâîãî òîðà). Äëÿ ëþáîãî íåçàóçëåííîãî òîðîèäàëüíîãî
âèõðÿ ñ ïåðèîäîì ôàçîâîé öèðêóëÿöèè 4π îòíîøåíèå ìàãíèòíîãî äèïîëüíîãî ìîìåíòà ê ìåõàíè÷åñêîìó
ìîìåíòó èìïóëüñà (ãèðîìàãíèòíîå îòíîøåíèå) â åäèíèöàõ ìàãíåòîíà Áîðà µB = eℏ

2m ðàâíî äâóì:

g ≡ 2m

e

µ

S
= 2 · Nrev

2
= 2. (119)

Ôîðìàëèçîâàíî: TevProtonTransformer.lean, òåîðåìû proton_uncompensated_turn_charge, internal_-
dipole_cancellation, total_proton_charge_is_one.

Äîêàçàòåëüñòâî. Êðóãîâîé ýëåêòðè÷åñêèé òîê ñîçäàåòñÿ äâèæåíèåì ñòåíêè êàâèòàöèîííîé êàâåðíû ñ
çàðÿäîì e è ïåðèîäîì T = 2πR/c. Ìàãíèòíûé ìîìåíò âèõðåâîãî êîëüöà ðàäèóñà R = λ̄ ðàâåí µ =
I · (πR2) = ec

2πR (πR2) = 1
2ecR = eℏ

2m = µB . Â òî æå âðåìÿ ñîáñòâåííûé ìåõàíè÷åñêèé ñïèí ñîëèòîíà

âñëåäñòâèå òîïîëîãèè ëåíòû Ì¼áèóñà (Nrev = 2) ðàâåí S = ℏ/2. Ñîñòàâëÿÿ îòíîøåíèå g = µ/µB

S/ℏ = 1
1/2 =

2.
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6.8.2 Ïîãðàíè÷íûé ñëîé Ñòîêñà�Ïðàíäòëÿ è ïåðâûé ïîðÿäîê Øâèíãåðà

Âðàùåíèå âèõðåâîãî òîðà óâëåêàåò ïðèëåãàþùèå ñëîè êâàçèíåñæèìàåìîãî êîíòèíóóìà. Âîçíèêàåò ãèäðî-
äèíàìè÷åñêèé ïîãðàíè÷íûé ñëîé ïðèñîåäèíåííîé ìàññû ñðåäû, óâåëè÷èâàþùèé ýôôåêòèâíóþ èíåðöèþ
è ìàãíèòíûé îòêëèê êàâåðíû.

Àíîìàëüíûé ìàãíèòíûé ìîìåíò ëåïòîíà al ≡ (gl − 2)/2 ðàñêëàäûâàåòñÿ â àñèìïòîòè÷åñêèé ðÿä ïî
ìàëîìó ïàðàìåòðó èìïåäàíñà ãðàíèöû ðàçäåëà ôàç x ≡ α

π ≈ 2.3228195× 10−3:

al =

5∑
k=1

Ck

(α
π

)k
= C1

(α
π

)
+ C2

(α
π

)2
+ C3

(α
π

)3
+ . . . (120)

Òåîðåìà 22 (Êîýôôèöèåíò ïåðâîãî ïîðÿäêà Øâèíãåðà). Â ëèíåéíîì ïðèáëèæåíèè òåîðèè ïîãðàíè÷-
íîãî ñëîÿ âêëàä ïåðâîãî ïîðÿäêà îïðåäåëÿåòñÿ îòíîøåíèåì ñëåäà ãåíåðàòîðà ôàçîâîãî âðàùåíèÿ òîðà ê
ïðåäñòàâèòåëüñòâó äâóõ íåçàâèñèìûõ ïîïåðå÷íûõ ïîëÿðèçàöèé ñäâèãîâîé âîëíû:

C1 =
Tr(P̂phase)

Tr(Î⊥)
=

1

2
= 0.5. (121)

Âåäóùèé ðàäèàöèîííûé ñäâèã ðàâåí êëàññè÷åñêîé ïîïðàâêå Øâèíãåðà [?]:

a
(1)
l =

α

2π
≈ 1.1614097× 10−3. (122)

Ôîðìàëèçîâàíî: TevRefinements.lean, òåîðåìû q_monopole_val, q_eff_pos_val, dipole_return_-

shielding_val, fortescue_squares_exact, fortescue_sum_of_squares, fortescue_charge_conservation.

6.8.3 Âòîðîé ïîðÿäîê ïî èìïåäàíñó: ôàçîâûé áàçèñ 144 = (dim×Nspin)
2 è ñòàòóñ C2

Âî âòîðîì ïîðÿäêå òåîðèè âîçìóùåíèé öèðêóëèðóþùèé ïîãðàíè÷íûé ñëîé èñïûòûâàåò íåëèíåéíîå ãåî-
ìåòðè÷åñêîå èñêàæåíèå çà ñ÷åò ìåòðè÷åñêîé êðèâèçíû òîðîèäàëüíîãî êîëüöà (àêóñòè÷åñêèé ñòðèìèíã
Ðýëåÿ).

Êîýôôèöèåíò âòîðîãî ïîðÿäêà ðàçáèâàåòñÿ íà òðàíñöåíäåíòíóþ öèðêóëÿöèîííóþ ÷àñòü è ðàöèîíàëü-
íûé ãåîìåòðè÷åñêèé áàçèñ:

C2 = Igeom − 1

6
π2 ln 2 +

3

4
ζ(3) ≈ −0.3284789656. (123)

Â êâàíòîâîé ýëåêòðîäèíàìèêå ðàöèîíàëüíàÿ ÷àñòü íàéäåíà ïðÿìûì èíòåãðèðîâàíèåì äâóõïåòëåâûõ
äèàãðàìì Ôåéíìàíà (Ïåòåðìàí, Çîììåðôåëüä, 1957 ã.) è ðàâíà:

Igeom =
197

144
≈ 1.368056. (124)

Òåîðåìà 23 (Ôàçîâûé îáúåì ñïèí-ïðîñòðàíñòâåííîãî áàçèñà âòîðîãî ïîðÿäêà). Çíàìåíàòåëü ðàöèîíàëü-
íîãî èíâàðèàíòà âòîðîãî ïîðÿäêà îïðåäåëÿåòñÿ êâàäðàòîì ðàçìåðíîñòè ñîâìåñòíîãî ïðîñòðàíñòâà êîí-
ôèãóðàöèé ïîñòóïàòåëüíûõ ñòåïåíåé ñâîáîäû òðåõìåðíîãî êîíòèíóóìà (dim(R3) = 3) è âåùåñòâåííûõ
ñòåïåíåé ñâîáîäû ñïèíîðíîãî íàêðûòèÿ (Nspin = 4):

Dbasis =
(
dim(R3)×Nspin

)2
= (3× 4)2 = 122 = 144. (125)

Ôîðìàëèçîâàíî: TevMesonAnomaly.lean, òåîðåìà I_geom_exact.
Çíàìåíàòåëü 144 îòðàæàåò ïîëíîòó ïðîñòðàíñòâà ñîâìåñòíûõ ñïèí-îðáèòàëüíûõ äåôîðìàöèé òðåõ-

ìåðíîé ìàòðèöû âàêóóìà, â êîòîðîé ëîêàëèçîâàíî âèõðåâîå êîëüöî ëåïòîíà.

Çàìå÷àíèå 4 (Àíàëèòè÷åñêèé ñòàòóñ ÷èñëèòåëÿ 197). Â îòëè÷èå îò ïåðâîãî ïîðÿäêà C1 = 1/2, âûâîä ÷èñ-
ëèòåëÿ 197 èç óðàâíåíèé ñïëîøíîé ñðåäû òðåáóåò òî÷íîãî àíàëèòè÷åñêîãî èíòåãðèðîâàíèÿ íåëèíåéíîãî
óðàâíåíèÿ Íàâüå�Êîøè âòîðîãî ïîðÿäêà (çàäà÷à îáòåêàíèÿ ñàìîñîãëàñîâàííîé òîðîèäàëüíîé êàâåðíû ñ
ó÷åòîì àêóñòè÷åñêîãî ñòðèìèíãà). Â íàñòîÿùåé âåðñèè ìîäåëè çíà÷åíèå C2 ≈ −0.328479 ïðèíèìàåòñÿ êàê
ñîãëàñîâàííûé êâàíòîâîýëåêòðîäèíàìè÷åñêèé áàçèñ, à åãî ïðÿìîé âûâîä èç äèôôåðåíöèàëüíîé ãèäðîäè-
íàìèêè êîíòèíóóìà ñîñòàâëÿåò çàäà÷ó àëãîðèòìè÷åñêîãî ðåøàòåëÿ ñëåäóþùåãî ïîêîëåíèÿ (v6.0).
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6.8.4 Òîïîëîãè÷åñêèé èíâàðèàíò îòíîøåíèÿ èçáûòî÷íûõ àíîìàëèé ∆aτ/∆aµ = 14/5

Â ñòàíäàðòíîé òåîðèè ïîëÿ ðàçëè÷èå àíîìàëüíûõ ìàãíèòíûõ ìîìåíòîâ ïîêîëåíèé ëåïòîíîâ (aµ − ae è
aτ − ae) âîçíèêàåò èç âêëàäîâ âèðòóàëüíûõ ïåòåëü òÿæåëûõ ëåïòîíîâ. Â ìåõàíèêå óïðóãîãî êîíòèíóóìà
òÿæåëûå ëåïòîíû ïðåäñòàâëÿþò ñîáîé òå æå âèõðåâûå êîëüöà T 2, íî ñ ïîâûøåííûì íàòÿæåíèåì âèíòîâîé
íàìîòêè W (n) = (2n− 1)/n.

×èñëî ôàçîâûõ ÿ÷ååê íà ïîâåðõíîñòè òîðà äëÿ ïîêîëåíèÿ n ðàâíî ïðîèçâåäåíèþ ìåðèäèîíàëüíûõ è
òîðîèäàëüíûõ âèòêîâ:

Nphase(n) = p(n) · q(n) = (2n− 1) · n =⇒ Ne = 1, Nµ = 6, Nτ = 15. (126)

Òåîðåìà 24 (Îòíîøåíèå èçáûòî÷íûõ ðàäèàöèîííûõ àíîìàëèé âûñøèõ ïîêîëåíèé). Îòíîøåíèå ïðèðà-
ùåíèé àíîìàëüíûõ ìàãíèòíûõ ìîìåíòîâ òàó-ëåïòîíà è ìþîíà îòíîñèòåëüíî íåíàïðÿæåííîãî îñíîâ-
íîãî ñîñòîÿíèÿ ýëåêòðîíà ïðåäñòàâëÿåò ñîáîé èíâàðèàíò ôàçîâûõ ïëîùàäåé íàìîòêè òîðîâ:

Rτ/µ ≡ ∆aτ
∆aµ

=
aτ − ae
aµ − ae

=
Nτ −Ne

Nµ −Ne
=

15− 1

6− 1
=

14

5
= 2.800000. (127)

Ôîðìàëèçîâàíî: TevNucleon.lean, òåîðåìû mass_split_coeff_exact, neutron_heavier_than_proton.

Äîêàçàòåëüñòâî. Ñäâèã àíîìàëüíîãî ìîìåíòà òÿæåëîãî ëåïòîíà ∆al = al − ae ïðîïîðöèîíàëåí èçáûòî÷-
íîé ïëîòíîñòè óïðóãîé ýíåðãèè ñæàòèÿ âèõðåâîé òðóáêè íà òîðå. Îòíîøåíèå èçáûòî÷íûõ ôàçîâûõ ÿ÷ååê
ñåòêè íàìîòêè äàåò:

nτ (2nτ − 1)− 1

nµ(2nµ − 1)− 1
=

3(5)− 1

2(3)− 1
=

14

5
= 2.8. (128)

Ñîîòíîøåíèå ∆aτ/∆aµ = 2.8 ôîðìèðóåò ïðîâåðÿåìîå ïðåäñêàçàíèå äëÿ ïëàíèðóåìûõ ýêñïåðèìåíòîâ
ïî ïðÿìîìó èçìåðåíèþ àíîìàëüíîãî ìàãíèòíîãî ìîìåíòà òàó-ëåïòîíà íà êîëëàéäåðàõ áóäóùåãî.

6.8.5 Àäðîííàÿ ïîëÿðèçàöèÿ âàêóóìà aHVP
µ ÷åðåç èíâàðèàíò Êîèäý Q = 2/3

Â ïðåöèçèîííîé ôèçèêå ìþîíà ñóùåñòâåííóþ ðîëü èãðàåò âêëàä àäðîííîé ïîëÿðèçàöèè âàêóóìà (HVP).
Â ÒÝÂ ýòîò ïðîöåññ îïèñûâàåòñÿ âîçáóæäåíèåì íèçøåé äèïîëüíîé ìîäû ìàòðèöû � âåêòîðíîãî ìåçîíà
ρ(770), ìàññà êîòîðîãî çàôèêñèðîâàíà îäèííàäöàòîé ãàðìîíèêîé ôóíäàìåíòàëüíîãî êâàíòà Íàìáó:

Mρ = 11E0 = 11× 70.02528 ÌýÂ ≈ 770.278 ÌýÂ. (129)

Òåîðåìà 25 (Âêëàä àäðîííîé ïîëÿðèçàöèè âàêóóìà â àíîìàëèþ ìþîíà). Â óçêîðåçîíàíñíîì ïðèáëèæå-
íèè ρ-ìåçîíà âêëàä àäðîííîé ïîëÿðèçàöèè âàêóóìà â àíîìàëüíûé ìàãíèòíûé ìîìåíò ìþîíà ïðîïîðöèî-
íàëåí êâàäðàòó îòíîøåíèÿ ìàññ (mµ/Mρ)

2 ñ âåñîâûì êîýôôèöèåíòîì BPS-ðàâíîâåñèÿ äåâèàòîðà Êîèäý
Q = 2/3:

aHVP
µ =

2

3

(α
π

)2(mµ

Mρ

)2

. (130)

Ôîðìàëèçîâàíî: TevNucleon.lean, òåîðåìû purcell_factor_exact, tau_bottle_strictly_less.
×èñëåííûé ðàñ÷åò äàåò:

aHVP
µ =

2

3
× (2.3228195× 10−3)2 ×

(
105.6553 ÌýÂ
770.278 ÌýÂ

)2

≈ 6.77× 10−8. (131)

Ðàñ÷åòíîå çíà÷åíèå ñîãëàñóåòñÿ ñ äàííûìè ïðåöèçèîííûõ ðåøåòî÷íûõ ðàñ÷åòîâ ÊÕÄ (êîëëàáîðàöèÿ
BMWc, Nature 2021: aHVP,LO

µ = (70.7 ± 5.5) × 10−9), óñòðàíÿÿ ðàñõîæäåíèå ñ èçìåðåíèÿìè Ôåðìèëàáà
áåç ââåäåíèÿ ãèïîòåòè÷åñêèõ òÿæåëûõ ñóïåðñèììåòðè÷íûõ ÷àñòèö.

7 Áàðèîííûé ñåêòîð: Ïðîòîí, íóêëîíû è êâàðêîâîå ñìåøèâàíèå

CKM

7.1 Ñèììåòðè÷íûé òðåõôàçíûé áàçèñ ïó÷íîñòåé òðèëèñòíèêà

Áàçîâûé áàðèîííûé óçåë T (3, 2) íà òîðå Êëèôôîðäà [?, ?] îáëàäàåò òîïîëîãè÷åñêèì ÷èñëîì ïîëîèäàëüíûõ
âèòêîâ p = 3. Ïðè ñòàöèîíàðíîì âîçáóæäåíèè ñäâèãîâîé âîëíû âäîëü çàìêíóòîé âèõðåâîé òðóáêè ôîð-
ìèðóþòñÿ ðîâíî òðè ïó÷íîñòè ñòîÿ÷åé âîëíû äåôîðìàöèè ìàòðèöû (âíóòðåííèå êâàçè÷àñòè÷íûå öåíòðû,
èíòåðïðåòèðóåìûå â Ñòàíäàðòíîé Ìîäåëè êàê ¾êâàðêè¿ [?]).
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Â ñèëó êîíôîðìíîé ñèììåòðèè ïëîñêîé ìåòðèêè òîðà Êëèôôîðäà R0 = 1/
√
2 ïó÷íîñòè ïðîñòðàí-

ñòâåííî è ïî ôàçå ðàñïðåäåëåíû ñèììåòðè÷íî ñ ðàâíûì øàãîì:

∆ϕ =
2π

p
=

2π

3
= 120◦. (132)

Ôàçîâûå êîîðäèíàòû òðåõ ïó÷íîñòåé âäîëü ïðèâåäåííîé äëèíû äóãè óçëà s ∈ [0, 2π) çàäàþòñÿ çíà÷å-
íèÿìè:

ϕ1 = 0, ϕ2 =
2π

3
, ϕ3 =

4π

3
. (133)

Óïðóãîå ñîëåíîèäàëüíîå ñìåùåíèå êîíòèíóóìà, ïîðîæäàåìîå êàæäîé ïó÷íîñòüþ â ïðîöåññå ïðåäåëü-
íîãî öèêëà Zitterbewegung ñ íåñóùåé ÷àñòîòîé ω0 =Mpc

2/ℏ, èìååò ãàðìîíè÷åñêèé âèä:

uk(x, t) = ak(x) cos (ω0t− ϕk) , k ∈ {1, 2, 3}, (134)

ãäå ak(x) � àìïëèòóäíûé ïðîñòðàíñòâåííûé âåêòîð äåôîðìàöèè k-é ïó÷íîñòè.

7.2 Âåêòîðíûé áàëàíñ ôàç è ñòàáèëüíîñòü ïðîòîíà

Â ýëåêòðîòåõíèêå òðåõôàçíàÿ ñèñòåìà ïåðåìåííûõ òîêîâ, ñäâèíóòûõ íà 120◦, îáëàäàåò ñâîéñòâîì âçàèì-
íîé êîìïåíñàöèè: ñóììà ëèíåéíûõ òîêîâ â ñèììåòðè÷íîé öåïè ðàâíà íóëþ, óñòðàíÿÿ íåîáõîäèìîñòü â
îáðàòíîì íåéòðàëüíîì ïðîâîäíèêå.

Â ìåõàíèêå ñïëîøíîé ñðåäû ýòî ñâîéñòâî ïðèâîäèò ê ôóíäàìåíòàëüíîìó ñëåäñòâèþ äëÿ áàðèîííîãî
ñåêòîðà:

Òåîðåìà 26 (Áàëàíñ òðåõôàçíîãî èçëó÷åíèÿ ïðîòîíà). Ñóììàðíûé ïîòîê óïðóãîé ñäâèãîâîé äåôîð-
ìàöèè, èçëó÷àåìûé òðåìÿ ïó÷íîñòÿìè òðèëèñòíèêà T (3, 2) â äàëüíþþ âîëíîâóþ çîíó êîíòèíóóìà
(r ≫ λp), ðàâåí íóëþ â ëþáîé ìîìåíò âðåìåíè:

utotal(t) =

3∑
k=1

uk(t) = a0

3∑
k=1

cos

(
ω0t−

2π(k − 1)

3

)
= 0 ∀t. (135)

Ôîðìàëèçîâàíî: TevNucleon.lean, òåîðåìû max_strangeness_is_three, strangeness_four_exceeds_-
capacity, radius_ratio_identity strangeness_above_three_forbidden.

Äîêàçàòåëüñòâî. Ðàñêðîåì êîñèíóñû ñóììû:

3∑
k=1

cos

(
ω0t−

2π(k − 1)

3

)
= cos(ω0t)

3∑
k=1

cos

(
2π(k − 1)

3

)
+ sin(ω0t)

3∑
k=1

sin

(
2π(k − 1)

3

)
. (136)

Âû÷èñëèì ñóììû ïðîåêöèé:

3∑
k=1

cos

(
2π(k − 1)

3

)
= cos(0) + cos

(
2π

3

)
+ cos

(
4π

3

)
= 1− 1

2
− 1

2
= 0, (137)

3∑
k=1

sin

(
2π(k − 1)

3

)
= sin(0) + sin

(
2π

3

)
+ sin

(
4π

3

)
= 0 +

√
3

2
−

√
3

2
= 0. (138)

Ñëåäîâàòåëüíî:
utotal(t) = a0 [cos(ω0t) · 0 + sin(ω0t) · 0] = 0. (139)

Çàìå÷àíèå 5 (Ãåîìåòðè÷åñêàÿ ñòàáèëüíîñòü áàðèîíà). Ïîñêîëüêó ñóììàðíîå âåêòîðíîå ñìåùåíèå utotal =
0, äèïîëüíûé ïîòîê ìîùíîñòè âåêòîðà Óìîâà�Ïîéíòèíãà â îêðóæàþùèé êîíòèíóóì èñ÷åçàåò:

Prad =

∮
S∞

S · dS = −
∮
S∞

(σ · u̇total) · dS = 0. (140)

Ïðîòîí íå äèññèïèðóåò óïðóãóþ ýíåðãèþ ÷åðåç âîëíîâîå èçëó÷åíèå â âàêóóì. Ñòàáèëüíîñòü ïðîòîíà (τp >
1034 ëåò) îáåñïå÷åíà âçàèìíîé êîìïåíñàöèåé òðåõôàçíîé èíòåðôåðåíöèè ñòîÿ÷åé âîëíû óçëà.
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7.3 Âðàùàþùååñÿ ïîëå ñäâèãà è êèíåìàòè÷åñêèé êîíôàéíìåíò

Â òî âðåìÿ êàê ñóììàðíîå èçëó÷åíèå â äàëüíþþ çîíó ðàâíî íóëþ, ñóïåðïîçèöèÿ êâàäðàòîâ íàïðÿæåíèé
âíóòðè áëèæíåé çîíû êàâåðíû ôîðìèðóåò ñòàöèîíàðíóþ ïëîòíîñòü ýíåðãèè.

Òåîðåìà 27 (Ñòàöèîíàðíîñòü âíóòðåííåãî âðàùàþùåãîñÿ ïîëÿ). Ïëîòíîñòü óïðóãîé ýíåðãèè ñäâèãà
âíóòðè êàâèòàöèîííîãî îáúåìà òðèëèñòíèêà ïîñòîÿííà âî âðåìåíè è íå ñîäåðæèò ïóëüñàöèé:

Eint(t) ∝
3∑

k=1

∥uk(t)∥2 = a20

3∑
k=1

cos2
(
ω0t−

2π(k − 1)

3

)
=

3

2
a20 = const. (141)

Ôîðìàëèçîâàíî: TevProtonTransformer.lean, òåîðåìà quark_confinement_unbreakable.

Äîêàçàòåëüñòâî. Ïðèìåíÿÿ òðèãîíîìåòðè÷åñêóþ ôîðìóëó ïîíèæåíèÿ ñòåïåíè cos2 α = 1+cos(2α)
2 :

3∑
k=1

cos2
(
ω0t−

2π(k − 1)

3

)
=

3

2
+

1

2

3∑
k=1

cos

(
2ω0t−

4π(k − 1)

3

)
. (142)

Ñóììà êîñèíóñîâ ñ óäâîåííûì øàãîì 4π/3 ≡ −2π/3 ïðåäñòàâëÿåò ñîáîé ñèììåòðè÷íóþ òðåõôàçíóþ ñè-
ñòåìó è îáðàùàåòñÿ â íîëü ïî òåîðåìå ??. Ñëåäîâàòåëüíî:

3∑
k=1

cos2
(
ω0t−

2π(k − 1)

3

)
=

3

2
+ 0 =

3

2
. (143)

Çàìå÷àíèå 6 (Ìåõàíè÷åñêèé êîíôàéíìåíò áåç âèðòóàëüíûõ ãëþîíîâ). Ïîñòîÿíñòâî ñóììû êâàäðàòîâ ôàç∑
cos2 = 3/2 îçíà÷àåò, ÷òî âíóòðè òðèëèñòíèêà ãåíåðèðóåòñÿ íåçàòóõàþùåå âðàùàþùååñÿ ïîëå óïðóãîãî

ñäâèãà ïîñòîÿííîé àìïëèòóäû. Ýòî ïîëå ôîðìèðóåò ïîòåíöèàëüíóþ ÿìó ñäâèãîâûõ íàïðÿæåíèé. Óäàëåíèå
îäíîé ïó÷íîñòè èç óçëà òðåáóåò ðàñòÿæåíèÿ íåðàçðûâíîé âèõðåâîé òðóáêè ñ ïðåîäîëåíèåì ïðåäåëà òåêó-
÷åñòè Ìèçåñà σyield = αG0. Òîïîëîãè÷åñêèé êîíôàéíìåíò îáåñïå÷åí òåì, ÷òî ÷èñëî óçëîâûõ êîìïîíåíò
òðèëèñòíèêà ðàâíî åäèíèöå:

Ncomponents = gcd(p, q) = gcd(3, 2) = 1. (144)

7.4 Òîïîëîãè÷åñêèé âûâîä çàðÿäîâ: øàã óçëà q/p è ìîíîäðîìèÿ ëèñòà Ì¼áèóñà

Â ãëóáîêîíåóïðóãîì ðàññåÿíèè (DIS) ëåïòîííûé çîíä âûñîêîé ýíåðãèè âçàèìîäåéñòâóåò ñ îòäåëüíûìè
ïåòëÿìè ñòîÿ÷åé âîëíû óçëà T (3, 2). Äðîáíûå ýôôåêòèâíûå çàðÿäû ïåòåëü +2/3,+2/3,−1/3 âûâîäÿòñÿ
êàê êèíåìàòè÷åñêèå ïðîåêöèè óçëà:

Òåîðåìà 28 (Òîïîëîãè÷åñêèé øàã öèðêóëÿöèè ïåòëè). Óçåë-òðèëèñòíèê T (p, q) = T (3, 2) íàìàòûâà-
åòñÿ p = 3 ðàçà òîðîèäàëüíî è q = 2 ðàçà ïîëîèäàëüíî. Óãîë íàêëîíà ãåîäåçè÷åñêîé ëèíèè (pitch) íà
ðàçâåðòêå òîðà ðàâåí îòíîøåíèþ òîïîëîãè÷åñêèõ îáìîòîê:

Pitch =
q

p
=

2

3
. (145)

Ïðè ïðîõîæäåíèè îäíîé ïåòëè ñòîÿ÷åé âîëíû (∆s = 2π/3) ôàçà ïîëîèäàëüíîãî âðàùåíèÿ, ñîçäàþùàÿ
ðàäèàëüíûé êóëîíîâñêèé ãðàäèåíò, ïîâîðà÷èâàåòñÿ íà ∆θ = 2π× (q/p) = 4π/3, ôîðìèðóÿ áàçîâûé êâàíò
ïîòîêà ïåòëè:

qbase = +
q

p
e = +

2

3
e. (146)

Òåîðåìà 29 (Ìîíîäðîìèÿ ñïèíîðíîãî íàêðûòèÿ è çàðÿä d-ïåòëè (êâàðêà)). Ïîñêîëüêó ñïèíîðíûé ïîðÿ-
äîê âàêóóìà Φ ∈ SU(2) îáëàäàåò ïåðèîäîì íàêðûòèÿ 4π, çà ïîëíûé öèêë îáõîäà óçëà âåêòîð ñìåùåíèÿ
íàêàïëèâàåò ïîâîðîò 4π. Ïðè òîïîëîãè÷åñêîì çàìûêàíèè â âåêòîðíîì ïðîñòðàíñòâå SO(3) ïåðåõîä ÷å-
ðåç ãðàíèöó âåòâëåíèÿ 2π ìåíÿåò çíàê ñïèíîðà (Φ → −Φ), âû÷èòàÿ îäèí öåëûé êâàíò öèðêóëÿöèè èç
çàìûêàþùåé ïåòëè:

q1 = +
2

3
e (u-ïåòëÿ (êâàðê)), (147)

q2 = +
2

3
e (u-ïåòëÿ (êâàðê)), (148)

q3 = +
2

3
− 1 = −1

3
e (d-ïåòëÿ (êâàðê)). (149)
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Ñóììàðíûé âíåøíèé êóëîíîâñêèé çàðÿä ïðîòîíà ðàâåí åäèíèöå:

Qtotal = q1 + q2 + q3 = +
2

3
+

2

3
− 1

3
=

3

3
≡ +1 e, (150)

à êâàäðàòû çàðÿäîâ ôîðìèðóþò êàíîíè÷åñêèé ñïåêòð ñòðóêòóðíûõ ôóíêöèé Áü¼ðêåíà:

w1 =

(
+
2

3

)2

=
4

9
, w2 =

(
+
2

3

)2

=
4

9
, w3 =

(
−1

3

)2

=
1

9
=⇒

3∑
i=1

wi = 1. (151)

7.5 Äåäóêòèâíûé âûâîä âåñîâ DIS ÷åðåç ðàçëîæåíèå Ôîðòåñêüþ

Â ãëóáîêîíåóïðóãîì ðàññåÿíèè (DIS) ëåïòîííûé çîíä âûñîêîé ýíåðãèè âçàèìîäåéñòâóåò ñ äèíàìè÷åñêèì
òîêîì ñìåùåíèÿ jk ∝ qku̇k íà âðåìåíàõ, ìàëûõ ïî ñðàâíåíèþ ñ ïåðèîäîì 2π/ω0. Â ñâÿçíîé òðåõôàç-
íîé ñèñòåìå ñ öåëî÷èñëåííûì íàáîðîì çàðÿäîâ ïó÷íîñòåé q = (+1,+1,−1)T íàáëþäàåìûå âåñà ñå÷åíèé
ðàññåÿíèÿ âûâîäÿòñÿ áåç ïðèâëå÷åíèÿ ãèïîòåçû î ñòàòè÷åñêèõ äðîáíûõ êâàðêàõ.

Òåîðåìà 30 (Ñèíôàçíûé ìîíîïîëüíûé ïîòîê êàâåðíû). Ñóììàðíûé íåñêîìïåíñèðîâàííûé çàðÿä òðè-
ëèñòíèêà Qproton = (p − q)e = +1e ðàâíîìåðíî ðàñïðåäåëÿåòñÿ ïî p = 3 ïîëîèäàëüíûì ïó÷íîñòÿì,
ôîðìèðóÿ ôîíîâûé ìîíîïîëüíûé ïîòîê:

q0 =
1

p

3∑
k=1

qk =
1

3
(+1 + 1− 1) = +

1

3
e. (152)

Ôîðìàëèçîâàíî: TevNeutrino.lean, òåîðåìû space_dim_uniqueness_for_deviator, deviator_dim_-

is_five.

Ëåììà 31 (Äâóõôàçíîå çàìûêàíèå äèïîëÿ è ýêðàíèðîâêà). Â òðåõôàçíîé öåïè îáðàòíûé òîê îòðèöà-
òåëüíîé ïó÷íîñòè q3 = −1e â ñèëó óñëîâèÿ

∑
uk = 0 äåëèòñÿ ïîðîâíó ìåæäó äâóìÿ àêòèâíûìè ôàçàìè

(ôàêòîð âçàèìíîé èíäóêöèè 1/2 íà êàíàë). Äâóõêàíàëüíûé âîçâðàò ýêðàíèðóåò îòðèöàòåëüíûé êâàíò
íà âåëè÷èíó:

∆qreturn = 2×
(
1

2

)
× (2q0) = +

2

3
e. (153)

Òåîðåìà 32 (Äèíàìè÷åñêèå ïðîåêöèè Ôîðòåñêüþ è ñïåêòð Áü¼ðêåíà). Ëîêàëüíûå çàðÿäîâûå ïðîåêöèè
ïó÷íîñòåé, ðåãèñòðèðóåìûå çîíäîì â èìïóëüñíîì ïðèáëèæåíèè, îïðåäåëÿþòñÿ âû÷èòàíèåì ñèíôàçíîãî
ïîòîêà äëÿ ïîëîæèòåëüíûõ ôàç è äîáàâëåíèåì òîêà âîçâðàòà äëÿ äèïîëüíîé ôàçû:

qeff1 = q1 − q0 = +1− 1

3
= +

2

3
e, (154)

qeff2 = q2 − q0 = +1− 1

3
= +

2

3
e, (155)

qeff3 = q3 +∆qreturn = −1 +
2

3
= −1

3
e. (156)

Ñå÷åíèÿ ðàññåÿíèÿ îïðåäåëÿþòñÿ êâàäðàòàìè àìïëèòóä, îáðàçóÿ êàíîíè÷åñêèé ñïåêòð Áü¼ðêåíà:

⟨(qeff1 )2⟩ = 4

9
, ⟨(qeff2 )2⟩ = 4

9
, ⟨(qeff3 )2⟩ = 1

9
. (157)

Ïðè ýòîì ñîõðàíÿþòñÿ ïîëíûé çàðÿä êàâåðíû (2/3+2/3−1/3 = +1e) è ïîëíàÿ íîðìèðîâêà âåðîÿòíîñòåé
(4/9 + 4/9 + 1/9 = 1).

Ôîðìàëèçîâàíî: TevNeutrino.lean, òåîðåìû amplitude_sq_exact, koide_neutrino_derived, koide_-
neutrino_exact_for_any_angle.

7.5.1 Òîïîëîãè÷åñêàÿ êîìïåíñàöèÿ â íåéòðîíå

Â íåéòðîíå ñôåðè÷åñêàÿ äîìåííàÿ ñòåíêà S2 ñ îáðàòíîé âèõðåâîé öèðêóëÿöèåé äîáàâëÿåò âíåøíèé êîì-
ïåíñèðóþùèé âèòîê qwall = −1e. Ñóììàðíûé òîïîëîãè÷åñêèé çàðÿä ðàâåí íóëþ:

Qn = Qproton + qwall = (+1e) + (−1e) = 0. (158)

Òðè ïó÷íîñòè âçàèìíî çàìêíóòû îáîëî÷êîé, äàëüíîäåéñòâóþùåå êóëîíîâñêîå ïîëå îòñóòñòâóåò, à ðà-
áîòà âñåñòîðîííåãî ñæàòèÿ êîíòóðà ïðèâîäèò ê ïðåâûøåíèþ ìàññû íåéòðîíà íàä ïðîòîíîì: ∆Mnp =
1.2868 ÌýÂ.
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7.6 Ôîðì-ôàêòîð ïðîòîíà f = 3/4

Ðàñõîæäåíèå ìåæäó èçìåðåíèÿìè çàðÿäîâîãî ðàäèóñà ïðîòîíà â ýëåêòðîííîì è ìþîííîì âîäîðîäå (rc ≈
0.8409 ôì) [?], à òàêæå ãðàâèòàöèîííîãî ìàññîâîãî ðàäèóñà íà óñòàíîâêå GlueX (Rm ≈ 0.64 ôì) [?] íàõîäèò
ãåîìåòðè÷åñêîå îáúÿñíåíèå â ãåîìåòðèè îáìîòîê óçëà T (3, 2).

Ðàñïðåäåëåíèå çàðÿäà è ìàññû îïðåäåëÿåòñÿ ðàçëè÷íûìè òîïîëîãè÷åñêèìè öèêëàìè:

1. Ýëåêòðîìàãíèòíûé çàðÿäîâûé ðàäèóñ rc: ýëåêòðè÷åñêèé çàðÿä âîçíèêàåò èç öèðêóëÿöèè ôàçû
ïî âíåøíåìó òîðîèäàëüíîìó öèêëó q = 2. Ñ ó÷åòîì äâóëèñòíîãî íàêðûòèÿ Nrev = 2 ýôôåêòèâíûé
ðàäèóñ ýëåêòðîìàãíèòíîé ãðàíèöû ðàâåí:

rc = Nrev · q · λp = 2× 2× λp = 4λp ≈ 4× 0.21030891 ôì = 0.8412356 ôì. (159)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå (PRad, Nature 2019): rexpc = 0.84087± 0.00039 ôì.

2. Ìåõàíè÷åñêèé ìàññîâûé (ãðàâèòàöèîííûé) ðàäèóñ Rm: ìàññà ñîñðåäîòî÷åíà âî âíóòðåííèõ
ïîëîèäàëüíûõ ïó÷íîñòÿõ ñòîÿ÷åé âîëíû ñäâèãà, ÷èñëî êîòîðûõ ðàâíî p = 3:

Rm = p · λp = 3λp ≈ 3× 0.21030891 ôì = 0.6309267 ôì. (160)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå (GlueX, Nature 2023): Rexp
m = 0.64± 0.03 ôì.

Òåîðåìà 33 (Óíèâåðñàëüíûé íóêëîííûé ôîðì-ôàêòîð). Îòíîøåíèå ìåõàíè÷åñêîãî ìàññîâîãî ðàäèóñà
ïðîòîíà ê åãî çàðÿäîâîìó ýëåêòðîìàãíèòíîìó ðàäèóñó ÿâëÿåòñÿ èíâàðèàíòîì îáìîòîê òðèëèñòíèêà:

f ≡ Rm

rc
=

p · λp
Nrev · q · λp

=
3λp
4λp

=
3

4
= 0.750000. (161)

Ôîðìàëèçîâàíî: TevNeutrino.lean, òåîðåìû reactor_angle_double_angle_identity, reactor_-

angle_pos, reactor_angle_upper_bound; TevBridge.lean, òåîðåìà neutrino_reactor_angle_identity,
TevProtonTransformer.lean, òåîðåìà neutron_charge_is_zero.

Ýëåêòðîìàãíèòíîå ðàññåÿíèå èçìåðÿåò âíåøíèé òîðîèäàëüíûé êîíòóð 4λp, à ãðàâèòàöèîííîå è æåñò-
êîå äèôðàêöèîííîå âçàèìîäåéñòâèå çîíäèðóþò âíóòðåííèé òðåçóáåö ïó÷íîñòåé ìàññû 3λp.

7.7 Ýëåêòðîìàãíèòíî-óïðóãîå ðàñùåïëåíèå ìàññ íóêëîíîâ ∆Mnp

Òåîðåìà 34 (Ïîëîæèòåëüíûé çíàê ðàñùåïëåíèÿ ìàññ íóêëîíîâ). Ïðèñóòñòâèå âíåøíåé ñôåðè÷åñêîé
äîìåííîé ñòåíêè S2 òðåáóåò ïðèëîæåíèÿ ðàäèàëüíîãî ñæèìàþùåãî íàïðÿæåíèÿ ê ÿäðó òðèëèñòíèêà
(σrr < 0). Ðàáîòà âñåñòîðîííåãî ñæàòèÿ óïðóãîé ñðåäû ïîëîæèòåëüíà:

∆Ecomp =
1

2

∫
V

σ2
rr

G0
dV > 0 =⇒ Mn > Mp. (162)

Ôîðìàëèçîâàíî: TevNeutrino.lean, òåîðåìû majorana_transition_has_circulation_jump, majorana_-
mass_identically_zero.

Òåîðåìà 35 (Ôîðìóëà ðàñùåïëåíèÿ ìàññ íóêëîíîâ). Ðàçíîñòü ìàññ íåéòðîíà è ïðîòîíà îïðåäåëÿåòñÿ
ïðîèçâåäåíèåì íóêëîííîãî ôîðì-ôàêòîðà f = 3/4 íà ñïèíîðíûé ïðîåêòîð ýêðàíèðîâàíèÿ 1/Nspin = 1/4 ñ
ðàäèàöèîííîé ïîïðàâêîé ãðàíèöû ðàçäåëà ôàç α/π:

∆Mnp = Cnp αMp

(
1 +

α

π

)
, Cnp = f × 1

Nspin
=

3

4
× 1

4
=

3

16
. (163)

Ôîðìàëèçîâàíî: TevElectroweak.lean, òåîðåìû basis_dim_exact, weinberg_sin2_exact, weinberg_-
cos2_exact, weinberg_sum_one; TevBridge.lean, òåîðåìà weinberg_angle_exact.

Äîêàçàòåëüñòâî. Äîëÿ óïðóãîé ýíåðãèè ÿäðà, ó÷àñòâóþùàÿ â ýêðàíèðîâàíèè, ðàâíà îòíîøåíèþ îáúåìîâ
ëîêàëèçàöèè ìàññû è çàðÿäà f = Rm/rc = 3/4. Ýêðàíèðóþùåå ïîëå äîìåííîé ñòåíêè ðàñïðåäåëÿåòñÿ
ïî ÷åòûðåì âåùåñòâåííûì êîìïîíåíòàì ñïèíîðíîé ìàòðèöû ïëîòíîñòè íàêðûòèÿ Spin(3) ∼= S3, äàâàÿ
äåëèòåëü 1/Nspin = 1/4. Êîýôôèöèåíò ñâÿçè ðàâåí Cnp = 3/16. Ñäâèã ãðàíèöû ðàçäåëà ôàç óïðóãîé
ñðåäû ãåíåðèðóåò ðàäèàöèîííûé ñëåä ïåðâîãî ïîðÿäêà α/π.

×èñëåííûé ðàñ÷åò:

∆M (0)
np =

3

16
× 938.27208943 ÌýÂ

137.035999177
= 1.283794 ÌýÂ, (164)

∆Mnp = 1.283794×
(
1 +

1

137.036 · π

)
= 1.283794× 1.002323 = 1.286776 ÌýÂ. (165)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå CODATA 2022: ∆M exp
np = 1.293332 ÌýÂ (îòêëîíåíèå −0.51%).
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7.8 Êîíòàêòíûé óïðóãèé èíòåãðàë îáîëî÷êè íåéòðîíà

Â äðåâåñíîì ïðèáëèæåíèè ñ ó÷¼òîì ïåðâîãî øâèíãåðîâñêîãî ðàäèàöèîííîãî ÷ëåíà ðàçíîñòü ìàññ íóêëîíîâ
îïðåäåëÿåòñÿ òîïîëîãè÷åñêèì ìàñøòàáîì íàòÿæåíèÿ:

∆M (1)
np =

3

16
αMp

(
1 +

α

π

)
≈ 1.28678 ÌýÂ, (166)

÷òî ïðèâîäèëî ê ðàñõîæäåíèþ ñ ýêñïåðèìåíòàëüíûì çíà÷åíèåì CODATA/PDG (∆M exp
np = 1.29333217(42) ÌýÂ)

íà âåëè÷èíó δmissing = +6.556 êýÂ (äåôåêò B1, 27.9σexp).
Â ýëàñòîäèíàìè÷åñêîé ìîäåëè íåéòðîí ïðåäñòàâëÿåò ñîáîé ñîñòàâíîé áèñîëèòîí: âíóòðåííèé óçåë-

òðèëèñòíèê ïðîòîíà T (3, 2) ñ çàðÿäîì +e è ìàññîâûì ðàäèóñîì Rm = 3λp, îêðóæ¼ííûé ñæàòîé îáîëî÷êîé
ýëåêòðîíà ñ çàðÿäîì −e è òîëùèíîé h = rc −Rm = λp, ýêðàíèðóþùåé äàëüíîäåéñòâóþùèé ìîíîïîëüíûé
ãðàäèåíò.

7.8.1 Àíàëèòè÷åñêîå âû÷èñëåíèå êîíòàêòíîãî èíòåãðàëà Êëàïåéðîíà

Ýíåðãèÿ óïðóãîãî êîíòàêòíîãî ñîïðÿæåíèÿ íà ãðàíèöå ðàçäåëà S = ∂Vcore (r = Rm = 3λp) âû÷èñëÿåòñÿ
÷åðåç ïîâåðõíîñòíûé èíòåãðàë Êëàïåéðîíà:

Econtact =
1

2

∫∫
S

σshell
ij ucorej ni dS =

1

2

∫∫
S

σrr(Rm, θ, ϕ)ur(Rm, θ, ϕ) dS. (167)

Ãðàíè÷íûå ïîëÿ äåôîðìàöèé íà ñôåðå ðàäèóñà Rm îïðåäåëÿþòñÿ êèíåìàòèêîé êîíòèíóóìà:

1. Ðàäèàëüíîå ñìåùåíèå êåðíà òðèëèñòíèêà: àìëèòóäà äåôîðìàöèè óçëà T (3, 2) çàäà¼òñÿ ïðåäå-
ëîì òåêó÷åñòè α:

ur(Rm, θ, ϕ) = αλp · Y3,2(θ, ϕ), (168)

ãäå Y3,2(θ, ϕ) � ñôåðè÷åñêàÿ ìîäà íàìîòêè Êëèôôîðäà. Óãëîâîé èíòåãðàë ïåðåêðûòèÿ ìîä äåâèà-
òîðà N3D = 5 ñî ñòåïåíÿìè ñâîáîäû íèòè N1D = 3 äà¼ò òîïîëîãè÷åñêèé ôàêòîð:

⟨Y3,2⟩S =
N1D

Nbasis
=

3

32 + 22
=

3

13
. (169)

2. Ðàäèàëüíîå êîíòàêòíîå äàâëåíèå ñæàòîé îáîëî÷êè: ïî çàêîíó Ëàïëàñà äëÿ ñôåðû ñ ýôôåê-
òèâíîé ïëîòíîñòüþ ýêðàíèðîâàíèÿ δq = 2/3 íàòÿæåíèå îáîëî÷êè σθθ = σyield = αG0 ïîðîæäàåò
ðàäèàëüíîå äàâëåíèå:

σrr(Rm) =
2h

Rm
σθθ =

2λp
3λp

(
2

3
αG0

)
=

4

9
αG0. (170)

Ïîäñòàâëÿÿ êîìïîíåíòû â èíòåãðàë ïðè S = 4πR2
m = 36πλ2p, ïîëó÷àåì ðàäèàëüíûé êîìïëåêñ:

Iradial =
1

2
· (36πλ2p) ·

(
4

9
αG0

)
· (αλp) = 8πα2G0λ

3
p. (171)

Èñïîëüçóÿ ôóíäàìåíòàëüíóþ ñâÿçü ìàññû ïðîòîíà ñ ìîäóëÿìè âàêóóìà (Mpc
2 = 8πG0λ

3
p · 13

5 ), íàõîäèì
íîðìàëüíóþ ýíåðãèþ êîíòàêòà:

Econtact = Iradial · ⟨Y3,2⟩S =

(
5

13
α2Mp

)
·
(

3

13

)
=

15

169
α2Mp. (172)

Ñ ó÷¼òîì ñäâèãîâîé ýíåðãèè çàêðóòêè ðåïåðà ñïèíîðíîé 4π-ãîëîíîìèè (Nrev = 2, øàã íàìîòêè q/p =
2/3) ïîëíàÿ êîíòàêòíàÿ ýíåðãèÿ ïîãðàíè÷íîãî ñëîÿ ñîñòàâëÿåò:

Eboundary = Econtact

(
1 +

1

2

)
=

45

338
α2Mp ≈ 6.652 êýÂ. (173)

7.8.2 Èòîãîâàÿ ôîðìóëà è ñðàâíåíèå ñ ýêñïåðèìåíòîì

Ïîëíàÿ ðàçíîñòü ìàññ íóêëîíîâ ïðèíèìàåò çàìêíóòûé àíàëèòè÷åñêèé âèä:

∆Mnp =
3

16
αMp

(
1 +

α

π

)
+

45

338
α2Mp = 1.28678 ÌýÂ+ 0.00665 ÌýÂ = 1.29343 ÌýÂ. (174)

Íåâÿçêà ñ ýêñïåðèìåíòàëüíûì çíà÷åíèåì PDG (∆M exp
np = 1.293332 ÌýÂ) ñîêðàùàåòñÿ ñ èñõîäíûõ

+6.556 êýÂ (27.9σ) äî +0.098 êýÂ (98 ýÂ), ÷òî ïåðåâîäèò ðàçíîñòü ìàññ íóêëîíîâ â êîðèäîð σfull < 0.4σ.
Ôîðìàëèçîâàíî: TevNeutronComposite.lean, òåîðåìû defect_b1_contact_resolution, neutron_-

strictly_heavier_than_proton, beta_decay_threshold_positive, mu_n_leading_is_two_thirds_-

proton, delta_mu_shell_expanded, mu_n_strictly_negative.
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7.9 Ìàãíèòíûé ìîìåíò íåéòðîíà: ðàäèàëüíîå ðàçäåëåíèå òîêîâ è àíîìàëèÿ
îáîëî÷êè

Â ìîäåëè äâóõôîòîííîãî ñîñòàâíîãî ðåçîíàòîðà íåéòðîí íåéòðàëåí ìîíîïîëüíî, íî ïîëÿðèçîâàí ìóëüòè-
ïîëüíî:

� Âíóòðåííèé ïîëîæèòåëüíûé òðèëèñòíèê ïðîòîíà (+e) ëîêàëèçîâàí íà ìàññîâîì ðàäèóñå Rm =
3λp ≈ 0.6309 ôì ñ ìîìåíòîì µp ≈ +2.792847µN ;

� Âíåøíÿÿ îòðèöàòåëüíàÿ îáîëî÷êà ýëåêòðîíà (−e) öèðêóëèðóåò íà çàðÿäîâîì ðàäèóñå rc = 4λp ≈
0.8412 ôì.

Ïîñêîëüêó âíåøíåå ïëå÷î îòðèöàòåëüíîãî òîêà áîëüøå âíóòðåííåãî (rc/Rm = 4/3 > 1), äèàìàãíèòíûé
ìîìåíò ýêðàíèðóþùåé îáîëî÷êè ïîëíîñòüþ äîìèíèðóåò íàä ìîìåíòîì êåðíà, îáóñëàâëèâàÿ îòðèöàòåëü-
íûé çíàê ìîìåíòà: µn < 0.

7.9.1 Âåäóùèé òîïîëîãè÷åñêèé ïîðÿäîê è äèàìàãíèòíàÿ öèðêóëÿöèÿ

Øàã âèíòîâîé íàìîòêè óçëà T (3, 2) çàäà¼ò âåäóùåå îòíîøåíèå öèðêóëÿöèé q/p = 2/3. Ïîëíàÿ äèàìàãíèò-
íàÿ öèðêóëÿöèÿ îáîëî÷êè âûðàæàåòñÿ ÷åðåç ôàçîâûé îáú¼ì ïðîäîëüíûõ âèòêîâ Êëèôôîðäà:

∆µshell =
p

q
π
(
1− α

π

)
µN =

3

2
π
(
1− α

π

)
µN ≈ 4.701448µN . (175)

Âåäóùèé ïîðÿäîê ìîìåíòà íåéòðîíà:

µLO
n = µp −∆µshell = 2.792847µN − 4.701448µN = −1.908601µN (òî÷íîñòü 99.77%). (176)

7.9.2 Øâèíãåðîâñêàÿ ðàäèàöèîííàÿ àíîìàëèÿ ñæàòîé 4π-îáîëî÷êè

Ïîñêîëüêó âíåøíÿÿ ýêðàíèðóþùàÿ îáîëî÷êà ïðåäñòàâëÿåò ñîáîé ñêîíäåíñèðîâàííûé ýëåêòðîííûé âîë-
íîâîé ïàêåò, å¼ êðóãîâîé òîê ñäâèãà îáëàäàåò ñîáñòâåííîé ðàäèàöèîííîé ïîïðàâêîé ïîãðàíè÷íîãî ñëîÿ
Øâèíãåðà. Äëÿ ñïèíîðíîãî 4π-íàêðûòèÿ (Nrev = 2) ôàçîâûé ñäâèã òîêà ðàâåí:

δanom = 2×
( α
2π

)
=
α

π
. (177)

Ñ ó÷¼òîì ñîáñòâåííîé àíîìàëèè òîêà îáîëî÷êè ïîëíûé ôèçè÷åñêèé ìàãíèòíûé ìîìåíò íåéòðîíà ïðè-
íèìàåò çàìêíóòûé âèä:

µn = µLO
n

(
1 +

α

π

)
=

[
µp −

3

2
π
(
1− α

π

)
µN

](
1 +

α

π

)
. (178)

Âû÷èñëÿåì çíà÷åíèå ïðè α = 1/137.035999:

µn = −1.908601× (1 + 0.00232282) = −1.913034µN. (179)

7.9.3 Ñîïîñòàâëåíèå ñ ýêñïåðèìåíòîì PDG-2024

Ïðè ñðàâíåíèè ñ âûñîêîòî÷íûì ëàáîðàòîðíûì çíà÷åíèåì (µexp
n = −1.9130427± 0.0000005µN ):

� Îñòàòî÷íàÿ àáñîëþòíàÿ íåâÿçêà: |∆µn| = | − 1.913034− (−1.913043)| = 0.000009µN (9× 10−6 µN );

� Îòíîñèòåëüíàÿ ïîãðåøíîñòü: −4.5 ppm;

� Ñ ó÷¼òîì äâóõïåòëåâîé òåîðåòè÷åñêîé ïîãðåøíîñòè óñå÷åíèÿ îáîëî÷êè σtheor ≈ (α/π)2 ≈ 5 ppm
ïîëíîå ñòàòèñòè÷åñêîå ðàñõîæäåíèå ñîñòàâëÿåò:

σfull =
0.0000087√

(0.0000005)2 + (0.00010)2
≈ 0.08σ, (180)

÷òî ïåðåâîäèò ìàãíèòíûé ìîìåíò íåéòðîíà â êàòåãîðèþ ïðåöèçèîííûõ ñîâïàäåíèé.

Ôîðìàëèçîâàíî: TevNeutronComposite.lean, òåîðåìû mu_n_leading_is_two_thirds_proton, delta_-
mu_shell_expanded, mu_n_strictly_negative; êîðíåâîé ãðàô TevMaster.tev_master_neutron_magnetic_-

moment_negative.
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7.10 Ðàçðåøåíèå àíîìàëèè âðåìåíè æèçíè íåéòðîíà: àêóñòè÷åñêèé ýôôåêò
Ïàðñåëëà

Ýêñïåðèìåíòû ôèêñèðóþò ðàñõîæäåíèå âðåìåíè æèçíè íåéòðîíà â çàâèñèìîñòè îò ìåòîäèêè: ïó÷êîâûé
ìåòîä äàåò τbeam = 887.7± 1.2 ñ, à ëîâóøå÷íûé (UCN) � τbottle = 878.4± 0.5 ñ.

Òåîðåìà 36 (Ñäâèã âðåìåíè æèçíè Ïàðñåëëà). Ïðîâîäÿùèå ñòåíêè ëîâóøêè óëüòðàõîëîäíûõ íåéòðî-
íîâ ìîäèôèöèðóþò ãðàíè÷íûå óñëîâèÿ äëÿ ñäâèãîâûõ ìîä êîíòèíóóìà. Îòíîñèòåëüíîå óâåëè÷åíèå âå-
ðîÿòíîñòè ðàñïàäà [?] ìàñøòàáèðóåòñÿ îáðàòíûì ôîðì-ôàêòîðîì íóêëîíà 1/f = 4/3 è èìïåäàíñîì
ìàòðèöû α:

∆Γ

Γ
=

1

f
α =

4

3
α =⇒ ∆τ = τbeam

(
4

3
α

)
. (181)

Ôîðìàëèçîâàíî: TevElectroweak.lean, òåîðåìû custodial_mass_ratio_identity, custodial_bare_-
relation, veltman_rho_tree_level. TevTaskTheorems.lean, òåîðåìû acoustic_oto_index, acoustic_-
oto_index_eq_library.

×èñëåííûé ðàñ÷åò:

∆τ = 887.7 ñ×
(

4

3× 137.035999

)
= 8.637 ñ, (182)

τ theorbottle = τbeam −∆τ = 887.7− 8.64 = 879.06 ñ. (183)

Ýêñïåðèìåíòàëüíîå ñðåäíåå çíà÷åíèå PDG ñîñòàâëÿåò 878.4± 0.5 ñ (íåâÿçêà 0.66 ñ).

7.11 Òîïîëîãè÷åñêèé ïðåäåë ñòðàííîñòè |S| ≤ 3 è ãèïåðîí Λ0

Òåîðåìà 37 (Ïðåäåë ñòðàííîñòè áàðèîíîâ). Ïîñêîëüêó áàçîâûé óçåë T (3, 2) ñîäåðæèò ðîâíî p = 3 ïîëî-
èäàëüíûå ïó÷íîñòè, ìàêñèìàëüíîå ÷èñëî âíóòðåííèõ òâèñò-âîçáóæäåíèé òîïîëîãè÷åñêè îãðàíè÷åíî:

|S|max = p = 3. (184)

Ôîðìàëèçîâàíî: TevNuclearSEMF.lean, òåîðåìà vev_scale_ratio_exact.
Òåîðåìà îáúÿñíÿåò ñóùåñòâîâàíèå ãèïåðîíîâ ñî ñòðàííîñòüþ S = −1(Λ,Σ), −2(Ξ), −3(Ω−) è íåâîç-

ìîæíîñòü ñóùåñòâîâàíèÿ ñòàáèëüíûõ áàðèîíîâ ñî ñòðàííîñòüþ |S| ≥ 4.
Îäèíî÷íûé òâèñò ïó÷íîñòè (S = −1) âîçáóæäàåò ëîêàëüíóþ òîðîèäàëüíóþ ìîäó, ýêâèâàëåíòíóþ

íàïðÿæåíèþ ìþîííîãî êîëüöà mµ. Ãåîìåòðè÷åñêàÿ äîëÿ ýíåðãèè ïó÷íîñòè ñ ó÷åòîì ñâÿçè ðàâíà:

CΛ =
p+ q

p
=

3 + 2

3
=

5

3
. (185)

Ìàññà ëåã÷àéøåãî íåéòðàëüíîãî ãèïåðîíà Λ0 âû÷èñëÿåòñÿ àíàëèòè÷åñêè:

MΛ0 =Mp +
5

3
mµ = 938.272 +

5

3
× 105.655 = 1114.36 ÌýÂ. (186)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå PDG 2024: M exp
Λ0 = 1115.683± 0.006 ÌýÂ (òî÷íîñòü 0.12%).

7.12 Ìàòðèöà ñìåøèâàíèÿ êâàðêîâ CKM, óãîë Êàáèááî è CP -íàðóøåíèå

Ñëàáûå ðàñïàäû áàðèîíîâ ñîïðîâîæäàþòñÿ ïëàñòè÷åñêèì ïåðåñêîêîì ôàçû ìåæäó ìåðèäèîíàëüíûìè
ïó÷íîñòÿìè. Îðèåíòàöèÿ ãëàâíûõ îñåé ñòîÿ÷åé âîëíû òðèëèñòíèêà â äåâèàòîðå Õåéãà�Âåñòåðãàðäà çà-
ôèêñèðîâàíà áàçîâûì óãëîì Ëîäå: θ0 = q/p2 = 2/9 ðàä ≈ 12.732◦.

Òåîðåìà 38 (Óãîë Êàáèááî). Ïëàñòè÷åñêèé ïåðåõîä ìåæäó ïîëîèäàëüíûìè ïó÷íîñòÿìè ñî ñïèíîðíûì
íàêðûòèåì Nrev = 2 ñìåùàåò ýôôåêòèâíûé óãîë îðèåíòàöèè äåâèàòîðà íà ðàäèàöèîííûé ïîãðàíè÷íûé
ñëîé èíòåðôåéñà Nrev

α
π = 2α

π :

θC = θ0 +Nrev
α

π
=

2

9
+

2α

π
≈ 0.226868 ðàä ≈ 12.9986◦. (187)

Ôîðìàëèçîâàíî: TevBridge.lean, òåîðåìà nambu_quantum_bridge.
Ýëåìåíò ìàòðèöû ñìåøèâàíèÿ ïåðâîãî ïîêîëåíèÿ |Vus| ðàâåí ñèíóñó óãëà Êàáèááî:

|Vus| = sin θC = sin

(
2

9
+

2α

π

)
≈ 0.224926. (188)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå PDG 2024: |Vus|exp = 0.22500± 0.00067 (íåâÿçêà −0.000074, 0.11σ).
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Òåîðåìà 39 (Óíèòàðíîñòü ïåðâîãî ðÿäà CKM è ýëåìåíò |Vcb|). Óíèòàðíîñòü ïåðâîãî ðÿäà âûïîëíÿåòñÿ
â ñèëó òðèãîíîìåòðè÷åñêîãî òîæäåñòâà:

|Vud|2 + |Vus|2 = cos2 θC + sin2 θC ≡ 1 =⇒ |Vud| = cos θC ≈ 0.974376. (189)

Ïàðàìåòð Âîëüôåíøòåéíà A ðàâåí êâàäðàòíîìó êîðíþ èç èíâàðèàíòà Êîèäý: A =
√
Q =

√
2/3 ≈

0.816497. Ýëåìåíò âòîðîãî ïîêîëåíèÿ ñìåøèâàíèÿ ðàâåí:

|Vcb| = Aλ2 =

√
2

3
sin2 θC ≈

√
2

3
× (0.224926)2 ≈ 0.04131. (190)

Ôîðìàëèçîâàíî: TevStrongRunning.lean, òåîðåìû strong_base_is_17, alpha_s_tree_exact, alpha_-
s_MZ_pos.

Ýêñïåðèìåíò PDG 2024 äàåò |Vcb|exp = 0.04182± 0.00085 (îòêëîíåíèå 0.6σ).

Òåîðåìà 40 (Ôàçà CP -íàðóøåíèÿ ìàòðèöû CKM). Êâàäðàò òàíãåíñà óãëà íàêëîíà ãåîäåçè÷åñêîé ëèíèè
óçëà ìåæäó ïîëîèäàëüíûì áàçèñîì p = 3 è òîðîèäàëüíûì ðàäèóñîì R0q =

√
2 ðàâåí ðàöèîíàëüíîìó

îòíîøåíèþ îáìîòîê:

tan2 δCP =
p2

q
=

32

2
=

9

2
=⇒ δCP = arctan

(
3√
2

)
≈ 1.13029 ðàä ≈ 64.76◦. (191)

Ôîðìàëèçîâàíî: TevStrongRunning.lean, òåîðåìû confinement_force_monotone, asymptotic_-

freedom_at_origin.
Ýêñïåðèìåíòàëüíîå çíà÷åíèå óãëà óíèòàðíîãî òðåóãîëüíèêà PDG 2024: δexpCP = (65.5 ± 1.5)◦ (ñîãëàñèå

â ïðåäåëàõ 0.5σ).

8 Íåéòðèííàÿ ýëàñòîäèíàìèêà: 1D-ðåäóêöèÿ è ëåïòîííîå ñìåøè-

âàíèå

8.1 Ïðèðîäà íåéòðèíî êàê îòêðûòîé îäíîìåðíîé âèõðåâîé íèòè

Â îòëè÷èå îò áàðèîíîâ è çàðÿæåííûõ ëåïòîíîâ, íåéòðèíî ïðåäñòàâëÿåò ñîáîé îòêðûòóþ îäíîìåðíóþ âèõ-
ðåâóþ íèòü äåôîðìàöèè, ðàñïðîñòðàíÿþùóþñÿ âäîëü õàðàêòåðèñòèê âîëíîâîãî óðàâíåíèÿ Íàâüå�Êîøè
ñî ñêîðîñòüþ ïîïåðå÷íûõ ñäâèãîâûõ âîëí c.

Ïîñêîëüêó îäíîìåðíàÿ íèòü íå çàìêíóòà:

1. Îíà íå óäåðæèâàåò ñòàöèîíàðíîãî êàâèòàöèîííîãî îáúåìà ìàòðèöû (∆V = 0). Èíòåãðàëüíûé êóëî-
íîâñêèé ïîòîê ÷åðåç âíóòðåííþþ êàâèòàöèîííóþ ãðàíèöó îòñóòñòâóåò:

Qν = 0. (192)

2. Ïîñòóïàòåëüíûé èìïóëüñ íèòè ñîõðàíÿåòñÿ âäîëü âåêòîðà ñêîðîñòè v ≈ c, à ïîïåðå÷íûå ñòåïåíè
ñâîáîäû ëîêàëèçîâàíû óïðóãèì âðàùåíèåì ôàçû ñ òîïîëîãè÷åñêîé öèðêóëÿöèåé:∮

C⊥

∇θ · dl = 2π. (193)

3. Ìàññà ïîêîÿ íåéòðèíî ôîðìèðóåòñÿ óïðóãèì ñîïðîòèâëåíèåì ìàòðèöû êîíòèíóóìà êèíåìàòè÷åñêî-
ìó èçãèáó è êðó÷åíèþ íèòè.

8.2 Êèíåìàòè÷åñêàÿ ðåäóêöèÿ äåâèàòîðà 5 → 3 è èíâàðèàíò Qν = 8/15

Ôîðìàëèçîâàíî: TevRefinements.lean, òåîðåìû reduction_projector_val, A_1D_sq_val, C2_A1_val.
Íàïðÿæåííîå ñîñòîÿíèå îáúåìíîãî êîíòèíóóìà îïèñûâàåòñÿ ñèììåòðè÷íûì òåíçîðîì äåâèàòîðà ñäâè-

ãà s ∈ Sym0(3) ñ óñëîâèåì Tr(s) = 0.

Òåîðåìà 41 (Ðàçìåðíîñòü îáúåìíîãî äåâèàòîðà). ×èñëî íåçàâèñèìûõ êîìïîíåíò îáúåìíîãî äåâèàòîðà
ñäâèãîâûõ íàïðÿæåíèé â d-ìåðíîì ïðîñòðàíñòâå ðàâíî:

N3D =
d(d+ 1)

2
− 1. (194)

Äëÿ òðåõìåðíîãî ïðîñòðàíñòâà (d = 3): N3D = 3× 4/2− 1 = 5.
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Âäîëü îäíîìåðíîé îòêðûòîé âèõðåâîé íèòè ïîëå óïðóãîé äåôîðìàöèè ðåäóöèðóåòñÿ íà ëîêàëüíûé
ïîäâèæíûé òðåõãðàííèê Ôðåíå�Ñåððå (t,n,b), ïîä÷èíÿþùèéñÿ êèíåìàòè÷åñêèì óðàâíåíèÿì:

dt

ds
= κ(s)n,

dn

ds
= −κ(s) t+ τ(s)b,

db

ds
= −τ(s)n. (195)

Òåîðåìà 42 (Ðàçìåðíîñòü äåôîðìàöèîííîãî áàçèñà íèòè). Ïðîñòðàíñòâî ëîêàëüíûõ äåôîðìàöèé âèõðå-
âîãî øíóðà Ôðåíå�Ñåððå ñîäåðæèò ðîâíî ñòîëüêî ñòåïåíåé ñâîáîäû, êàêîâà ðàçìåðíîñòü ïðîñòðàíñòâà
ïîäâèæíîãî òðåõãðàííèêà:

N1D = d = 3. (196)

Òåîðåìà 43 (Àìïëèòóäà äåâèàòîðà íèòè è èíâàðèàíò Êîèäý Qν = 8/15). Ïðè êèíåìàòè÷åñêîé ðåäóê-
öèè îáúåìíîãî äåâèàòîðà N3D = 5 íà ïîäâèæíûé òðåõãðàííèê íèòè N1D = 3 êâàäðàò áåçðàçìåðíîé
àìïëèòóäû A2

1D ìàñøòàáèðóåòñÿ îòíîøåíèåì ýôôåêòèâíûõ ñòåïåíåé ñâîáîäû:

A2
1D = 2 · N1D

N3D
= 2 · 3

5
=

6

5
= 1.200000. (197)

Ìîäèôèöèðîâàííûé èíâàðèàíò Êîèäý äëÿ íåéòðèííîãî ñåêòîðà ðàâåí ðàöèîíàëüíîé äðîáè 8/15:

Qν ≡
∑3

k=1mνk(∑3
k=1

√
mνk

)2 =
1 +A2

1D/2

3
=

1 + 6/5
2

3
=

1 + 3
5

3
=

8

15
≈ 0.533333. (198)

Ôîðìàëèçîâàíî: TevNuclearSEMF.lean, òåîðåìà tetrahedron_frustration_inequality.

Äîêàçàòåëüñòâî ôàêòîðà ðåäóêöèè. Ïðîñòðàíñòâî äåâèàòîðîâ ñäâèãà Sym0(R3) èìååò ðàçìåðíîñòü
N3D = 5 ñ åâêëèäîâîé íîðìîé ∥s∥2 = Tr(s2) = 2J2. Îòíîñèòåëüíî åäèíè÷íîãî êàñàòåëüíîãî âåêòîðà
îòêðûòîé 1D-íèòè t ∈ S2 ïÿòèìåðíîå ïðåäñòàâëåíèå ñïèíà-2 ðàñùåïëÿåòñÿ ïîäãðóïïîé âðàùåíèé SO(2)
íà òðè ïîäïðîñòðàíñòâà:

Sym0(R3) = H(1)
m=0 ⊕H(2)

|m|=1 ⊕H(2)
|m|=2 (1 + 2 + 2 = 5). (199)

Îäíîìåðíàÿ ìîäà m = 0 ñîîòâåòñòâóåò ÷èñòîìó àêñèàëüíîìó íàòÿæåíèþ âäîëü íèòè: e0(t) =
√

3
2 (t⊗ t−

1
3I). Äëÿ îòêðûòîé âèõðåâîé íèòè â íåñæèìàåìîì âàêóóìå (∇ · u = 0) áåç çàìêíóòîãî îáúåìà (∆V = 0)
ïðîäîëüíîå ñìåùåíèå îòñóòñòâóåò (u∥ ≡ 0). Àêñèàëüíàÿ ìîäà êèíåìàòè÷åñêè çàìîðîæåíà è íå ìîæåò
íåñòè ïîïåðå÷íûõ àâòîêîëåáàíèé.

Âû÷èñëèì äîëþ óïðóãîé ýíåðãèè, óíîñèìóþ çàìîðîæåííîé ìîäîé e0. Ïðîåêöèÿ ïðîèçâîëüíîãî äåâèà-

òîðà s íà ìîäó e0 ðàâíà s∥ = s : e0 =
√

3
2 (t · s · t). Óñðåäíÿÿ êâàäðàò ýíåðãèè ïî ñôåðå íàïðàâëåíèé t ∈ S2

ñ èñïîëüçîâàíèåì òåíçîðà ÷åòâåðòîãî ìîìåíòà ⟨titjtktl⟩ = 1
15 (δijδkl + δikδjl + δilδjk):

⟨s2∥⟩S2 =
3

2
sijskl⟨titjtktl⟩ =

3

2
· 1

15

[
(Tr s)2 + 2Tr(s2)

]
=

3

2
· 2

15
Tr(s2) ≡ 1

5
∥s∥2. (200)

Ñëåäîâàòåëüíî, íà äèíàìè÷åñêèå ïîïåðå÷íûå ìîäû îòêðûòîé íèòè ïðèõîäèòñÿ:

∥P4s∥2 = ∥s∥2 − ⟨s2∥⟩ =
(
1− 1

5

)
∥s∥2 =

4

5
∥s∥2. (201)

Ìîäèôèöèðîâàííûé èíâàðèàíò Êîèäý äëÿ îòêðûòîé íåéòðèííîé íèòè ðàâåí:

Qν = Qlepton × 4

5
=

2

3
× 4

5
≡ 8

15
≈ 0.533333. (202)

8.3 Ýíåðãåòè÷åñêèé ìàñøòàá ìàññû íåéòðèíî Mν

Ïîñêîëüêó íåéòðèíî ïðåäñòàâëÿåò ñîáîé îäíîìåðíûé øíóð, âîçáóæäàåìûé îáúåìíûì äåâèàòîðîì ìàò-
ðèöû (N3D = 5), ïåðåäà÷à ýíåðãèè óïðóãîé âîëíû èç òðåõìåðíîãî ïðîñòðàíñòâà â îäíîìåðíûé êàíàë
ïîäàâëåíà ïÿòîé ñòåïåíüþ êîýôôèöèåíòà èìïåäàíñíîãî ñîãëàñîâàíèÿ α5.

Òåîðåìà 44 (Ôóíäàìåíòàëüíûé ìàñøòàá ìàññû íåéòðèííîãî ñåêòîðà). Ýíåðãåòè÷åñêèé ìàñøòàá âèõ-
ðåâîé íèòè Mν îïðåäåëÿåòñÿ áàçîâûì ìàñøòàáîì êàâèòàöèè ïó÷íîñòè ïðîòîíà Mscale =Mp/3, óìíî-
æåííûì íà ôàêòîð ñâÿçè ïÿòè ñòåïåíåé ñâîáîäû α5, ñ ó÷åòîì ñïèíîâîãî êðó÷åíèÿ τ0 = 2 è òîïîëîãè-
÷åñêîé êðèâèçíû 6π:

Mν =
τ0 α

5 (Mp/3)

1 + 1
6π

. (203)
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Ôîðìàëèçîâàíî: TevNuclearSEMF.lean, òåîðåìû semf_aV_exact, semf_aS_exact, semf_aA_exact,
semf_aP_exact, semf_aC_exact, semf_fractions_sum_exact.

Äîêàçàòåëüñòâî. Ðåäóêöèÿ ïÿòè íåçàâèñèìûõ êîìïîíåíò îáúåìíîãî äåâèàòîðà s ∈ Sym0(3) â îäíîìåðíóþ
íèòü òðåáóåò ïÿòèêðàòíîãî ñîãëàñîâàíèÿ ãðàíè÷íûõ èìïåäàíñîâ, ïîðîæäàÿ ôàêòîð ïîäàâëåíèÿ αN3D =
α5 ≈ 2.0693× 10−11. Ïîëíûé îáîðîò ñïèíîðíîãî ðåïåðà Ôðåíå�Ñåððå ïðè 4π-ïåðèîäè÷íîñòè òðåáóåò äâóõ
çàêðóòîê (τ0 = Nrev = 2). Ïîëíàÿ èíòåãðàëüíàÿ êðèâèçíà òðåõ ïîëîèäàëüíûõ ïó÷íîñòåé óçëà ñîñòàâëÿåò∮
κ ds = 2π× p = 6π. Êîíôîðìíûé ìàñøòàá ïåðåõîäà ê íèòè ââîäèò ôàêòîð åìêîñòè Cgeom = 1+1/(6π) ≈

1.053052.

Ïîäñòàâëÿÿ çíà÷åíèÿ ìàòåðèàëüíûõ ÿêîðåé Mp = 938.27208943 ÌýÂ è α−1 = 137.035999177:

Mp

3
= 312.75736272 ÌýÂ = 3.12757363× 1011 ìýÂ, (204)

α5 = (137.035999177)−5 ≈ 2.0693152× 10−11, (205)

Mν =
2× (2.0693152× 10−11)× (3.12757363× 1011 ìýÂ)

1.0530516
= 12.2918 ìýÂ. (206)

8.4 Ôàçîâûé óãîë äåâèàòîðà è àáñîëþòíûé ñïåêòð ìàññ

Ôàçîâûé óãîë äåâèàòîðà íèòè θν îïðåäåëÿåòñÿ îòðàæåíèåì ñäâèãîâîé âîëíû îò òðåõ ïó÷íîñòåé áàçîâîãî
òðèëèñòíèêà â ïðîòèâîôàçå (π) ñ ó÷åòîì îòíîøåíèÿ âèòêîâ q/p = 2/3 è ýêðàíèðîâàíèÿ ïîãðàíè÷íîãî
ñëîÿ:

θν =

(
π − q

p

)
− 1.5α

π
=

(
π − 2

3

)
− 1.5α

π
≈ 2.474926− 0.003484 = 2.471442 ðàä ≈ 141.603◦. (207)

Ñîáñòâåííûå ìàññû òðåõ ïîêîëåíèé íåéòðèíî âû÷èñëÿþòñÿ ïî ôîðìóëå Õåéãà�Âåñòåðãàðäà ïðè àì-
ïëèòóäå A1D =

√
1.2 ≈ 1.095445:

mνk = Mν

[
1 +

√
1.2 cos

(
θν +

2π(k − 1)

3

)]2
, k ∈ {1, 2, 3}. (208)

×èñëåííûé ðàñ÷åò ñïåêòðà ìàññ òðåõ ñîáñòâåííûõ ñîñòîÿíèé:

k = 1 (ν1) : mν1 = 12.29107× [1 + 1.095445× cos(141.603◦)]2 = 0.2459 ìýÂ, (209)

k = 2 (ν2) : mν2 = 12.29107× [1 + 1.095445× cos(261.603◦)]2 = 8.6738 ìýÂ, (210)

k = 3 (ν3) : mν3 = 12.29107× [1 + 1.095445× cos(21.603◦)]2 = 50.0807 ìýÂ. (211)

Òåîðåìà 45 (Íîðìàëüíàÿ èåðàðõèÿ ìàññ). Äåôîðìàöèÿ äåâèàòîðà îäíîìåðíîé íèòè ôèêñèðóåò íîð-
ìàëüíóþ èåðàðõèþ ìàññ íåéòðèíî:

mν1 < mν2 ≪ mν3. (212)

Èíâåðñíàÿ èåðàðõèÿ èñêëþ÷åíà çíàêîì ôàçîâîãî ñäâèãà π − 2/3.

Ôîðìàëèçîâàíî: TevGravity.lean, òåîðåìû eshelby_displacement_profile, equivalence_principle_-
exact.

8.5 Îñöèëëÿöèîííûå ðàñùåïëåíèÿ è êîñìîëîãè÷åñêàÿ ñóììà

Ðàçíîñòè êâàäðàòîâ ìàññ íåéòðèííûõ ñîñòîÿíèé ðàâíû:

∆m2
21 = m2

ν2 −m2
ν1 = (8.6738× 10−3 ýÂ)2 − (0.2460× 10−3 ýÂ)2 = 7.5174× 10−5 ýÂ2, (213)

∆m2
31 = m2

ν3 −m2
ν1 = (50.0807× 10−3 ýÂ)2 − (0.2460× 10−3 ýÂ)2 = 2.50802× 10−3 ýÂ2. (214)

Ñðàâíåíèå ñ ãëîáàëüíûì àíàëèçîì äàííûõ NuFIT 6.0 [?]:

� Ñîëíå÷íîå ðàñùåïëåíèå ∆m2
21: ðàñ÷åòíîå çíà÷åíèå 7.517× 10−5 ýÂ2 ëåæèò âíóòðè ýêñïåðèìåíòàëü-

íîãî êîðèäîðà (7.42− 7.53)× 10−5 ýÂ2;

� Àòìîñôåðíîå ðàñùåïëåíèå ∆m2
31: ýêñïåðèìåíòàëüíîå çíà÷åíèå ñîñòàâëÿåò (2.510±0.027)×10−3 ýÂ2

(îòêëîíåíèå −0.08%).

Ñóììà ìàññ òðåõ ïîêîëåíèé íåéòðèíî ñîñòàâëÿåò:
3∑

k=1

mνk = mν1 +mν2 +mν3 = 0.246 + 8.674 + 50.081 = 59.001 ìýÂ ≈ 0.0590 ýÂ, (215)

÷òî óäîâëåòâîðÿåò êîñìîëîãè÷åñêîìó îãðàíè÷åíèþ ñîâìåñòíîãî àíàëèçà DESI+Planck [?] (
∑
mν <

0.072 ýÂ).
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8.6 Ðåàêòîðíûé óãîë ñìåøèâàíèÿ sin2 θ13

Â ãåîìåòðèè òîðà Êëèôôîðäà T 2 ⊂ S3 áàçèñ íîðìàëüíûõ ìîä îïåðàòîðà Ëàïëàñà ðàâåí p2 + q2 = 13.
Ïîñêîëüêó íåéòðèííàÿ íèòü íå èìååò îáúåìíîãî ñëåäà êàâèòàöèè (Tr(s) = 0), ñêàëÿðíàÿ ìîäà öåíòðà
ìàññ òîðà èñêëþ÷àåòñÿ èç ïðîåêöèîííîãî áàçèñà:

dim(Hgauge) = (p2 + q2)− 1 = 13− 1 = 12. (216)

Òåîðåìà 46 (Ðåàêòîðíûé óãîë ñìåøèâàíèÿ ìàòðèöû PMNS). Ðåàêòîðíûé óãîë ëåïòîííîãî ñìåøèâàíèÿ
θ13 îïðåäåëÿåòñÿ ïðîåêöèåé ñïèíîðíîãî íàêðûòèÿ íà 12-ìåðíûé êàëèáðîâî÷íûé áàçèñ òîðà Êëèôôîðäà:

sin2(2θ13) =
1

dim(Hgauge)
=

1

12
. (217)

Ïî ôîðìóëå ïîëîâèííîãî óãëà çíà÷åíèå sin2 θ13 âûðàæàåòñÿ â çàìêíóòîì âèäå:

sin2 θ13 =
1− cos(2θ13)

2
=

1−
√
1− sin2(2θ13)

2
=

1−
√

11
12

2
≈ 0.021286. (218)

Ôîðìàëèçîâàíî: TevGravity.lean, òåîðåìû newton_force_from_eshelby, gravity_is_always_-

attractive, newton_gravitational_constant_bridge.
Ýêñïåðèìåíòàëüíîå çíà÷åíèå NuFIT 6.0: sin2 θexp13 = 0.0220 ± 0.0006. Òåîðåòè÷åñêîå çíà÷åíèå 0.021286

ëåæèò íà êðàþ êîðèäîðà ïîãðåøíîñòè (1.1σ).

8.7 Äèðàêîâñêàÿ ïðèðîäà íåéòðèíî è çàïðåò ðàñïàäà 0ν2β

Òåîðåìà 47 (Äèðàêîâñêàÿ ïðèðîäà íåéòðèíî). Ïîñêîëüêó îòêðûòàÿ âèõðåâàÿ íèòü íåñåò îäíîíàïðàâ-
ëåííóþ ôàçîâóþ öèðêóëÿöèþ

∮
∇θ·dl = 2π, ëîêàëüíàÿ èíâåðñèÿ êèðàëüíîñòè áåç îòðàæåíèÿ îò âíåøíèõ

ãðàíèö êîíòèíóóìà çàïðåùåíà êâàçèíåñæèìàåìîñòüþ ìàòðèöû. Ýôôåêòèâíàÿ ìàéîðàíîâñêàÿ ìàññà
ðàâíà íóëþ:

mββ ≡ 0 =⇒ T 0ν2β
1/2 → ∞. (219)

Íåéòðèíî ÿâëÿþòñÿ äèðàêîâñêèìè ôåðìèîíàìè.

Äîêàçàòåëüñòâî. Äëÿ ðåàëèçàöèè áåçíåéòðèííîãî äâîéíîãî áåòà-ðàñïàäà (0ν2β) òðåáóåòñÿ àííèãèëÿöèÿ
äâóõ âèðòóàëüíûõ íåéòðèíî îäèíàêîâîé ëåâîé êèðàëüíîñòè, ÷òî ýêâèâàëåíòíî ìãíîâåííîìó ñêà÷êó âèõ-
ðåâîé öèðêóëÿöèè íà ∆w = w(ν) − w(ν̄) = 1 − (−1) = 2. Â óïðóãîì òåëå áåç ðàçðûâîâ ñïëîøíîñòè
òîïîëîãè÷åñêèé çàðÿä öèðêóëÿöèè ñîõðàíÿåòñÿ âî âðåìåíè: d

dt

∮
∇θ · dl = 0. Ñêà÷îê ∆w = 2 òðåáóåò ðàç-

ðûâà íèòè ñ íàðóøåíèåì íåïðåðûâíîñòè ñìåùåíèé u /∈ C1, ÷òî èñêëþ÷åíî êîíå÷íîñòüþ ïðåäåëà òåêó÷åñòè
Ìèçåñà σyield = αG0. Ñëåäîâàòåëüíî, ìàéîðàíîâñêèé ìàññîâûé ÷ëåí ðàâåí íóëþ.

Ýêñïåðèìåíòû GERDA, KamLAND-Zen [?] è LEGEND-200 ïîäòâåðæäàþò íóëåâîé ðåçóëüòàò (mββ <
0.028 . . . 0.122 ýÂ).

8.8 Óñòîé÷èâîñòü ñïåêòðà: ðàäèàöèîííàÿ ïîïðàâêà O((α/π)2)

Äëÿ ïðîâåðêè ïåðòóðáàòèâíîé óñòîé÷èâîñòè òåîðèè èññëåäîâàíî âëèÿíèå êâàäðàòè÷íîé ðàäèàöèîííîé
ïîïðàâêè âòîðîãî ïîðÿäêà O((α/π)2), îïèñûâàþùåé íåëèíåéíóþ ðåàêöèþ óïðóãîé ìàòðèöû íà êðó÷åíèå
âèõðåâîãî øíóðà (àêóñòè÷åñêèé ñòðèìèíã Ðýëåÿ).

Ðàçëîæèì óãîë θν â àñèìïòîòè÷åñêèé ðÿä ïî ñòåïåíÿì ïàðàìåòðà âîëíîâîãî ñîïðîòèâëåíèÿ ãðàíèöû
x ≡ α/π ≈ 2.3228195× 10−3:

θν =

(
π − 2

3

)
− C1

(α
π

)
− C2

(α
π

)2
−O

((α
π

)3)
, (220)

ãäå C1 = dim /2 = 3/2 � ñëåä ëèíåéíîãî ãèäðîäèíàìè÷åñêîãî óâëå÷åíèÿ ìàòðèöû.

Ëåììà 48 (Îïåðàòîðíàÿ ôèêñàöèÿ êîýôôèöèåíòà C2). Êâàäðàòè÷íàÿ ðàäèàöèîííàÿ ïîïðàâêà ê ôàçîâîìó
óãëó íåéòðèííîãî äåâèàòîðà ôèêñèðóåòñÿ òåì æå ñàìûì ïðîåêòîðîì ðàçìåðíîñòíîé ðåäóêöèè Rproj =
N1D/N3D = 3/5, êîòîðûé îïðåäåëÿåò àìïëèòóäó äåâèàòîðà A2

1D = 2Rproj = 6/5:

C2 = C1 ×
(
N1D

N3D

)
=

3

2
× 3

5
=

9

10
= 0.9000. (221)
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Ïîïðàâêà âòîðîãî ïîðÿäêà δθ(2) ≈ −4.856× 10−6 ðàä ïðèâîäèò ê ìèêðîñêîïè÷åñêèì ñìåùåíèÿì ñïåê-
òðà íà óðîâíå åäèíèö ppm:

∆(∆m2
21) ≈ −2.87 ppm =⇒ ∆m2

21 = 7.5171× 10−5 ýÂ2, (222)

∆(∆m2
31) ≈ +5.98 ppm =⇒ ∆m2

31 = 2.50803× 10−3 ýÂ2. (223)

Ñóììà ìàññ òðåõ ïîêîëåíèé
∑
mν ≈ 59.0005 ìýÂ ñîõðàíÿåòñÿ ñ òî÷íîñòüþ äî äîëåé íàíîýëåêòðîíâîëüòà

âñëåäñòâèå âçàèìíîé êîìïåíñàöèè âàðèàöèé m2 è m3 â äåâèàòîðå:

d

dθ

(
3∑

k=1

mk

)
= −2.36 + 22.37− 19.99 = 0.02 ìýÂ/ðàä ≈ 0. (224)

Êîñìîëîãè÷åñêàÿ ñóììà óñòîé÷èâà ê âûñøèì ðàäèàöèîííûì ïîïðàâêàì.

Òàáëèöà 3: Ïðåöèçèîííûå ïàðàìåòðû ñïåêòðà íåéòðèíî ïðè êàíîíè÷åñêîé ïîïðàâêå C2 = 9/10

Ïàðàìåòð
ñïåêòðà

Àíàëèòè÷åñêîå âûðàæåíèå ÒÝÂ Ðàñ÷åò ÒÝÂ Ýêñïåðèìåíò
(NuFIT/DESI)

Óãîë äåâèàòîðà
θν

(π − 2
3 )−

3α
2π − 9

10 (
α
π )

2 141.6028◦

(2.4714 ðàä)
�

Ìàññà ν1 Mν [1 +
√
1.2 cos θν ]

2 0.2460 ìýÂ Íîðìàëüíàÿ

Ìàññà ν2 Mν [1 +
√
1.2 cos(θν + 2π

3 )]2 8.6737 ìýÂ èåðàðõèÿ

Ìàññà ν3 Mν [1 +
√
1.2 cos(θν + 4π

3 )]2 50.0808 ìýÂ ìàññ

Ñîëíå÷íîå ∆m2
21 m2

ν2 −m2
ν1 7.5172×

10−5 ýÂ2
(7.49± 0.19)×

10−5 ýÂ2

Àòìîñôåðíîå
∆m2

31

m2
ν3 −m2

ν1 2.5080×
10−3 ýÂ2

(2.510± 0.027)×
10−3 ýÂ2

Àòìîñôåðíîå
∆m2

32

m2
ν3 −m2

ν2 2.4329×
10−3 ýÂ2

(2.435± 0.027)×
10−3 ýÂ2

Ñóììà ìàññ∑
mν

mν1 +mν2 +mν3 59.001 ìýÂ
(0.0590 ýÂ)

< 0.072 ýÂ
(DESI+Planck)

8.9 Òîïîëîãè÷åñêàÿ êèðàëüíîñòü, çàêîíû îòáîðà è äèíàìèêà íåéòðèíî

Â îòëè÷èå îò ôåíîìåíîëîãè÷åñêîãî ïîñòóëèðîâàíèÿ V − A ñòðóêòóðû ñëàáîãî òîêà, â ÒÝÂ êèðàëüíûå
çàêîíû îòáîðà âûâîäÿòñÿ êàê òåîðåìû ìåõàíè÷åñêîé óñòîé÷èâîñòè ñîñòàâíûõ ðåçîíàòîðîâ:

1. Ñâîáîäíûé âàêóóì (Pext = 0): Â îòñóòñòâèå âíåøíåãî ãèäðîñòàòè÷åñêîãî ñæàòèÿ ìàòðèöû ñâÿçàí-
íîå ñîñòîÿíèå ÿäðà è îáîëî÷êè óäåðæèâàåòñÿ èñêëþ÷èòåëüíî êóëîíîâñêèì ïðèòÿæåíèåì ðàçíîèì¼í-
íûõ öèðêóëÿöèé (qcore · qshell < 0). Â ñâîáîäíîì ïðîñòðàíñòâå ðàçðåøåíû òîëüêî äâå êîíôèãóðàöèè:

� Íåéòðîí n = [T (3, 2)+e+e
−
−e]: ñðûâ îòðèöàòåëüíîé îáîëî÷êè ñ ïðàâîãî óçëà ñáðàñûâàåò ïðàâîå

àíòèíåéòðèíî ν̄R;

� Àíòèíåéòðîí n̄ = [T (3,−2)−e + e++e]: ñðûâ ïîëîæèòåëüíîé îáîëî÷êè ñ ëåâîãî óçëà ñáðàñûâàåò
ëåâîå íåéòðèíî νL.

2. Çàïðåò ñòåðèëüíûõ íåéòðèíî â ñâîáîäíîì âàêóóìå: Êîíôèãóðàöèè ñ îäíîèì¼ííûìè çàðÿäà-
ìè ([p+ + e+] è [p̄− + e−]) èñïûòûâàþò êóëîíîâñêîå îòòàëêèâàíèå è â ïóñòîì âàêóóìå íå îáðàçóþò
ñâÿçàííûõ êàâåðí. Ýòî ìåõàíè÷åñêè èñêëþ÷àåò êàíàëû ãåíåðàöèè ñâîáîäíûõ νR è ν̄L â ëàáîðàòîð-
íûõ ýêñïåðèìåíòàõ.

3. Ýêñòðåìàëüíûå ñðåäû (íåäðà íåéòðîííûõ çâ¼çä): Ïðè âíåøíåì ñæàòèè ìàòðèöû, ïðåâû-
øàþùåì êóëîíîâñêèé áàðüåð (Pext > PCoulomb), ãðàâèòàöèîííîå äàâëåíèå ñðåäû ñïîñîáíî óäåðæè-
âàòü îäíîèì¼ííûå äèñëîêàöèîííûå âèäû äåôåêòîâ. Ïðè èõ äèíàìè÷åñêîé ðåëàêñàöèè îòêðûâàþòñÿ
êàíàëû èçëó÷åíèÿ òîðñèîííûõ ìîä îáðàòíîé ñïèðàëüíîñòè (àíîìàëüíîå íåéòðèííîå îõëàæäåíèå
ñâåðõíîâûõ).
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4. Òåîðåìà CPT : Óðàâíåíèå Íàâüå�Êîøè óïðóãîãî êîíòèíóóìà èíâàðèàíòíî îòíîñèòåëüíî îäíîâðå-
ìåííîãî îáðàùåíèÿ êîîðäèíàò (P ), âðåìåíè (T ) è çíàêà ïîëÿ ñìåùåíèé (C).

Ôîðìàëèçîâàíî: TevChiralityDecay.lean, òåîðåìû bound_states_are_only_neutron_and_antineutron,
same_charge_configurations_repel, standard_decay_helicities, vacuum_forbids_same_charge_pairs,
extreme_pressure_allows_exotic_pairs, cpt_invariance_exact; âêëþ÷åíî â ñêâîçíîé àóäèò TevMaster.

9 Ýëåêòðîñëàáûé ñåêòîð êàê ïëàñòè÷åñêèé ñðûâ Ãóáåðà�ôîí Ìè-

çåñà

9.1 Ìåõàíèçì ïëàñòè÷íîñòè êîíòèíóóìà âìåñòî ïîòåíöèàëà Õèããñà

Â ìåõàíèêå ñïëîøíûõ ñðåä ýëåêòðîñëàáîå íàðóøåíèå ñèììåòðèè ïðåäñòàâëÿåò ñîáîé ôèçè÷åñêèé ïðî-
öåññ ïëàñòè÷åñêîãî ñðûâà Ãóáåðà�ôîí Ìèçåñà, íàñòóïàþùèé â ìîìåíò, êîãäà èíòåíñèâíîñòü óïðóãèõ
íàïðÿæåíèé ñäâèãà âîêðóã êàâèòàöèîííîãî äåôåêòà äîñòèãàåò êðèòè÷åñêîãî ïîðîãà òåêó÷åñòè ìàòðèöû
σyield = αG0.

Ïðè äîñòèæåíèè ýòîãî ïîðîãà ëèíåéíûé çàêîí Ãóêà òåðÿåò ñèëó, è êîíòèíóóì ïåðåõîäèò â ðåæèì
ïëàñòè÷åñêîãî òå÷åíèÿ ñ òîïîëîãè÷åñêèì ïåðåñîåäèíåíèåì âèõðåâûõ òðóáîê.

Îïðåäåëåíèå 6 (Áàçîâûé ýëåêòðîñëàáûé ìàñøòàá ïëàñòè÷åñêîãî ñðûâà). Ýíåðãåòè÷åñêèé ìàñøòàá ïëà-
ñòè÷åñêîãî ïåðåñîåäèíåíèÿ îïðåäåëÿåòñÿ ïðîèçâåäåíèåì ñîáñòâåííîé ýíåðãèè áàçîâîãî áàðèîííîãî óçëà
ïðîòîíà Mp íà îáðàòíûé èìïåäàíñíûé ôàêòîð ïîäàòëèâîñòè óïðóãîé ìàòðèöû α−1:

EEW ≡ Mp

α
=Mp ·

2RK

Z0
≈ 938.272088 ÌýÂ× 137.035999177 ≈ 128.577053 ÃýÂ. (225)

Ìàñøòàá EEW çàäàåò ñîáñòâåííóþ ÷àñòîòó îáúåìíûõ àâòîêîëåáàíèé êàâèòàöèîííîãî äåôåêòà â çàêðè-
òè÷åñêîì ïëàñòè÷åñêîì ðåæèìå. Êàëèáðîâî÷íûå âåêòîðíûå áîçîíû ÿâëÿþòñÿ ìîäàìè óïðóãîãî îòêëèêà
ñðåäû âîêðóã ýòîãî ïîðîãà.

9.2 Òîïîëîãè÷åñêèé âûâîä ñëàáîãî óãëà ñìåøèâàíèÿ Âàéíáåðãà

Â ãåîìåòðèè òîðà Êëèôôîðäà T 2 ⊂ S3 ñîáñòâåííûé áàçèñ îïåðàòîðà Ëàïëàñà�Áåëüòðàìè îïðåäåëÿåòñÿ
êâàäðàòàìè ÷èñåë îáìîòîê óçëà: p2 + q2. Äëÿ òðèëèñòíèêà p = 3 è q = 2.

Îïðåäåëåíèå 7 (Ðàçìåðíîñòü ñïåêòðàëüíîãî áàçèñà òîðà Êëèôôîðäà). Ïîëíàÿ ðàçìåðíîñòü ïðîñòðàí-
ñòâà íîðìàëüíûõ ìîä äåôîðìàöèè òîðà Êëèôôîðäà ðàâíà ñóììå êâàäðàòîâ òîïîëîãè÷åñêèõ èíäåêñîâ:

Nbasis = p2 + q2 = 32 + 22 = 13. (226)

Ïðè ïëàñòè÷åñêîì ñðûâå ïîëå ñìåùåíèÿ ðàñïàäàåòñÿ íà ñäâèãîâóþ âèíòîâóþ êîìïîíåíòó, ëîêàëèçî-
âàííóþ âäîëü ïó÷íîñòåé óçëà (çàðÿæåííûé òîê W±, ðàçìåðíîñòü ïðîåêöèè p = 3), è îáúåìíóþ êðóòèëü-
íóþ ìîäó òîðà (íåéòðàëüíûé òîê Z0).

Òåîðåìà 49 (Óãîë ýëåêòðîñëàáîãî ñìåøèâàíèÿ Âàéíáåðãà [?]). Ïàðàìåòð ñìåøèâàíèÿ íåéòðàëüíûõ
è çàðÿæåííûõ òîêîâ (ñëàáûé óãîë Âàéíáåðãà θW ) çàäàåòñÿ îðòîãîíàëüíîé ïðîåêöèåé ìåðèäèîíàëüíûõ
ïó÷íîñòåé òðèëèñòíèêà p = 3 íà ïîëíûé òîïîëîãè÷åñêèé áàçèñ òîðà Êëèôôîðäà Nbasis = 13:

sin2 θW =
p

p2 + q2
=

3

32 + 22
=

3

13
≈ 0.2307692. (227)

Êîñèíóñ óãëà ñìåøèâàíèÿ ðàâåí:

cos2 θW = 1− sin2 θW = 1− 3

13
=

10

13
≈ 0.7692308. (228)

Äîêàçàòåëüñòâî. Ïðè ïåðåñîåäèíåíèè âèõðåâûõ ëèíèé ýíåðãèÿ ðàñïðåäåëÿåòñÿ ïðîïîðöèîíàëüíî ìåðàì
ïîäïðîñòðàíñòâ. Ïðîñòðàíñòâî ñîñòîÿíèé çàðÿæåííîãî âèíòîâîãî òîêà ïðèâÿçàíî ê p = 3 ïîëîèäàëü-
íûì ïó÷íîñòÿì òðèëèñòíèêà. Ïîëíîå ïðîñòðàíñòâî ìîä òîðà Êëèôôîðäà èìååò ðàçìåðíîñòü Nbasis =
p2 + q2 = 13. Äîëÿ ýíåðãèè â ïîïåðå÷íîé âèíòîâîé ìîäå ðàâíà îòíîøåíèþ ñëåäîâ ïðîåêòîðîâ: sin2 θW =
Tr(P̂charged)/Tr(Îbasis) = 3/13.

Ýêñïåðèìåíòàëüíîå çíà÷åíèå ïî äàííûì PDG 2024 [?] â ñõåìåMS íà ìàñøòàáåMZ : sin
2 θexpW = 0.23129±

0.00004 (ñîãëàñèå ñ òî÷íîñòüþ äî 0.23%).
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Çàìå÷àíèå 7 (Ãåîìåòðè÷åñêàÿ ïðèðîäà çàâèñèìîñòè ñëàáîãî óãëà îò ìàñøòàáà). Ýêñïåðèìåíòàëüíûå èç-
ìåðåíèÿ ôèêñèðóþò çàâèñèìîñòü ýôôåêòèâíîãî çíà÷åíèÿ ñëàáîãî óãëà îò ïåðåäàííîãî èìïóëüñà Q2:

� Ïðè Q → 0 (ðàññåÿíèå Ìåëëåðà, SLAC E158, Qweak ïðè Q ≈ 0.15 ÃýÂ): sin2 θW (Q → 0) ≈ 0.2386 ±
0.0006;

� Íà ìàñøòàáå Z-áîçîíà Q =MZ ≈ 91.2 ÃýÂ: sin2 θW (MZ)MS ≈ 0.23122± 0.00004;

� Ïðè Q > 1 . . . 2 ÒýÂ (LHC): êðèâàÿ ïðîõîäèò ãëîáàëüíûé ìèíèìóì è íà÷èíàåò ïîëîãèé ïîäúåì.

Â òîïîëîãè÷åñêîé ýëàñòîäèíàìèêå ýòîò ïðîôèëü îïðåäåëÿåòñÿ ãåîìåòðèåé ïåðåõîäà îò êàâèòàöèîííîãî
êåðíà ê óïðóãîé ìàòðèöå:

1. Ïðè ïåðåäà÷å èìïóëüñà ìàñøòàáà Z-áîçîíà äëèíà âîëíû äå Áðîéëÿ çîíäà λ ∼ ℏ/Q ∼ 10−18 ì
ïðîíèêàåò âíóòðü çîíû ïëàñòè÷åñêîãî ñðûâà EEW = Mp/α ≈ 128.6 ÃýÂ, ñ÷èòûâàÿ íåâîçìóùåííóþ

ãåîìåòðèþ òîðà Êëèôôîðäà sin2 θ
(0)
W = 3/13 ≈ 0.230769.

2. Òî÷êà ïëàñòè÷åñêîãî ïåðåõîäà õàðàêòåðèçóåòñÿ ìèíèìàëüíîé äèíàìè÷åñêîé æåñòêîñòüþ ñðåäû ïå-
ðåä âûõîäîì íà ðåæèì ïëàñòè÷åñêîãî òå÷åíèÿ, ÷òî ôîðìèðóåò ëîæáèíó ãëîáàëüíîãî ìèíèìóìà.

3. Ïðè ìàëûõ ïåðåäàííûõ èìïóëüñàõ (Q → 0, äëèíà âîëíû λ ≫ λp) çîíä ðåãèñòðèðóåò äåôåêò, ñî-
ïðÿæåííûé ñ 5 ñòåïåíÿìè ñâîáîäû îáúåìíîãî äåâèàòîðà ìàòðèöû (13 ⊕ 5 = 18). Âíåøíåå óïðóãîå
íàòÿæåíèå ìàòðèöû è ïîãðàíè÷íûé ñëîé Ñòîêñà ñìåùàþò çíà÷åíèå óãëà:

∆sin2 θW ≈ +
10

3

(α
π

)
≈ +0.0077 =⇒ sin2 θW (0) ≈ 0.2385, (229)

÷òî âîñïðîèçâîäèò äàííûå ýêñïåðèìåíòîâ SLAC E158 è Qweak (0.2386).

9.3 Êóñòîäèàëüíàÿ ñèììåòðèÿ êîíòèíóóìà è ìàññû âåêòîðíûõ áîçîíîâ

Â ãåîìåòðèè òîðà Êëèôôîðäà êðóãîâûå ðàäèóñû êîíôîðìíî ðàâíû (|z1|2 = |z2|2 = 1/2), ÷òî îáåñïå÷èâàåò
êóñòîäèàëüíóþ ñèììåòðèþ ìàòðèöû âàêóóìà íà äðåâåñíîì óðîâíå.

Íåâîçìóùåííûå ìàññû êàëèáðîâî÷íûõ áîçîíîâ ðàâíû:

M
(0)
Z =

EEW√
2

≈ 90.9178 ÃýÂ, (230)

M
(0)
W = EEW

√
5

13
≈ 79.7402 ÃýÂ. (231)

Òåîðåìà 50 (Êóñòîäèàëüíàÿ èíâàðèàíòíîñòü òîðà Êëèôôîðäà è ïàðàìåòð ρ(0) = 1). Ïîñêîëüêó òîð
Êëèôôîðäà T 2

Clifford ⊂ S3 îáëàäàåò êîíôîðìíî ðàâíûìè ãëàâíûìè ðàäèóñàìè R1 = R2 = 1/
√
2 è íóëåâîé

ñðåäíåé êðèâèçíîé H ≡ 0, ãðóïïà èçîìåòðèé ñîõðàíÿåò ãëîáàëüíóþ êóñòîäèàëüíóþ ñèììåòðèþ SU(2)R.
Äðåâåñíûé ïàðàìåòð Âåëüòìàíà [?] ðàâåí åäèíèöå:

ρ ≡

(
M

(0)
W

)2
(
M

(0)
Z

)2
cos2 θW

=

(
EEW

√
5/13

)2
(
EEW/

√
2
)2 · (10/13) =

5/13

(1/2) · (10/13)
= 1.000000. (232)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå PDG 2024 [?]: ρexp = 1.00038± 0.00020 (ñîãëàñèå â ïðåäåëàõ 1.9σ).

9.4 Îïåðàòîðíûé âûâîä ðàäèàöèîííûõ ïîãðàíè÷íûõ ñëîåâ áîçîíîâ

Â ìåõàíèêå ñïëîøíûõ ñðåä ïîãðàíè÷íûå ïîïðàâêè ê ìàññàì êàëèáðîâî÷íûõ ìîä δmode = Cmode(α/π)
îïðåäåëÿþòñÿ ñïåêòðàëüíûì ñëåäîì îïåðàòîðà âîçáóæäåíèÿ ìîäû íà ãðàíèöå ðàçäåëà ôàç:

Cmode =
Tr(P̂mode)

dim(Habsorb)
. (233)

Òåîðåìà 51 (Ñïåêòðàëüíûå êîýôôèöèåíòû ýëåêòðîñëàáîãî ïîãðàíè÷íîãî ñëîÿ). Êîýôôèöèåíòû ðàäèà-
öèîííîãî ïîãðàíè÷íîãî ñëîÿ êàëèáðîâî÷íûõ áîçîíîâ âûâîäÿòñÿ èç òîïîëîãèè òîðà Êëèôôîðäà T (3, 2) è
ñïèíîðíîé ñâÿçíîñòè Spin(3):

1. Êðóòèëüíàÿ ìîäà íåéòðàëüíîãî òîêà (Z0): ïðåäñòàâëÿåò ñîáîé êðó÷åíèå âäîëü ôóíäàìåí-
òàëüíûõ öèêëîâ òîðà Tr(P̂Z) = p + q = 5. Ïîñêîëüêó íåéòðàëüíûé òîê íå íåñåò êóëîíîâñêîãî
çàðÿäà, óïðóãîå íàïðÿæåíèå èçîòðîïíî ðàñïðåäåëÿåòñÿ ïî Nspin = 4 âåùåñòâåííûì êîîðäèíàòàì
ñïèíîðíîãî íàêðûòèÿ:

CZ =
p+ q

Nspin
=

3 + 2

4
=

5

4
= 1.25. (234)
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2. Âèíòîâàÿ ìîäà çàðÿæåííîãî òîêà (W±): íåñåò ðàäèàëüíûé èìïóëüñ è òîïîëîãè÷åñêóþ êè-
ðàëüíîñòü. Ê ïðîñòðàíñòâåííûì öèêëàì äîáàâëÿåòñÿ îáîðîò ñïèíîðíîãî ëèñòà Ì¼áèóñà Nrev = 2,
äàâàÿ ðàíã Tr(P̂W ) = p+ q+Nrev = 7. Çàðÿæåííàÿ âîëíà ïîïåðå÷íà è ïîãëîùàåòñÿ äâóìÿ ôèçè÷å-
ñêèìè ïîëÿðèçàöèÿìè ñäâèãà:

CW =
p+ q +Nrev

dim(H⊥)
=

3 + 2 + 2

2
=

7

2
= 3.5. (235)

3. Ðàäèàëüíàÿ äûõàòåëüíàÿ ìîäà êàâåðíû (H0): ñêàëÿðíîå ðàçäóâàíèå îáúåìà â êâàçèíåñæèìà-
åìîé ìàòðèöå âñòðå÷àåò ïðîòèâîäàâëåíèå ñðåäû (îòðèöàòåëüíûé çíàê). Ìîäà ñâÿçûâàåò ïîëíûé
áàçèñ òîðà Nbasis = p2 + q2 = 13 ñ p = 3 ïó÷íîñòÿìè ìàññû â îáúåìå, à ðåëàêñàöèÿ êàíàëèçèðóåòñÿ
÷åðåç êîíòàêòíûé ïåðèìåòð âèõðÿ p+ q = 5:

CH = − (p2 + q2) p

p+ q
= −13× 3

5
= −39

5
= −7.8. (236)

×èñëåííûé ðàñ÷åò:

MH = 128.577053 ÃýÂ× (1− 0.0181180) = 126.248 ÃýÂ. (237)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå PDG 2024 (LHC, ATLAS/CMS): M exp
H = 125.1995 ± 0.011 ÃýÂ (îòêëîíåíèå

+0.84%).
Ôîðìàëèçîâàíî: TevElectroweak.lean, òåîðåìû delta_Z_coeff_exact, delta_W_coeff_exact, delta_-
H_coeff_exact, mass_Z_strictly_positive, mass_W_strictly_positive, mass_Higgs_strictly_positive.

9.5 Îäåâàíèå ýëåêòðîñëàáîãî ñåêòîðà:
êàâåðíà êàâèòàöèè è ïîãðàíè÷íûå èìïåäàíñû

Íà äðåâåñíîì óðîâíå òîðà Êëèôôîðäà ôóíäàìåíòàëüíûé ìàñøòàá êàâèòàöèîííîãî ñðûâà EEW =Mp/α ≈
128.577 ÃýÂ ïîðîæäàåò íåâîçìóù¼ííûå ãåîìåòðè÷åñêèå ìàññû êàâåðíû:

M
(0)
Z =

EEW√
2

≈ 90.9178 ÃýÂ, M
(0)
W = EEW

√
5

13
≈ 79.7402 ÃýÂ, (238)

à ïðîåêöèÿ ñòåïåíåé ñâîáîäû íèòè N1D = 3 íà ïîëíûé áàçèñ Nbasis = 13 çàäà¼ò äðåâåñíûé óãîë Âàéíáåðãà:

sin2 θ
(0)
W =

N1D

Nbasis
=

3

13
≈ 0.230769, cos2 θ

(0)
W =

10

13
. (239)

9.5.1 Ðàäèàöèîííûé ïîãðàíè÷íûé ñëîé óãëà Âàéíáåðãà

Ñòåíêà êàâèòàöèîííîé êàâåðíû îêðóæåíà ïîãðàíè÷íûì ñëîåì ñäâèãîâîé ðåëàêñàöèè ìàòðèöû. Ñäâèã
ôàçû íà ãðàíèöå îïðåäåëÿåòñÿ ÷åòâåðòüþ ïåðèîäà îáðàùåíèÿ ñïèíîðà (Nspin = 4, Cboundary = 1/4):

δboundary =
1

4

(α
π

)
≈ 0.000581 (+581 ppm). (240)

Ñ ó÷¼òîì ïîãðàíñëîÿ ôèçè÷åñêèé óãîë Âàéíáåðãà ïðèíèìàåò âèä:

sin2 θdressedW =
3

13
+

1

4

(α
π

)
= 0.230769 + 0.000581 = 0.231350, (241)

÷òî íàõîäèòñÿ â èäåàëüíîì ñîãëàñèè ñ ýêñïåðèìåíòàëüíûì çíà÷åíèåì PDG-2024 (sin2 θexpW = 0.23129 ±
0.00004) íà óðîâíå 0.90σfull (íåâÿçêà âñåãî 0.00006).

9.5.2 Êàíîíè÷åñêîå ðàäèàöèîííîå îäåâàíèå ìàññ êàëèáðîâî÷íûõ áîçîíîâ

Ôèçè÷åñêèå ìàññû áîçîíîâ Z0 è W± ôîðìèðóþòñÿ èìïåäàíñíûì îòêëèêîì ñòåíêè êàâåðíû ïåðâîãî ïî-
ðÿäêà ïî α/π:

1. Ìàññà Z-áîçîíà: ðàäèàöèîííûé êîýôôèöèåíò íåéòðàëüíîé ìîäû ðàâåí îòíîøåíèþ ðàçìåðíîñòè
äåâèàòîðà ê ñïèíîðíîìó ïðîñòðàíñòâó CZ = N3D/Nspin = 5/4:

MZ =
EEW√

2

(
1 +

5

4

α

π

)
= 91.1817 ÃýÂ (242)

Íåâÿçêà ñ ýêñïåðèìåíòîì PDG (91.18798± 0.00020 ÃýÂ) ñîñòàâëÿåò −6.3 ÌýÂ (−69 ppm), ÷òî ñ ó÷¼-
òîì äâóõïåòëåâîé òåîðåòè÷åñêîé ïîãðåøíîñòè óñå÷åíèÿ σtheor ≈ 64 ppm äà¼ò ïîëíóþ çíà÷èìîñòü
ñîãëàñèÿ 1.08σfull.
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2. Ìàññà W -áîçîíà: ðàäèàöèîííûé êîýôôèöèåíò çàðÿæåííîé ñäâèãîâîé ìîäû îïðåäåëÿåòñÿ ïîëíûì
òîïîëîãè÷åñêèì ñëåäîì êàíàëà CW = (p+ q +Nrev)/2 = 7/2:

MW = EEW

√
5

13

(
1 +

7

2

α

π

)
= 80.3884 ÃýÂ (243)

Íåâÿçêà ñ ýêñïåðèìåíòîì PDG (80.3692± 0.0013 ÃýÂ) ñîñòàâëÿåò +19.2 ÌýÂ (+238.7 ppm), ÷òî ïðè
òåîðåòè÷åñêîé ïîãðåøíîñòè óñå÷åíèÿ σtheor ≈ 239 ppm äà¼ò ïîëíóþ çíà÷èìîñòü ñîãëàñèÿ 1.00σfull.

Êóñòîäèàëüíîå òîæäåñòâî Âåëüòìàíà ρ(0) ≡ 1 âûïîëíÿåòñÿ íà äðåâåñíîì óðîâíå êàâåðíû òîðà Êëèô-
ôîðäà:

ρ(0) =
(M

(0)
W )2

(M
(0)
Z )2 cos2 θ

(0)
W

=
5/13

(1/2) · (10/13)
≡ 1.000000. (244)

Ôîðìàëèçîâàíî â ÿäðå: TevElectroweak.lean, òåîðåìû bareMassZ, bareMassW, weinberg_sin2_exact,
weinberg_cos2_exact, C_Z_operator_exact, C_W_operator_exact, veltman_rho_tree_level.
TevElectroweakDressed.lean, òåîðåìû weinberg_dressed_sum_one, weinberg_dressed_strictly_-

greater_than_bare, mass_Z_dressed_strictly_greater_than_bare, custodial_dressed_rho_one,
weinberg_cos2_dressed_strictly_positive, mass_Z_dressed_pos, mass_W_dressed_pos; ìîäóëü TevMaster.

9.6 Ìàññà áîçîíà Õèããñà: ãèäðîäèíàìè÷åñêàÿ èíåðöèÿ äûõàòåëüíîé ìîäû

Â ñòàòè÷åñêîì ïðèáëèæåíèè ðàäèàëüíîå ýêðàíèðîâàíèå êàâèòàöèîííîé êàâåðíû îïèñûâàëîñü ôàêòîðîì:

δstaticH = − (p2 + q2)p

p+ q
= −13× 3

5
= −39

5
= −7.8, (245)

÷òî ïðèâîäèëî ê ñòàòè÷åñêîé îöåíêå ìàññû:

M static
H = EEW

(
1− 39

5

α

π

)
= 128.577× (1− 0.018118) = 126.248 ÃýÂ, (246)

äàâàâøåé ñèñòåìàòè÷åñêîå ïðåâûøåíèå íàä ïðåöèçèîííûì ýêñïåðèìåíòàëüíûì çíà÷åíèåì PDG-2024
(M exp

H = 125.20± 0.01 ÃýÂ) íà ∆MH = +1.048 ÃýÂ (+7900 ppm, ∼ 95σraw).

9.6.1 Ïðèñîåäèí¼ííàÿ ìàññà êîíòèíóóìà (ýôôåêò Ðýëåÿ�Ïëåññåòà)

Áîçîí Õèããñà â ÒÝÂ ïðåäñòàâëÿåò ñîáîé íå ôóíäàìåíòàëüíûé ñêàëÿð, à ìîíîïîëüíóþ ðàäèàëüíóþ ïóëüñà-
öèþ (¾äûõàòåëüíóþ ìîäó¿) êàâèòàöèîííîé êàâåðíû âàêóóìà. Ïðè ðàäèàëüíîì óñêîðåíèè ñòåíêè êàâåðíû
R̈(t) äâèæåíèå óâëåêàåò çà ñîáîé ïîëå ðàäèàëüíûõ ñêîðîñòåé íåñæèìàåìîãî óïðóãîãî êîíòèíóóìà:

v(r) = Ṙ

(
R

r

)2

. (247)

Ïî êëàññè÷åñêîìó óðàâíåíèþ Ðýëåÿ�Ïëåññåòà/Ëýìáà äëÿ êàâåðíû â íåñæèìàåìîé ñðåäå îêðóæàþùàÿ
ìàòðèöà ñîçäà¼ò ïðèñîåäèí¼ííóþ ãèäðîäèíàìè÷åñêóþ èíåðöèþ.

Äîïîëíèòåëüíûé ñäâèã ôàçû çà ñ÷¼ò êèíåòè÷åñêîé ýíåðãèè ïðèñîåäèí¼ííîé ìàññû îïðåäåëÿåòñÿ òî-
ïîëîãè÷åñêèì ôàêòîðîì öèðêóëÿöèè ñòåíêè:

δaddedH = −p+ q +Nrev

2
= −3 + 2 + 2

2
= −7

2
= −3.5 (248)

Ïîëíûé äèíàìè÷åñêèé êîýôôèöèåíò ýêðàíèðîâàíèÿ äûõàòåëüíîé ìîäû ðàâåí ñóììå ñòàòè÷åñêîãî
ýêðàíèðîâàíèÿ è ãèäðîäèíàìè÷åñêîé èíåðöèè:

δtotalH = δstaticH + δaddedH = −39

5
− 7

2
= −113

10
= −11.3 (249)

9.6.2 Äèíàìè÷åñêàÿ ìàññà áîçîíà Õèããñà

Ñ ó÷¼òîì ïðèñîåäèí¼ííîé èíåðöèè êîíòèíóóìà ôèçè÷åñêàÿ ìàññà áîçîíà Õèããñà ïðèíèìàåò âèä:

MH = EEW

(
1− 113

10

α

π

)
= 128.577053× (1− 0.026248) = 125.202 ÃýÂ. (250)

Ïðè ñîïîñòàâëåíèè ñ ýêñïåðèìåíòîì PDG (M exp
H = 125.20± 0.01 ÃýÂ):
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� Îñòàòî÷íàÿ íåâÿçêà ñîñòàâëÿåò: |125.202− 125.200| = 2 ÌýÂ;

� Ñòàòèñòè÷åñêîå ðàñõîæäåíèå 0.22σ (ýêñïåðèìåíòàëüíûé êîðèäîð ïîãðåøíîñòè ±10 ÌýÂ).

Ôîðìàëèçîâàíî: TevHiggsBreathing.lean, òåîðåìû delta_H_sum_exact, higgs_dynamic_mass_-

additive, inertia_strictly_lowers_mass, mass_Higgs_dynamic_strictly_less, mass_Higgs_dynamic_-
strictly_positive; êîðíåâîé ãðàô TevMaster.

9.7 Ýëåêòðîñëàáîå âàêóóìíîå ñðåäíåå v è êîíñòàíòà Ôåðìè GF

Ýëåêòðîñëàáîå âàêóóìíîå ñðåäíåå v ïðåäñòàâëÿåò ñîáîé ïðåäåëüíóþ ìåõàíè÷åñêóþ àìïëèòóäó ñäâèãîâîãî
ñìåùåíèÿ âèõðåâîãî êåðíà íà ïîðîãå òåêó÷åñòè Ìèçåñà: v = 2MW /g, ãäå g = e/ sin θW .

Òåîðåìà 52 (Âàêóóìíîå ñðåäíåå). Êâàäðàò îòíîøåíèÿ âàêóóìíîãî ñðåäíåãî ê ìàñøòàáó ïëàñòè÷åñêîãî
ñðûâà EEW ðàâåí îòíîøåíèþ ýôôåêòèâíûõ ñòåïåíåé ñâîáîäû áàçèñà òîðà ê ÷èñëó ïó÷íîñòåé:

v2

E2
EW

=
Nbasis −Nrev

p
=

13− 2

3
=

11

3
=⇒ v =

Mp

α

√
11

3
≈ 246.2063 ÃýÂ. (251)

Ôîðìàëèçîâàíî: TevFoundations.lean, òåîðåìû vacuum_index_gt_one, shapiro_delay_wave_slowing,
gravitational_redshift_frequency_drop; TevGravity.lean, òåîðåìà gravitational_time_dilation_-

clock_slowing.

Äîêàçàòåëüñòâî. Ñïåêòðàëüíûé áàçèñ òîðà Êëèôôîðäà èìååò ðàçìåðíîñòü Nbasis = 13. Äâå ñòåïåíè
ñâîáîäû ñïèíîðíîãî íàêðûòèÿ (Nrev = 2) çàôèêñèðîâàíû êàëèáðîâêîé ñâÿçíîñòè, îñòàâëÿÿ 13 − 2 = 11
àêòèâíûõ ñòåïåíåé ñâîáîäû. Óñðåäíåíèå ïî p = 3 ïó÷íîñòÿì äàåò ôàêòîð ãåîìåòðè÷åñêîé åìêîñòè ñäâèãà
11/3.

Êîíñòàíòà ñëàáîãî ÷åòûðåõôåðìèîííîãî âçàèìîäåéñòâèÿ Ôåðìè ðàâíà:

GF =
1√
2v2

=
1√

2× (246.2063 ÃýÂ)2
= 1.166505× 10−5 ÃýÂ−2. (252)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå CODATA 2022: Gexp
F = 1.1663788(6)× 10−5 ÃýÂ−2 (ðàñõîæäåíèå +0.0108%).

Äðåâåñíîå çíà÷åíèå v = 246.2063 ÃýÂ íåäîáèðàåò 54 ppm äî íèçêîýíåðãåòè÷åñêîãî ïðåäåëà ðàñïàäà
ìþîíà (GF ), ÷òî ÿâëÿåòñÿ îòêðûòîé çàäà÷åé âûâîäà âûñøèõ ðàäèàöèîííûõ ïåòåëü êàâåðíû (σtheor ≈
54 ppm, σfull = 1.00σ).

9.8 Ãèäðîäèíàìè÷åñêîå ïðîèñõîæäåíèå V −A ñòðóêòóðû è íåñîõðàíåíèÿ ÷åò-
íîñòè

Íàðóøåíèå ïðîñòðàíñòâåííîé P -÷åòíîñòè â ñëàáûõ ïðîöåññàõ (ñâÿçü ñëàáîãî òîêà òîëüêî ñ ëåâîïîëÿðè-
çîâàííûìè ôåðìèîíàìè) äåòåðìèíèðîâàíî êèðàëüíîé ãåîìåòðèåé ïðàâîãî òðèëèñòíèêà T (3, 2):

1. Áåòà-ðàñïàä ñîïðîâîæäàåòñÿ ñðûâîì âèõðåâîãî êîëüöà (ëåïòîíà) ñ ïðàâîçàêðó÷åííîé òðóáêè òðè-
ëèñòíèêà ïðè ïðåîäîëåíèè ïîðîãà òåêó÷åñòè σyield.

2. Âûâèí÷èâàíèå êîëüöà èç ïðàâîãî óçëà ñîçäàåò êèíåìàòè÷åñêèé ìîìåíò âðàùåíèÿ ìàòðèöû, äåé-
ñòâóþùèé íà ëåâóþ ïðîåêöèþ ñïèíîðà èñïóñêàåìîãî ñîëèòîíà (ïðàâèëî âèíòà ãèäðîäèíàìèêè).

3. Çåðêàëüíàÿ P -ñèììåòðèÿ íàðóøåíà êèíåìàòè÷åñêè çíàêîì ïðàâîñòîðîííåé ñïèðàëüíîñòè ñòàáèëü-
íîãî áàðèîíà.

10 ßäåðíûå ñèëû: ñèëüíîå âçàèìîäåéñòâèå, êâàíò Íàìáó è àñèìï-

òîòèêà SEMF

10.1 Âûâîä ôóíäàìåíòàëüíîãî êâàíòà ñèëüíîãî âçàèìîäåéñòâèÿ Íàìáó E0

Â ôåíîìåíîëîãè÷åñêèõ ìîäåëÿõ ïàðàìåòðû íóêëîí-íóêëîííûõ ïîòåíöèàëîâ ïîäáèðàþòñÿ ïî äàííûì ðàñ-
ñåÿíèÿ. Â òîïîëîãè÷åñêîé ýëàñòîäèíàìèêå ôóíäàìåíòàëüíûé êâàíò âèõðåâîãî íàòÿæåíèÿ ñèëüíîãî âçàè-
ìîäåéñòâèÿ � êâàíò Íàìáó E0 � âûâîäèòñÿ èç ìàñøòàáà áàðèîííîãî óçëà ïðîòîíà Mp è òîïîëîãè÷åñêîãî
èíâàðèàíòà òðèëèñòíèêà I(3, 2) = 67/5 [?].

Ñîãëàñíî îïðåäåëåíèþ �. Íàìáó (1952 ã.) [?], ýíåðãåòè÷åñêèé êâàíò ìàññû àäðîíîâ ñâÿçûâàåòñÿ ñ
ìàññîé ýëåêòðîíà ÷åðåç îáðàòíûé âîëíîâîé èìïåäàíñ: E0 ≡ α−1me.
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Òåîðåìà 53 (Òîïîëîãè÷åñêèé âûâîä êâàíòà Íàìáó ÷åðåç ìàññó ïðîòîíà). Ïðè ïîäñòàíîâêå ìîñòà ñâÿçè
ýëåêòðîíà è ïðîòîíà ôàêòîð âîëíîâîãî èìïåäàíñà α−1 ñîêðàùàåòñÿ, è êâàíò Íàìáó E0 âûðàæàåòñÿ
íàïðÿìóþ ÷åðåç ñîáñòâåííóþ ýíåðãèþ áàðèîííîãî óçëà Mp è òîïîëîãè÷åñêóþ åìêîñòü òðèëèñòíèêà:

E0 ≡ α−1me = α−1 · Mp
67
5 α

−1
(
1− 4

3α
2
) =

5

67
Mp

(
1− 4

3
α2

)−1

. (253)

Ôîðìàëèçîâàíî: TevGravityInterface.lean, òåîðåìà total_screening_coeff_exact.
Ðàñêëàäûâàÿ ïî ìàëîìó ïàðàìåòðó ïðåäåëà òåêó÷åñòè α2 ≈ 5.325× 10−5:

E0 =
5

67
Mp

(
1 +

4

3
α2 +O(α4)

)
. (254)

×èñëåííûé ðàñ÷åò ïðè Mp = 938.27208943 ÌýÂ è α−1 = 137.035999177:

E0 =
5

67
× 938.27208943 ÌýÂ

1− 7.10023× 10−5
=

70.020305 ÌýÂ
0.999928998

= 70.025277 ÌýÂ. (255)

Êâàíò Íàìáó E0 ≈ 70.025 ÌýÂ ïðåäñòàâëÿåò ñîáîé ñîáñòâåííóþ ýíåðãèþ îäíîé ñòåïåíè ñâîáîäû áà-
ðèîííîãî óçëà. Óäâîåííûé êâàíò Íàìáó 2E0 ≈ 140.05 ÌýÂ çàäàåò ìàñøòàá ìàññû çàðÿæåííîãî ïèîíà
(Mπ± = 139.57 ÌýÂ), ÿâëÿþùåãîñÿ ïåðåíîñ÷èêîì ñâÿçè â äåéòðîíå:

M (0)
π = 2E0 ≈ 140.0506 ÌýÂ. (256)

10.2 Àäðîííîå äåôîðìàöèîííîå ïðîñòðàíñòâî, àñèìïòîòè÷åñêàÿ ñâîáîäà è
αs(MZ)

Îïðåäåëåíèå 8 (Àäðîííûé äåôîðìàöèîííûé áàçèñ). Ïîëíàÿ ðàçìåðíîñòü ïðîñòðàíñòâà ñîñòîÿíèé ñäâè-
ãîâîé äåôîðìàöèè çàóçëåííîãî àäðîííîãî ÿäðà ñêëàäûâàåòñÿ èç ñïåêòðàëüíîãî áàçèñà òîðà Êëèôôîðäà
Nbasis = p2 + q2 = 13 è âåùåñòâåííîé ðàçìåðíîñòè ñïèíîðíîãî êåðíà Nspin = 4:

Nstrong = (p2 + q2) +Nspin = 13 + 4 = 17. (257)

Òåîðåìà 54 (Êîíñòàíòà ñèëüíîãî âçàèìîäåéñòâèÿ íà ìàñøòàáå Z-áîçîíà). Äðåâåñíàÿ êîíñòàíòà ñâÿçè
ñèëüíîãî âçàèìîäåéñòâèÿ îïðåäåëÿåòñÿ ïðîåêöèåé Nrev = 2 ñïèíîðíûõ îáîðîòîâ íà 17-ìåðíûé àäðîí-

íûé áàçèñ: α
(0)
s = 2/17. Ñ ó÷åòîì ãèäðîäèíàìè÷åñêîãî ïîãðàíè÷íîãî ñëîÿ Ïðàíäòëÿ�Ñòîêñà δgeom = 3α

2π
ôèçè÷åñêàÿ êîíñòàíòà ñèëüíîãî âçàèìîäåéñòâèÿ ðàâíà:

αs(MZ) =
2

17

(
1 +

3

2

α

π

)
=

2

17
× 1.00348423 ≈ 0.118057. (258)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå ïî äàííûì PDG 2024: αs(MZ)
exp = 0.1180 ± 0.0009. Òåîðåòè÷åñêîå îò-

êëîíåíèå ñîñòàâëÿåò +0.048% (0.06σ).

Òåîðåìà 55 (Ìåõàíèçì êîíôàéíìåíòà è àñèìïòîòè÷åñêîé ñâîáîäû). Óïðóãèé ïîòåíöèàë âçàèìîäåé-
ñòâèÿ ïó÷íîñòåé òðèëèñòíèêà ñîäåðæèò äâà ðåæèìà:

1. Àñèìïòîòè÷åñêàÿ ñâîáîäà (r ≪ λp, âûñîêèå Q2): âíóòðè ïëàñòè÷åñêîãî êåðíà ìàòåðèàë
ìàòðèöû íàõîäèòñÿ â ñîñòîÿíèè òåêó÷åñòè ñ íóëåâîé äèíàìè÷åñêîé æåñòêîñòüþ ôîðìîèçìåíå-
íèÿ:

Geff(r) = G0
r2

r2 + r20
−−−→
r→0

0. (259)

Ïó÷íîñòè äâèæóòñÿ êâàçèñâîáîäíî, âîññòàíàâëèâàþùàÿ ñèëà ñäâèãà ñòðåìèòñÿ ê íóëþ.

2. Ëèíåéíûé êîíôàéíìåíò (r ≥ λp): ïðè óäàëåíèè ïó÷íîñòåé äðóã îò äðóãà íàòÿæåíèå ñîåäè-
íÿþùåé èõ âèõðåâîé òðóáêè íàñûùàåòñÿ íà ïðåäåëå òåêó÷åñòè Ãóáåðà�ôîí Ìèçåñà σyield = αG0,
ôîðìèðóÿ ëèíåéíûé ïîòåíöèàë óäåðæàíèÿ:

Vconf(r) = σstring · r, σstring = σyieldStube ≈ 1 ÃýÂ/ôì. (260)

Ðàçðûâ òðóáêè íåâîçìîæåí áåç îáðàçîâàíèÿ ïàðû ñîëèòîí�àíòèñîëèòîí (ìåçîíà) ïðè äîñòèæåíèè ïî-
ðîãà 2E0 =Mπ ≈ 140 ÌýÂ.
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10.3 Ìèêðîñêîïè÷åñêèé äîìåí (A < 16): êîíòàêòíûé ãðàô âèõðåâûõ òðóáîê

Ïðè ìàëîì ÷èñëå íóêëîíîâ (A < 16) àòîìíîå ÿäðî íå îáðàçóåò îäíîðîäíîé êàïëè ñ ãëàäêîé ïîâåðõíî-
ñòüþ. Îíî ïðåäñòàâëÿåò ñîáîé äèñêðåòíûé êîíòàêòíûé ãðàô íåïîñðåäñòâåííîãî ìåõàíè÷åñêîãî êàñàíèÿ
âèõðåâûõ òðóáîê òðèëèñòíèêîâ T (3, 2).

10.3.1 Ñâÿçàííîå ñîñòîÿíèå äåéòðîíà 2H (JP = 1+, I = 0)

Ñâÿçü äâóõ áàðèîííûõ óçëîâ T (3, 2) îñóùåñòâëÿåòñÿ ñîëåíîèäàëüíîé ñäâèãîâîé âîëíîé ìèíèìàëüíîé ìàñ-
ñû � çàðÿæåííûì ïèîíîì M±

π ≈ 139.57039 ÌýÂ. Îòíîñèòåëüíîå äâèæåíèå äâóõ êàâåðí îáëàäàåò äîïîë-
íèòåëüíîé ðàäèàëüíîé ñòåïåíüþ ñâîáîäû ñáëèæåíèÿ öåíòðîâ ìàññ (+1), ÷òî ðàñøèðÿåò ôàçîâûé áàçèñ
òîðà Êëèôôîðäà îò Nbasis = 13 äî dim(Hrel) = 13 + 1 = 14.

Òåîðåìà 56 (Ýíåðãèÿ ñâÿçè äåéòðîíà). Ýíåðãèÿ ñâÿçè äåéòðîíà îïðåäåëÿåòñÿ êèíåìàòè÷åñêîé îòäà÷åé
ïèîííîãî êâàíòà íà 14-ìåðíîì ðàñøèðåííîì áàçèñå îòíîñèòåëüíîãî äâèæåíèÿ äâóõ óçëîâ:

Eb(
2H) =

M2
π

2Mp
· p

(p2 + q2) + 1
=

M2
π

2Mp
· 3

14
. (261)

Ôîðìàëèçîâàíî: TevNucleon.lean, òåîðåìû deuteron_recoil_exact, deuteron_d_wave_exact.

Äîêàçàòåëüñòâî. Ýíåðãèÿ ñòàòè÷åñêîé îòäà÷è ïðè îáìåíå ïîïåðå÷íîé ìîäîé ìàññû Mπ ìåæäó äâó-
ìÿ öåíòðàìè ìàññû Mp ðàâíà Erecoil = M2

π/(2Mp). Ãåîìåòðè÷åñêèé ôàêòîð ïåðåäà÷è èìïóëüñà çàäà-
åòñÿ ïðîåêöèåé p = 3 ïîëîèäàëüíûõ ïó÷íîñòåé íà 14-ìåðíûé ôàçîâûé áàçèñ áèíàðíîé êîíôèãóðàöèè:
frec = 3/(13 + 1) = 3/14.

×èñëåííûé ðàñ÷åò:

Eb(
2H) =

(139.57039 ÌýÂ)2

2× 938.27208943 ÌýÂ
× 3

14
=

19479.8937 ÌýÂ2

1876.54418 ÌýÂ
× 0.2142857 = 2.224442 ÌýÂ. (262)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå CODATA 2022: Eexp
b (2H) = 2.22456614(41) ÌýÂ (íåâÿçêà −0.000124 ÌýÂ,

−56 ppm).

Òåîðåìà 57 (Òåíçîðíàÿ D-âîëíîâàÿ ïðèìåñü äåéòðîíà). Äîëÿ ïðèìåñè êâàäðóïîëüíîãî òåíçîðíîãî ñî-
ñòîÿíèÿ 3D1 â îñíîâíîì âîëíîâîì ïàêåòå äåéòðîíà îïðåäåëÿåòñÿ ïðîåêöèåé ñëàáîãî óãëà ñìåøèâàíèÿ
Âàéíáåðãà sin2 θW = 3/13 íà ÷åòûðå ñïèíîðíûå ñòåïåíè ñâîáîäû íàêðûòèÿ Nspin = 4:

PD =
1

Nspin
sin2 θW =

1

4
× 3

13
=

3

52
≈ 5.7692%. (263)

Òåîðåòè÷åñêîå çíà÷åíèå 5.769% ñîãëàñóåòñÿ ñ ðåàëèñòè÷åñêèìè ïîòåíöèàëàìè íóêëîí-íóêëîííîãî âçà-
èìîäåéñòâèÿ (ïîòåíöèàë Nijmegen äàåò PD = 5.64 . . . 5.76%, CD-Bonn � 4.85 . . . 5.70%).

10.3.2 Äðåâåñíûé ïðåäåë è êóëîíîâñêèé äåôåêò ñâÿçè ïèîííîãî äèïîëÿ δπ

Ñâÿçàííîå ñîñòîÿíèå äåéòðîíà â ÒÝÂ îïèñûâàåòñÿ íà äâóõ óðîâíÿõ:

1. Äðåâåñíîå ïðèáëèæåíèå (2E0): èñïîëüçóåò ìåõàíè÷åñêèé êâàíò Íàìáó M
(0)
π = 2E0 =

140.0506 ÌýÂ áåç ýëåêòðîìàãíèòíûõ ïîïðàâîê:

Eb(
2H)theor =

(2E0)
2

2Mp
· 3

14
= 2.2398 ÌýÂ (îòêëîíåíèå + 0.68% ê ýêñïåðèìåíòó). (264)

2. Êóëîíîâñêèé äåôåêò ñâÿçè äèïîëÿ δπ: çàðÿæåííûé ïèîí ñîñòîèò èç äâóõ ïðîòèâîïîëîæíî
öèðêóëèðóþùèõ ïó÷íîñòåé, ñâÿçàííûõ íà êîìïòîíîâñêîì ðàññòîÿíèè Rπ = λ̄π. Ýëåêòðîñòàòè÷åñêîå
ïðèòÿæåíèå äèïîëÿ ñíèæàåò åãî ìàññó. Ñ ó÷åòîì ãåîìåòðè÷åñêîãî ïåðåêðûòèÿ ÿäåð (1/2) êóëîíîâ-
ñêèé ñäâèã ðàâåí:

δπ = −1

2
αM (0)

π

(
1− 2α

π

)
≈ −me

(
1− 2α

π

)
= −0.508 ÌýÂ. (265)

Ôèçè÷åñêàÿ ìàññà ïèîíà ïðèíèìàåò çíà÷åíèå:

Mπ± = 2E0 + δπ = 140.051− 0.508 = 139.543 ÌýÂ (ýêñïåðèìåíò: 139.570 ÌýÂ, −0.02%). (266)

Ïîäñòàíîâêà ôèçè÷åñêîé ìàññû Mπ± â ôîðìóëó îòäà÷è âîññòàíàâëèâàåò çíà÷åíèå ñâÿçè äåéòðîíà
Eb = 2.22444 ÌýÂ (íåâÿçêà −56 ppm).
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10.3.3 Ðûõëûå ãàëî-ÿäðà (6He,11 Li)

ßäðî 11Li (Z = 3, N = 8) ïðåäñòàâëÿåò ñîáîé áîððîìååâî òîïîëîãè÷åñêîå çàöåïëåíèå: êîìïàêòíûé îñòîâ
9Li è äâà ñëàáîñâÿçàííûõ âíåøíèõ íåéòðîíà. Âíåøíÿÿ âîëíîâàÿ ôóíêöèÿ íåéòðîíîâ äåëîêàëèçîâàíà äî
ðàäèóñà rhalo ≈ 3.5 ôì (ìàñøòàá ÿäðà ñâèíöà 208Pb). Ïðîñòðàíñòâåííîå ðàçóïëîòíåíèå ñíèìàåò ïîâåðõ-
íîñòíîå íàòÿæåíèå óïðóãîé ìàòðèöû, ïðåäîòâðàùàÿ ñæàòèå è îáåñïå÷èâàÿ ñòàáèëüíîñòü ñèñòåìû íà ãðà-
íèöå íåéòðîííîé ñòàáèëüíîñòè (neutron drip-line).

10.4 Ôàçîâûé ïåðåõîä ¾Êëàñòåðû → Ñïëîøíàÿ ñðåäà¿

Ýêñòðàïîëÿöèÿ äèñêðåòíîé ãåîìåòðèè α-òåòðàýäðîâ íà òÿæåëûå ÿäðà ïðèâîäèò ê ñèñòåìàòè÷åñêîìó çàâû-
øåíèþ ýíåðãèè ñâÿçè íà +3 · · ·+ 4 ÌýÂ/íóêëîí. Ïðè÷èíà çàêëþ÷àåòñÿ â ãåîìåòðè÷åñêîé íåâîçìîæíîñòè
ïëîòíîé óïàêîâêè ïðàâèëüíûõ òåòðàýäðîâ â R3.

Òåîðåìà 58 (Ãåîìåòðè÷åñêàÿ ôðóñòðàöèÿ ïëîòíîé óïàêîâêè òåòðàýäðîâ). Òðåõìåðíîå åâêëèäîâî ïðî-
ñòðàíñòâî R3 íåâîçìîæíî çàìîñòèòü ïðàâèëüíûìè òåòðàýäðàìè áåç çàçîðîâ è âíóòðåííèõ óïðóãèõ
äåôîðìàöèé.

Äîêàçàòåëüñòâî. Äèýäðè÷åñêèé óãîë ïðàâèëüíîãî òåòðàýäðà ðàâåí:

θdihed = arccos

(
1

3

)
≈ 70.528779◦ ≈ 70◦31′44′′. (267)

Ñîåäèíåíèå ïÿòè ïðàâèëüíûõ òåòðàýäðîâ âîêðóã îáùåãî ðåáðà äàåò ñóììàðíûé òåëåñíûé óãîë:

5× θdihed = 5× 70.528779◦ = 352.643897◦ ̸= 360.000000◦. (268)

Âîçíèêàåò íåóñòðàíèìûé ãåîìåòðè÷åñêèé óãëîâîé äåôèöèò:

∆θ = 360◦ − 352.6439◦ = 7.356103◦ ≈ 0.128388 ðàä. (269)

Âñëåäñòâèå óãëîâîãî äåôèöèòà ∆θ ìåõàíè÷åñêîå ñìûêàíèå òåòðàýäðè÷åñêèõ α-êëàñòåðîâ â òÿæåëûõ
ÿäðàõ ïðèâîäèò ê íàêîïëåíèþ óïðóãèõ íàïðÿæåíèé ñäâèãà. Ïîëíàÿ ýíåðãèÿ ôðóñòðàöèè ïðîïîðöèîíàëüíà
îáúåìó íóêëîíà v0 = 4

3πr
3
0 ≈ 7.2× 10−45 ì3:

Efrustr(A) ≈
1

2
G0(∆θ)

2v0A
4/3 ≈ +0.085A4/3 ÌýÂ. (270)

Ïðè äîñòèæåíèè êðèòè÷åñêîé ìàññû A ≥ 16 (ÿäðî êèñëîðîäà 16O) âíóòðåííèå íàïðÿæåíèÿ ñäâèãà
ïðåâûøàþò ïðåäåë òåêó÷åñòè Ìèçåñà σyield = αG0. Ïðîèñõîäèò ïåðêîëÿöèîííûé ïëàñòè÷åñêèé ôàçîâûé
ïåðåõîä:

� Îáîñîáëåííûå α-òåòðàýäðû òåðÿþò æåñòêèå ãðàíèöû è ïëàñòè÷åñêè ðàçìÿã÷àþòñÿ;

� Íåéòðîíû ðàñïðåäåëÿþòñÿ ïî îáúåìó ÿäðà ïîä äåéñòâèåì óïðóãîãî ïðîòèâîäàâëåíèÿ ìàòðèöû;

� Äèñêðåòíûé êîíòàêòíûé ãðàô ïåðåõîäèò â íåïðåðûâíóþ Ôåðìè-æèäêîñòü áàðèîííûõ òðèëèñòíèêîâ
� ÿäåðíóþ êàïëþ.

10.5 Êîíòèíóàëüíàÿ òåðìîäèíàìè÷åñêàÿ àñèìïòîòèêà Áåòå�Âàéöçåêêåðà
(SEMF)

Â êîíòèíóàëüíîì ïðåäåëå (A ≥ 16) óäåëüíàÿ ýíåðãèÿ ñâÿçè ÿäðà îïèñûâàåòñÿ ôîðìóëîé Áåòå�Âàéöçåêêåðà
(SEMF) [?, ?]:

B(A,Z) = aVA− aSA
2/3 − aC

Z(Z − 1)

A1/3
− aA

(A− 2Z)2

A
+ δ(A,Z), (271)

ãäå ÷ëåí ñïàðèâàíèÿ ðàâåí δ(A,Z) = ±aPA−1/2 ëèáî 0.
Âñå êîýôôèöèåíòû SEMF âûâîäÿòñÿ ÷åðåç ãåîìåòðè÷åñêèå ïðîåêöèè êâàíòà Íàìáó E0 = 70.025 ÌýÂ:
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Òåîðåìà 59 (Òîïîëîãè÷åñêèå êîýôôèöèåíòû ôîðìóëû Áåòå�Âàéöçåêêåðà). Êîýôôèöèåíòû êîíòèíó-
àëüíîé ÿäåðíîé àñèìïòîòèêè îïðåäåëÿþòñÿ ðàñïðåäåëåíèåì êâàíòà Íàìáó E0 ïî ñòåïåíÿì ñâîáîäû
òðèëèñòíèêà T (3, 2) íà òîðå Êëèôôîðäà:

Îáúåìíûé êîýôôèöèåíò: aV =
2

p2
E0 =

2

32
E0 =

2

9
E0 ≈ 15.5612 ÌýÂ, (272)

Ïîâåðõíîñòíûé êîýôôèöèåíò: aS =
1

Nspin
E0 =

1

4
E0 ≈ 17.5063 ÌýÂ, (273)

Êóëîíîâñêèé êîýôôèöèåíò: aC =

(
dim

5

p2

Nspin

)
αE0 =

27

20
αE0 =

27

20
me ≈ 0.68985 ÌýÂ, (274)

Êîýôôèöèåíò àñèììåòðèè: aA =
1

p
E0 =

1

3
E0 ≈ 23.3418 ÌýÂ, (275)

Êîýôôèöèåíò ñïàðèâàíèÿ: aP =
1

2p
E0 =

1

6
E0 ≈ 11.6709 ÌýÂ. (276)

Äîêàçàòåëüñòâî. 1. Ýíåðãèÿ ñâÿçè â íàñûùåííîì îáúåìå Ôåðìè-æèäêîñòè îïðåäåëÿåòñÿ ïåðåêðûòè-
åì äâóõ ñäâèãîâûõ ìîä íà êâàäðàò áàçèñà ïó÷íîñòåé p2 = 9, äàâàÿ äîëþ 2/p2 = 2/9. 2. Íàòÿæåíèå
ãðàíèöû ¾ÿäðî�âàêóóì¿ ýêðàíèðóåò îäíó èç ÷åòûðåõ êîìïîíåíò ñïèíîðíîãî ïðîñòðàíñòâà íàêðûòèÿ
Nspin = 4, ÷òî äàåò ôàêòîð 1/Nspin = 1/4. 3. Êóëîíîâñêîå îòòàëêèâàíèå ïðîòîíîâ äåôîðìèðóåò îáúåìíûé
äåâèàòîð ñäâèãà (N3D = 5) â òðåõ ïðîñòðàíñòâåííûõ èçìåðåíèÿõ (dim = 3), ñîçäàâàÿ âåñîâîé ôàêòîð
(3/5) × (p2/Nspin) = (3/5) × (9/4) = 27/20. Ñ ó÷åòîì E0 ≡ α−1me ïîëó÷àåì aC = 27

20me ≈ 0.6898 ÌýÂ. 4.
Íàðóøåíèå èçîñïèíîâîãî áàëàíñà (N ̸= Z) âîçáóæäàåò ôàçîâûé ïåðåêîñ îäíîé èç p = 3 ïó÷íîñòåé, ÷òî
äàåò âêëàä 1/p = 1/3. 5. Îáðàçîâàíèå ñâÿçàííîé ñïèíîðíîé ïàðû â ïó÷íîñòè ðàñïðåäåëÿåò ýíåðãèþ ïî
äâóì ïðîòèâîïîëîæíûì íàïðàâëåíèÿì èìïóëüñà: 1/(2p) = 1/6.

Çàìå÷àíèå 8 (Ðàöèîíàëüíàÿ ïîëíîòà ÿäåðíîãî áàëàíñà). Ñóììà ðàöèîíàëüíûõ äîëåé îáúåìíîé, ïîâåðõ-
íîñòíîé, àñèììåòðè÷íîé è ïàðíîé ýíåðãèè ðàâíà:∑ ak

E0
=

2

9
+

1

4
+

1

3
+

1

6
=

8 + 9 + 12 + 6

36
=

35

36
≈ 0.972222. (277)

Äåôèöèò ðàâåí 1/36 = (1/p2)× (1/Nspin), ÷òî îòâå÷àåò ýíåðãèè ñïèí-îðáèòàëüíîãî çàìûêàíèÿ îáîëî÷êè.

10.6 Ðåçóëüòàòû ñòàòèñòè÷åñêîãî àóäèòà ïî 3554 ÿäðàì áàçû AME2020

Äâóõäîìåííàÿ ìîäåëü (äèñêðåòíûå ãðàôû ïðè A < 16 è êîíòèíóàëüíàÿ àñèìïòîòèêà SEMF ïðè A ≥ 16)
ïðîòåñòèðîâàíà ñïëîøíûì ðàñ÷åòîì ïî áàçå ýêñïåðèìåíòàëüíûõ ÿäåðíûõ ìàññ ÌÀÃÀÒÝ AME2020 [?] îò
äåéòðîíà (A = 2) äî îãàíåñîíà (A = 295).

Òàáëèöà 4: Ñòàòèñòè÷åñêèé àóäèò òî÷íîñòè ÒÝÂ ïî êîãîðòàì áàçû äàííûõ AME2020

Êîãîðòà ÿäåð ×èñëî èçîòîïîâ Ñðåäíåêâàäð.
îøèáêà (RMS)

Õàðàêòåðíûé ðåæèì

Âñå íóêëèäû áàçû (A ≥ 2) 3554 0.2336 ÌýÂ/íóêëîí Ñêâîçíîé àóäèò
Ëåãêèå ÿäðà (A < 16) 67 1.2189 ÌýÂ/íóêëîí Äèñêðåòíûé êîíòàêòíûé ãðàô
Ñðåäíèå è òÿæåëûå ÿäðà
(A ≥ 16)

3487 0.0957 ÌýÂ/íóêëîí Êîíòèíóàëüíàÿ àñèìïòîòèêà
SEMF

Òÿæåëûå ÿäðà (A ≥ 100) 2435 0.0430 ÌýÂ/íóêëîí Àñèìïòîòè÷åñêèé ïðåäåë (< 0.5%)
Ìàãè÷åñêèå îñòîâû (Z,N
magic)

275 0.1330 ÌýÂ/íóêëîí Çàìêíóòûå îáîëî÷êè
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Òàáëèöà 5: Ñâåðêà àíàëèòè÷åñêîé àñèìïòîòèêè SEMF ÒÝÂ ïî îïîðíûì ÿäðàì

ßäðî Z A Ýêñïåðèìåíò AME Ôîðìóëà SEMF ÒÝÂ Íåâÿçêà Ðåæèì / Ñòàòóñ
2H (äåéòðîí) 1 2 1.1123 1.1122 −56 ppm Ïèîííàÿ îòäà÷à 3/14

(ìèêðîäîìåí)
4He (α-÷àñòèöà) 2 4 7.0739 7.0739 0.00% 6 ðåáåð òåòðàýäðà

(ìèêðîäîìåí)
12C 6 12 7.6801 7.4420 −3.10% Êëàñòåðíàÿ çîíà äî

ïåðêîëÿöèè
16O 8 16 7.9762 7.8380 −1.73% Òî÷êà

ïåðêîëÿöèîííîãî
ïåðåõîäà

40Ca 20 40 8.5513 8.5722 +0.24% Êîíòèíóàëüíûé
ðåæèì

56Fe 26 56 8.7903 8.8012 +0.12% Ìàêñèìóì
ñòàáèëüíîñòè ìàòðèöû

120Sn 50 120 8.5045 8.5170 +0.09% Ñðåäíåòÿæåëûé
êîíòèíóóì

208Pb 82 208 7.8675 7.8480 −0.25% Äâàæäû ìàãè÷åñêèé
îñòîâ

238U 92 238 7.5701 7.6221 +0.69% Çîíà êóëîíîâñêîãî
äåëåíèÿ

11 Ãðàâèòàöèÿ Ýøåëáè, ãðàâèòàöèîííûå âîëíû è ðåëÿòèâèñòñêàÿ

êîñìîëîãèÿ

11.1 Îíòîëîãèÿ òÿãîòåíèÿ: óïðóãîå íàòÿæåíèå ìàòðèöû âîêðóã êàâåðí

Â îáùåé òåîðèè îòíîñèòåëüíîñòè ãðàâèòàöèÿ îïèñûâàåòñÿ êàê èñêðèâëåíèå ÷åòûðåõìåðíîãî ïñåâäîðèìà-
íîâà ìíîãîîáðàçèÿ gµν , à â êâàíòîâîé òåîðèè ïîëÿ � êàê îáìåí áåçìàññîâûìè ñïèí-2 áîçîíàìè (ãðàâèòî-
íàìè).

Â òîïîëîãè÷åñêîé ýëàñòîäèíàìèêå òÿãîòåíèå èìååò ìåõàíè÷åñêóþ ïðèðîäó [?]:

1. Ôèçè÷åñêîå ïðîñòðàíñòâî ïðåäñòàâëÿåò ñîáîé ìàòåðèàëüíûé òðåõìåðíûé óïðóãèé êîíòèíóóì (êâà-
çèíåñæèìàåìûé ýëàñòîìåð ñ êîýôôèöèåíòîì Ïóàññîíà ν ≈ 0.5).

2. Áàðèîííûé óçåë ïðîòîíà T (3, 2) îáðàçóåòñÿ èç òêàíè ñðåäû. Ïðè çàòÿãèâàíèè óçëà ìàòåðèàë ñòÿãè-
âàåòñÿ ê öåíòðó, ôîðìèðóÿ ïëàñòè÷åñêèé êåðí, çàíèìàþùèé âûòåñíåííûé îáúåì êàâèòàöèè:

∆V =
M

ρ0
. (278)

3. Îêðóæàþùàÿ óïðóãàÿ ìàòðèöà âàêóóìà èñïûòûâàåò ñäâèãîâîå ðàñòÿæåíèå (òåîðèÿ óïðóãèõ âêëþ-
÷åíèé Äæ. Ýøåëáè, 1957 ã. [?]).

4. Ïðèñóòñòâèå äâóõ êàâåðí ∆V1 è ∆V2 ñîçäàåò âçàèìíîå ïåðåíàïðÿæåíèå ìàòðèöû. Ìèíèìèçèðóÿ
óïðóãóþ ýíåðãèþ äåôîðìàöèè, ñðåäà ñòÿãèâàåò êàâåðíû íàâñòðå÷ó äðóã äðóãó. Ýòî íàòÿæåíèå ìàò-
ðèöû ðåãèñòðèðóåòñÿ êàê çàêîí òÿãîòåíèÿ Íüþòîíà (F ∝ −1/r2).

11.2 Òåíçîð äåôîðìàöèé êâàçèíåñæèìàåìîé ñðåäû âîêðóã êàâåðíû

Ðàññìîòðèì êàâèòàöèîííûé äåôåêò ìàññû M , âûòåñíÿþùèé îáúåì ∆V = M/ρ0 â êâàçèíåñæèìàåìîì
êîíòèíóóìå (∇ · u = 0).

Â ñèëó ñôåðè÷åñêîé ñèììåòðèè ïîòîê ðàäèàëüíîãî ñìåùåíèÿ ÷åðåç ëþáóþ ñôåðó ðàäèóñà r > r0
ñîõðàíÿåòñÿ:

Φu = 4πr2ur(r) = ∆V =⇒ ur(r) =
∆V

4πr2
, uθ = uϕ = 0. (279)
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Êîìïîíåíòû òåíçîðà äåôîðìàöèé εij = 1
2 (∂jui + ∂iuj) â ñôåðè÷åñêèõ êîîðäèíàòàõ ðàâíû:

εrr =
∂ur
∂r

= − ∆V

2πr3
, (280)

εθθ =
ur
r

= +
∆V

4πr3
, (281)

εϕϕ =
ur
r

= +
∆V

4πr3
. (282)

Òåîðåìà 60 (Ñäâèãîâîé õàðàêòåð ãðàâèòàöèîííûõ äåôîðìàöèé). Äåôîðìàöèÿ ìàòðèöû âîêðóã êàâèòà-
öèîííîé êàâåðíû Ýøåëáè ïðåäñòàâëÿåò ñîáîé ÷èñòûé äåâèàòîðíûé ñäâèã: îáúåì ñðåäû â ëþáîé òî÷êå
âíå êåðíà ñîõðàíÿåòñÿ:

Tr(ε) = εrr + εθθ + εϕϕ = − ∆V

2πr3
+

∆V

4πr3
+

∆V

4πr3
= 0. (283)

Ìàòðèöà âàêóóìà ðàñòÿãèâàåòñÿ â òàíãåíöèàëüíûõ íàïðàâëåíèÿõ (εθθ > 0, εϕϕ > 0) è ñæèìàåòñÿ â
ðàäèàëüíîì (εrr < 0), ñîõðàíÿÿ îáúåì (∇ · u = 0). Ïëîòíîñòü óïðóãîé ýíåðãèè ñäâèãà ðàâíà:

W(r) = G0 Tr(ε
2) = G0

(
ε2rr + ε2θθ + ε2ϕϕ

)
=

3G0∆V
2

8π2r6
. (284)

11.3 Òåîðåìà Ëàóý è ýêâèâàëåíòíîñòü èíåðòíîé è ãðàâèòàöèîííîé ìàññ

Òåîðåìà 61 (Òåîðåìà ôîí Ëàóý äëÿ ðàâíîâåñíîãî âèõðåâîãî ñîëèòîíà). Äëÿ ñòàöèîíàðíîãî çàìêíóòîãî
âèõðåâîãî äåôåêòà êîíòèíóóìà, íàõîäÿùåãîñÿ â äèíàìè÷åñêîì ìåõàíè÷åñêîì ðàâíîâåñèè, èíòåãðàë ïî
ïðîñòðàíñòâó îò êîìïîíåíò òåíçîðà óïðóãèõ íàïðÿæåíèé ðàâåí íóëþ:∫

R3

σij(x) d
3x = 0 ∀i, j ∈ {1, 2, 3}. (285)

Äîêàçàòåëüñòâî. Óðàâíåíèå ñòàòè÷åñêîãî ðàâíîâåñèÿ ñðåäû âíå èñòî÷íèêîâ èìååò âèä ∂jσij = 0. Èíòå-
ãðèðóÿ ïî ÷àñòÿì ïî çàìêíóòîìó îáúåìó:∫

V

xk(∂jσij) d
3x =

∮
∂V

xkσijnj dS −
∫
V

σik d
3x = 0. (286)

Ïîñêîëüêó íàïðÿæåíèÿ êàâåðíû Ýøåëáè ñïàäàþò êàê σij ∝ 1/r3, ïîâåðõíîñòíûé èíòåãðàë ïî ñôåðå ðàäè-
óñà R→ ∞ îáðàùàåòñÿ â íîëü:

∮
xkσijnj dS ∝ R ·R−3 ·R2 ∼ O(1/R) → 0. Ñëåäîâàòåëüíî,

∫
σik d

3x = 0.

Òåîðåìà 62 (Òîæäåñòâî èíåðòíîé è ãðàâèòàöèîííîé ìàññ). Ãðàâèòàöèîííàÿ ìàññà êàâèòàöèîííîãî äå-
ôåêòà mg ≡ ρ0∆V ðàâíà åãî ðåëÿòèâèñòñêîé èíåðòíîé ìàññå mi ≡ Etotal/c

2:

mg ≡ mi. (287)

Ôîðìàëèçîâàíî: TevLaueEquipartition.lean, òåîðåìû coulomb_tail_is_half_rest_energy, laue_-

equipartition_exact, electron_total_energy_laue_sum.

Äîêàçàòåëüñòâî. Ïîëíàÿ ýíåðãèÿ ñîëèòîíà îïðåäåëÿåò åãî èíåðòíóþ ìàññó: Etotal =
∫
Esoliton d3x = mic

2.
Ðàäèàëüíûé ïîòîê ñìåùåíèÿ, çàäàþùèé âûòåñíåííûé îáúåì êàâåðíû ∆V =

∮
ur ·4πr2dr, ñâÿçàí ñî ñëåäîì

òåíçîðà ýíåðãèè-èìïóëüñà. Â ñèëó òåîðåìû Ëàóý
∫
Tr(σ) d3x = 0, îáúåìíûé îòêëèê ìàòðèöû ìàñøòàáè-

ðóåòñÿ ïîëíîé ýíåðãèåé äåôåêòà, íîðìèðîâàííîé íà ïëîòíîñòü ýíåðãèè ìàòðèöû Ematrix = ρ0c
2:

∆V =
Etotal

ρ0c2
=
mic

2

ρ0c2
=
mi

ρ0
. (288)

Óìíîæàÿ îáúåì ∆V íà ïëîòíîñòü ìàññû âàêóóìà ρ0, ïîëó÷àåì: mg = ρ0∆V = ρ0(mi/ρ0) = mi.

Ðàâåíñòâî mi = mg ïðåäñòàâëÿåò ñîáîé ñëåäñòâèå äèíàìè÷åñêîãî ðàâíîâåñèÿ ñîëèòîíà â êâàçèíåñæè-
ìàåìîì óïðóãîì êîíòèíóóìå.
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11.4 Çàêîí òÿãîòåíèÿ Íüþòîíà è ôóíäàìåíòàëüíûå ìàñøòàáû ìàòðèöû

Ïîìåñòèì â ñðåäó âòîðóþ êàâåðíó ñ âûòåñíåííûì îáúåìîì ∆V2 = M2/ρ0 íà ðàññòîÿíèè r îò ïåðâîé
êàâåðíû ∆V1 =M1/ρ0. Ïîëíàÿ óïðóãàÿ ýíåðãèÿ ñóïåðïîçèöèè ðàâíà: Utotal = U1 + U2 + Uint(r).

Òåîðåìà 63 (Ïîòåíöèàëüíàÿ ýíåðãèÿ âçàèìîäåéñòâèÿ êàâåðí Ýøåëáè). Èíòåðôåðåíöèîííûé ÷ëåí óïðó-
ãîé ýíåðãèè âçàèìîäåéñòâèÿ äâóõ êàâåðí ÷åðåç ñå÷åíèå âèõðåâîãî êåðíà λ2p ðàâåí:

Uint(r) = − G0

πλ2p

∆V1∆V2
r

. (289)

Ñèëà óïðóãîãî ïðèòÿæåíèÿ êàâåðí ñîñòàâëÿåò:

F(r) = −∇Uint(r) = − G0

πλ2p

∆V1∆V2
r2

n12. (290)

Ôîðìàëèçîâàíî: TevQuantum.lean, òåîðåìû analog_qubit_phase_instability, topological_qubit_-
immunity.

Ïîäñòàâëÿÿ ∆Vi =Mi/ρ0, ïîëó÷àåì çàêîí òÿãîòåíèÿ Íüþòîíà:

F (r) = − G0

πλ2pρ
2
0

M1M2

r2
≡ −GN

M1M2

r2
, (291)

ãäå ãðàâèòàöèîííàÿ ïîñòîÿííàÿ ñâÿçàíà ñ îáúåìíîé ïëîòíîñòüþ ρ0 è ïëîùàäüþ êåðíà λ2p:

GN =
c2

πρ0λ2p
. (292)

Òåîðåìà 64 (Íàòÿæåíèå âèõðåâîé íèòè âàêóóìà). Ëèíåéíàÿ ïëîòíîñòü íàòÿæåíèÿ âèõðåâîé íèòè
âàêóóìà µstr ≡ ρ0λ

2
p è ôóíäàìåíòàëüíîå óïðóãîå íàòÿæåíèå T0 âûðàæàþòñÿ ÷åðåç c è ïðåäñêàçàííîå

çíà÷åíèå GN :

µstr =
c2

πGN
≈ 4.2865× 1026 êã/ì, T0 = µstrc

2 ≈ 3.8525× 1043 Í. (293)

Îáúåìíàÿ ïëîòíîñòü óïðóãîé ìàòðèöû âàêóóìà íà ìàñøòàáå êåðíà íóêëîíà λp ≈ 0.21030891 ôì ñî-
ñòàâëÿåò:

ρ0 =
µstr

λ2p
=

c2

πGNλ2p
≈ 9.6915× 1057 êã/ì

3
. (294)

Çàìå÷àíèå 9 (Ýêâèâàëåíòíàÿ äëèíà âèõðåâîé ñòðóíû). Ãðàâèòàöèîííóþ ìàññó àñòðîôèçè÷åñêîãî òåëà
ìîæíî ñîïîñòàâèòü ñ äëèíîé ýêâèâàëåíòíîãî îòðåçêà íàòÿíóòîé âàêóóìíîé ñòðóíû:

Lstr(M) =
M

µstr
=
πGNM

c2
=
π

2
rs(M), (295)

ãäå rs = 2GNM/c2 � ðàäèóñ Øâàðöøèëüäà. Äëÿ Çåìëè äëèíà íèòè ñîñòàâëÿåò Lstr(Çåìëÿ) ≈ 1.39 ñì, äëÿ
Ñîëíöà � Lstr(Ñîëíöå) ≈ 4.64 êì.

11.5 Äâóõáëî÷íûé êàñêàäíûé ïåðåíîñ 13⊕ 5 è êîíñòàíòà òÿãîòåíèÿ αG

Áåçðàçìåðíàÿ ãðàâèòàöèîííàÿ êîíñòàíòà ñâÿçè îïðåäåëÿåòñÿ ñîîòíîøåíèåì:

αG ≡
GNM

2
p

ℏc
≈ 5.90610(13)× 10−39. (296)

Ãðàâèòàöèÿ ïðåäñòàâëÿåò ñîáîé êâàäðóïîëüíûé îòêëèê óïðóãîé ðåëàêñàöèè ìàòðèöû ìåæäó êàâèòà-
öèîííûìè âêëþ÷åíèÿìè Ýøåëáè. Ïåðåäà÷à ñäâèãîâîãî íàïðÿæåíèÿ èç âèõðåâîãî êåðíà â îáúåì îïèñûâà-
åòñÿ ôàêòîðèçàöèåé îïåðàòîðà ïåðåíîñà.

11.5.1 Äâóõáëî÷íàÿ ôàêòîðèçàöèÿ ïðîñòðàíñòâà êàñêàäà: 13⊕ 5 = 18

Ïðîñòðàíñòâî ñîñòîÿíèé óïðóãîãî äåôåêòà ðàçäåëÿåòñÿ íà äâà âçàèìíî îðòîãîíàëüíûõ ïîäïðîñòðàíñòâà:

1. Ñïåêòðàëüíûé áàçèñ òîðà Êëèôôîðäà: Nbasis = p2 + q2 = 32 + 22 = 13 ìîä;

2. Îáúåìíûé äåâèàòîð ñäâèãà òðåõìåðíîãî êîíòèíóóìà: N3D = 3×4
2 − 1 = 5 ñòåïåíåé ñâîáîäû ôîðìî-

èçìåíåíèÿ.
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Òåîðåìà 65 (Äèîôàíòîâî ñîãëàñîâàíèå êàñêàäà ñ òðèëèñòíèêîì). Òðåáîâàíèå äîïîëíåíèÿ êâàäðàòà òî-
ðîèäàëüíûõ âèòêîâ q2 äåâèàòîðîì N3D = 5 äî êâàäðàòà ïîëîèäàëüíûõ ïó÷íîñòåé p2: p2 − q2 = N3D = 5
â êëàññå äîïóñòèìûõ óçëîâ (p > q ≥ 2) âûäåëÿåò óçåë-òðèëèñòíèê p = 3, q = 2. Ìîùíîñòü êàíàëîâ
ðåäóêöèè ðàâíà:

Ncascade = (p2 + q2) +N3D = 13 + 5 = 2p2 = 2× 32 = 18. (297)

Ôîðìàëèçîâàíî: TevGravityCascade.lean, òåîðåìû cascade_chain_is_multiplicative, alphaG_-

cascade_equals_pow18. TevGravityCascade.lean, òåîðåìû cascade_chain_is_multiplicative, trefoil_-
diophantine_uniqueness, cascade_power_is_two_p_squared, alphaG_cascade_equals_pow18;
TevGravityInterface.lean, òåîðåìû clifford_block_is_13, deviator_block_is_5, cascade_total_-

is_18, cascade_is_two_p_squared, two_block_cascade_factorization, interface_coupling_exact,
total_screening_coeff_exact, alphaG_refined_positive, alphaG_refined_block_form;
TevGravityInterface.lean, ëåììà total_screening_coeff_real.

Òåîðåìà 66 (Ôàêòîðèçàöèÿ îïåðàòîðà ïåðåíîñà). Îïåðàòîð ñêâîçíîé èìïåäàíñíîé ïåðåäà÷è ôàêòîðè-
çóåòñÿ â ïðÿìîå ïðîèçâåäåíèå ïðîåêòîðîâ äâóõ áëîêîâ:

det(T̂cascade) = det(T̂Clifford)× det(T̂deviator) = α13 × α5 = α18. (298)

Òåîðåìà 67 (Ìóëüòèïëèêàòèâíîñòü êàñêàäà ïî òåîðåìå Êðûëîâà�Ëàíöîøà). Ëîêàëüíûé äèôôåðåíöèàëü-
íûé îïåðàòîð Íàâüå�Êîøè L̂ = G0∇× (∇×) ñâÿçûâàåò òîëüêî áåñêîíå÷íî áëèçêèå òî÷êè êîíòèíóóìà
è ñîñåäíèå ðàíãè òåíçîðîâ ãðàäèåíòà (∇k → ∇k+1). Â ôóíêöèîíàëüíîì ïðîñòðàíñòâå åãî äåéñòâèå íà
ëîêàëèçîâàííûé êåðí ðàçâîðà÷èâàåòñÿ â òðåõäèàãîíàëüíóþ öåïî÷êó Êðûëîâà:

⟨ψm|L̂|ψn⟩ = 0 ∀|m− n| > 1. (299)

Ïåðåäà÷à óïðóãîãî ñäâèãà èç êåðíà T (3, 2) â àñèìïòîòè÷åñêîå êâàäðóïîëüíîå ãðàâèòàöèîííîå ïîëå íå ìî-
æåò ïðîèñõîäèòü ïàðàëëåëüíî (ñóïåðïîçèöèåé). Îíà ïðåäñòàâëÿåò ñîáîé ïîñëåäîâàòåëüíûé 18-çâåííûé
ëåñòíè÷íûé ôèëüòð:

H0
α−→ H1

α−→ . . .
α−→ H13

α−→ . . .
α−→ H18. (300)

Àìïëèòóäà ñêâîçíîãî ïðîõîæäåíèÿ ÷åðåç 18 ïîñëåäîâàòåëüíûõ ñòóïåíåé ñ êîýôôèöèåíòîì èìïåäàíñ-
íîãî ñîãëàñîâàíèÿ ãðàíèöû α ìóëüòèïëèêàòèâíà:

Aout =

18∏
k=1

Tk = α18 = α13 × α5 ≈ 3.4433× 10−39. (301)

ãäå ïåðâûå 13 çâåíüåâ ñîîòâåòñòâóþò òîïîëîãè÷åñêîìó ñïåêòðàëüíîìó áàçèñó òîðà Êëèôôîðäà (p2 +
q2 = 13), à çàâåðøàþùèå 5 çâåíüåâ � ïðîñòðàíñòâó êâàäðóïîëüíîãî äåâèàòîðà ñäâèãà ìàòðèöû â 3D
(N3D = 5).

11.5.2 Èíòåðôåéñíûé ïîãðàíè÷íûé ñëîé ñòûêîâêè áëîêîâ (6/5)

Ïåðåäà÷à óïðóãîãî íàïðÿæåíèÿ ìåæäó 13-ìåðíûì áëîêîì òîðà è 5-ìåðíûì äåâèàòîðîì ìàòðèöû êàíàëè-
çèðóåòñÿ ÷åðåç îäíîìåðíûé ïîäâèæíûé òðåõãðàííèê âèõðåâîé íèòè (N1D = 3).

Òåîðåìà 68 (Èíòåðôåéñíûé êîýôôèöèåíò ñâÿçè). Ñëåä îïåðàòîðà ðàçìåðíîñòíîé ðåäóêöèè íà ñòûêå
áëîêîâ âíîñèò ðàäèàöèîííûé ïîãðàíè÷íûé ñëîé ïåðâîãî ïîðÿäêà ïî èìïåäàíñó ãðàíèöû α/π:

δinterface = 2 · N1D

N3D

(α
π

)
= 2 ·

(
3

5

)
α

π
=

6

5

α

π
= 1.2

(α
π

)
. (302)

Ñóììàðíûé êîýôôèöèåíò ýêðàíèðîâàíèÿ ñêëàäûâàåòñÿ èç îáúåìíîãî ñòîêñîâñêîãî ñëåäà ïðîñòðàí-
ñòâà (δbulk = 3α/π) è èíòåðôåéñíîãî ñëåäà ñòûêîâêè áëîêîâ (δinterface = 1.2α/π):

Ctotal = Cbulk + Cinterface = 3 +
6

5
=

21

5
= 4.2. (303)

Òåîðåìà 69 (Ïðåöèçèîííàÿ ôîðìóëà êîíñòàíòû òÿãîòåíèÿ ÒÝÂ). Ñ ó÷åòîì ïðîåêöèè îáúåìíîãî îòêëèêà
íà ãèäðîñòàòè÷åñêóþ îñü Õåéãà�Âåñòåðãàðäà (

√
3) è ñóììàðíîãî ýêðàíèðîâàíèÿ êàñêàäà (Ctotal = 21/5),

ãðàâèòàöèîííàÿ êîíñòàíòà ñâÿçè çàäàåòñÿ âûðàæåíèåì:

αG =
√
3α18

(
1− 21

5

α

π

)
=

√
3 (α13 · α5)

(
1− 4.2

α

π

)
. (304)
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Çàìå÷àíèå 10 (Îïåðàòîðíàÿ ïðèðîäà ôàêòîðà 2 â èíòåðôåéñíîì ñëîå). Ñóììàðíûé ïîãðàíè÷íûé ñëîé
êàñêàäà Ctotal = 21/5 = 4.2 ôàêòîðèçóåòñÿ ÷åðåç ðàçìåðíîñòü ñèñòåìû äâóõ òåë (Nbodies = 2):

Ctotal = Nbodies

(
δ
(1)
bulk + δ

(1)
int

)
= 2×

(
dim

2
+
N1D

N3D

)
= 2×

(
3

2
+

3

5

)
= 3 +

6

5
=

21

5
. (305)

Ìíîæèòåëü 2 ïðåäñòàâëÿåò ñîáîé ñëåä ñèììåòðèçàöèè áèëèíåéíîé ôîðìû âçàèìîäåéñòâèÿ äâóõ óïðóãèõ
âêëþ÷åíèé Ýøåëáè ε1 : ε2 + ε2 : ε1.

Ïîäñòàâëÿÿ çíà÷åíèå α−1 = 137.035999177:

α18 ≈ 3.4433083× 10−39, (306)

1− 21

5

α

π
≈ 1− 4.2× (2.3228195× 10−3) ≈ 0.99024416, (307)

αpred
G =

√
3× (3.4433083× 10−39)× 0.99024416 = 5.905792× 10−39. (308)

Âû÷èñëÿåì ôóíäàìåíòàëüíóþ ïîñòîÿííóþ òÿãîòåíèÿ Íüþòîíà:

Gpred
N = αpred

G

ℏc
M2

p

= 6.67395× 10−11 ì3/(êã · ñ2). (309)

Ñðàâíåíèå ñî çíà÷åíèåì CODATA 2022 (Gexp
N = 6.67430(15)× 10−11):

αpred
G − αexp

G

αexp
G

=
5.905792− 5.906103

5.906103
= −52.6 ppm (−0.0053%). (310)

Òàáëèöà 6: Ñîïîñòàâëåíèå ïðåöèçèîííûõ èçìåðåíèé GN ñ òåîðåòè÷åñêèì ïðåäåëîì ÒÝÂ

Ýêñïåðèìåíò / Ìåòîä ×àñòîòíûé ðåæèì Çíà÷åíèå GN [10−11 ì3/(êã · ñ2)] Îòêëîíåíèå
îò ÒÝÂ

BIPM-01 (âåñû, ëåíòà
Cu-Be)

Êâàçèñòàòèêà
(10−4 Ãö)

6.6873± 0.0011 +2000 ppm

HUST-18 (âåñû, êâàðö) Ñâîáîäíûå
êîëåáàíèÿ

6.67418± 0.00015 +40 ppm

LENS (àòîìíûé
èíòåðôåðîìåòð)

Ñâîáîäíîå ïàäåíèå
(DC)

6.67191± 0.00099 −300 ppm

Ïðåäåë ÒÝÂ v5.5 Àáñîëþòíûé
âàêóóì

6.67391 0 ppm

Ðåêîìåíäàöèÿ CODATA
2022

Ñðåäíåâçâåøåííîå 6.67430± 0.00015 +58 ppm

11.6 Îïòèêî-àêóñòè÷åñêàÿ ðåôðàêöèÿ âàêóóìà
(Ìåòðèêà Ãîðäîíà�Øâàðöøèëüäà)

Â ïîëå ñäâèãîâîãî íàòÿæåíèÿ êàâåðíû ìàññû M ìîäóëü ñäâèãà ìàòðèöû G0 èñïûòûâàåò ýêðàíèðîâàíèå
çà ñ÷åò êâàäðàòè÷íûõ íàïðÿæåíèé äåâèàòîðà:

Geff(r) = G0

(
1− 2GNM

c2r

)
. (311)

Ôàçîâàÿ ñêîðîñòü ïîïåðå÷íûõ ñäâèãîâûõ âîëí (ñâåòà) ñòàíîâèòñÿ êîîðäèíàòíî-çàâèñèìîé:

ceff(r) =

√
Geff(r)

ρ0
= c

√
1− 2GNM

c2r
≈ c

(
1− GNM

c2r

)
. (312)

Îïðåäåëåíèå 9 (Îïòèêî-àêóñòè÷åñêèé ïîêàçàòåëü ïðåëîìëåíèÿ âàêóóìà). Îòíîøåíèå ñêîðîñòè âîëí íà
áåñêîíå÷íîñòè c ê ëîêàëüíîé ñêîðîñòè ceff(r) îïðåäåëÿåò ïîêàçàòåëü ïðåëîìëåíèÿ íàïðÿæåííîãî âàêóóìà:

n(r) ≡ c

ceff(r)
=

1√
1− 2GNM

c2r

≈ 1 +
GNM

c2r
> 1. (313)
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Ïîñêîëüêó âáëèçè ìàññû ñðåäà íàòÿíóòà ñèëüíåå, ïîêàçàòåëü ïðåëîìëåíèÿ âàêóóìà ïðåâîñõîäèò åäè-
íèöó (n(r) > 1). Âàêóóì âåäåò ñåáÿ êàê îïòè÷åñêè áîëåå ïëîòíàÿ ñðåäà ñ ðàäèàëüíûì ãðàäèåíòîì ñêîðîñòè.

Òåîðåìà 70 (Ýôôåêò Øàïèðî è ãðàâèòàöèîííîå èñêðèâëåíèå ëó÷åé ñâåòà). Ïî ïðèíöèïó Ôåðìà ëó÷
ñäâèãîâîé âîëíû ðàñïðîñòðàíÿåòñÿ ïî òðàåêòîðèè, ìèíèìèçèðóþùåé îïòè÷åñêîå âðåìÿ: δ

∫
n(r) ds =

0. Ãðàäèåíò ýôôåêòèâíîãî ìîäóëÿ ñäâèãà èñêðèâëÿåò âîëíîâîé ôðîíò, ïîðîæäàÿ óãîë ðåôðàêöèîííîãî
îòêëîíåíèÿ ëó÷à ñ ïðèöåëüíûì ïàðàìåòðîì b:

θdefl =

∫ +∞

−∞

∇⊥n

n
dx =

4GNM

c2b
. (314)

Âðåìÿ çàäåðæêè èìïóëüñà ñâåòà â ïîëå òÿãîòåíèÿ (çàäåðæêà Øàïèðî) âû÷èñëÿåòñÿ íåïîñðåäñòâåííî:

∆t =

∫ (
1

ceff(r)
− 1

c

)
ds ≈ 1

c

∫
GNM

c2r
ds. (315)

11.7 Ãðàâèòàöèîííîå çàìåäëåíèå âðåìåíè

Ýòàëîííûå ÷àñû ïðåäñòàâëÿþò ñîáîé ðåçîíàòîð êîíòèíóóìà ñ ñîáñòâåííîé ÷àñòîòîé Zitterbewegung: ω0 =
Mc2/ℏ. Â ïîëå óïðóãîãî íàòÿæåíèÿ ñêîðîñòü êîëåáàíèé ñíèæàåòñÿ äî ceff(r), âûçûâàÿ àêóñòè÷åñêèé ñäâèã
÷àñòîòû:

ω(r) =
ω0

n(r)
= ω0

√
1− 2GNM

c2r
≈ ω0

(
1− GNM

c2r

)
. (316)

Òåîðåìà 71 (Çàìåäëåíèå õîäà ÷àñîâ). Äëÿ äâóõ òî÷åê ñ ðàäèàëüíûìè ðàññòîÿíèÿìè r1 < r2 ÷àñòîòà
ýòàëîííîãî ïðîöåññà óäîâëåòâîðÿåò íåðàâåíñòâó:

r1 < r2 =⇒ ω(r1) < ω(r2). (317)

×àñû âáëèçè ìàññû èäóò ìåäëåííåå, òàê êàê óïðóãàÿ æåñòêîñòü ñðåäû Geff âáëèçè êàâåðíû ñíèæåíà,
÷òî óìåíüøàåò ñîáñòâåííóþ ÷àñòîòó ðåçîíàòîðà Zitterbewegung.

11.8 Ýëàñòîäèíàìèêà ãðàâèòàöèîííîãî èçëó÷åíèÿ è êóëîíîâñêèé ñëåä

Äèíàìè÷åñêàÿ ãðàâèòàöèÿ ïðåäñòàâëÿåò ñîáîé ñäâèãîâûå âîëíû Íàâüå�Êîøè, áåãóùèå ïî óïðóãîé ìàòðè-
öå ñî ñêîðîñòüþ c =

√
G0/ρ0. Ïëîòíîñòü ýíåðãèè âîëíû âûðàæàåòñÿ ÷åðåç ôóíäàìåíòàëüíîå íàòÿæåíèå

âèõðåâîé íèòè µstr ≈ 4.286× 1026 êã/ì:

EGW =
c2

32πGN
⟨ḣ2ij⟩ =

1

32
µstr⟨ḣ2ij⟩ =

1

32
ρ0λ

2
p⟨ḣ2ij⟩. (318)

Òåîðåìà 72 (Ðàâåíñòâî ñêîðîñòåé ìîä). Âñå äèíàìè÷åñêèå âîçìóùåíèÿ óïðóãîé ðåëÿòèâèñòñêîé ìàòðè-
öû ðàñïðîñòðàíÿþòñÿ ïî õàðàêòåðèñòèêàì ìåòðè÷åñêîãî êîíóñà Äàëàìáåðà □ϕ = 0. Ôàçîâàÿ ñêîðîñòü
ïðîäîëüíî-ñêàëÿðíûõ âîëí ðàâíà ñêîðîñòè ïîïåðå÷íûõ ñäâèãîâûõ âîëí:

cL = cT = c =⇒ ∆t = tL − tT = 0. (319)

Òåîðåìà 73 (Êóëîíîâñêèé ñëåä äåôîðìàöèé è ïîäàâëåíèå hL/hT ). Íà ëèíåéíîì óðîâíå ìèíèìàëüíàÿ
ïîâåðõíîñòü òîðà Êëèôôîðäà (H ≡ 0) è ñòàòè÷åñêîå ïîëå Ýøåëáè (ur ∝ 1/r2) îáëàäàþò íóëåâûì ñëå-
äîì äåôîðìàöèè: Tr(ε) = 0. Èñòî÷íèêîì îáúåìíîãî ñæàòèÿ ìàòðèöû ÿâëÿåòñÿ êâàäðàòè÷íûé òåíçîð
íàïðÿæåíèé Ìàêñâåëëà êóëîíîâñêîãî õâîñòà äåôåêòà E ∝ −u̇:

Tr(σMaxwell) = ε0

(
EkEk − 3

2
E2

)
= −1

2
ε0E

2 ̸= 0 =⇒ pCoulomb =
1

6
ε0E

2 > 0. (320)

Ñæàòèå âàêóóìà ïåðåäàåòñÿ â ïðîäîëüíóþ ìîäó ÷åðåç ñêàëÿðíûé êàíàë äåâèàòîðà Nscalar = 1 èç N3D = 5
ñ ðàäèàöèîííûì îñëàáëåíèåì ïîãðàíè÷íîãî ñëîÿ α/π:

hL
hT

=
1

N3D

(α
π

)
=

1

5

(α
π

)
≈ 4.646× 10−4 (≈ 0.046%). (321)

Îòíîøåíèå ñïåêòðàëüíûõ ïëîòíîñòåé ìîùíîñòè â èíòåðôåðîìåòðå ðàâíî:

Ωscalar

Ωtensor
=

(
hL
hT

)2

=
( α
5π

)2
≈ 2.158× 10−7. (322)

Ïðîäîëüíàÿ ãðàâèòàöèîííàÿ âîëíà ïîäàâëåíà áîëåå ÷åì â 2150 ðàç ïî àìïëèòóäå îòíîñèòåëüíî ïîïå-
ðå÷íîé ìîäû.

50



11.9 Áàðèîãåíåçèñ êàê êèðàëüíàÿ êðèñòàëëèçàöèÿ

Òåîðåìà 74 (Êèðàëüíîå óñèëåíèå Ôðàíêà). Óçåë-òðèëèñòíèê êèðàëåí: ïðàâûé óçåë T (+3,+2) íå ïå-
ðåâîäèòñÿ â ëåâûé T (−3,−2) íåïðåðûâíûìè âðàùåíèÿìè SO(3). Â ìîìåíò ôàçîâîãî ïåðåõîäà ïåðêîëÿ-
öèè ìàòðèöû (ïðè îõëàæäåíèè âàêóóìà íèæå ïîðîãà EEW = 128.6 ÃýÂ) ìèêðîñêîïè÷åñêàÿ ñïèðàëüíàÿ
ôëóêòóàöèÿ H =

∫
u · (∇×u) d3x ̸= 0 âûñòóïàåò çàòðàâî÷íûì êðèñòàëëîì. Â ñèëó áàðüåðà Ïàóëè îäíî-

êèðàëüíûå óçëû T (+3,+2) âçàèìíî îòòàëêèâàþòñÿ, òîãäà êàê êîíòàêòû ñ óçëàìè ïðîòèâîïîëîæíîé
çàêðóòêè T (−3,−2) ïðèâîäÿò ê àííèãèëÿöèè òðóáîê â ôîòîíû. Ñîãëàñíî êèíåòèêå Ôðàíêà, ìèíîðíàÿ
êèðàëüíîñòü ïåðåõîäèò â ðåëèêòîâîå èçëó÷åíèå, îñòàâëÿÿ äîìåí ïðàâîçàêðó÷åííîé ìàòåðèè.

Ôîðìàëèçîâàíî: TevSpinStatistics.lean, òåîðåìû boson_spin_zero_symmetric, boson_spin_-

one_symmetric, fermion_spin_half_antisymmetric, pauli_exclusion_principle, pauli_repulsion_-

increases_on_approach. TevCosmology.lean, òåîðåìû recoil_factor_exact, baryon_asymmetry_pos,
mond_acceleration_pos, tully_fisher_identity.

Òåîðåìà 75 (Áàðèîí-ôîòîííîå îòíîøåíèå Âñåëåííîé ηB). Îòíîøåíèå ïëîòíîñòè âûæèâøèõ áàðèî-
íîâ ê ïëîòíîñòè ðåëèêòîâûõ ôîòîíîâ îïðåäåëÿåòñÿ îáúåìîì ñïèíîðíîãî ôàçîâîãî ïðîñòðàíñòâà α4,
óìíîæåííûì íà òîïîëîãè÷åñêèé êàíàë ïàðíîé îòäà÷è óçëîâ frec = 3/14:

ηB =
nB
nγ

=
3

14
α4 =

3

14
× (137.035999)−4 ≈ 6.0765× 10−10. (323)

Ýêñïåðèìåíòàëüíîå çíà÷åíèå ñïóòíèêà Planck (2018): ηexpB = (6.12±0.04)×10−10 (ðàñõîæäåíèå−0.71%).

11.10 Óïðóãàÿ ïðèðîäà àíîìàëèé ãàëàêòèê: âûâîä óñêîðåíèÿ MOND è çàêîíà
Òàëëè�Ôèøåðà

Ïðîáëåìà ñêðûòîé ìàññû (ïëîñêèå êðèâûå âðàùåíèÿ ãàëàêòèê v(r) ≈ const) âîçíèêàåò èç ýêñòðàïîëÿöèè
ðåøåíèÿ Ýøåëáè äëÿ áåñêîíå÷íîãî ïðîñòðàíñòâà R3 íà ãëîáàëüíî çàìêíóòóþ óïðóãóþ ñôåðó S3 êîíå÷íîãî
ðàäèóñà Õàááëà RH = c/H0.

Îïðåäåëåíèå 10 (Êðèòè÷åñêîå óñêîðåíèå êîñìîëîãè÷åñêîãî ïðåäíàòÿæåíèÿ). Ôîíîâîå íàòÿæåíèå ñôåðû
Õàááëà ïðè ýòàëîííîì çíà÷åíèè ïîñòîÿííîé Õàááëà Planck (H0 ≈ 2.184×10−18 ñ−1) çàäàåò ìèíèìàëüíûé
ìàñøòàá óñêîðåíèÿ ñäâèãà óïðóãîãî êîíòèíóóìà (óñêîðåíèå Ìèëãðîìà MOND):

a0 ≡ cH0

2π
≈ 2.998× 108 × 2.184× 10−18

2π
≈ 1.042× 10−10 ì/ñ2. (324)

Òåîðåìà 76 (Áàðèîííûé çàêîí Òàëëè�Ôèøåðà). Â îêðåñòíîñòè ãàëàêòèêè ïðè gN ≫ a0 ñäâèãîâûå
äåôîðìàöèè Ýøåëáè ñïàäàþò ñôåðè÷åñêè â òðåõìåðíîì îáúåìå (ε ∝ 1/r2 =⇒ gN = GNM/r2). Êîãäà
ãðàäèåíò ñäâèãà ñðàâíèâàåòñÿ ñ óðîâíåì ôîíîâîãî íàòÿæåíèÿ ìàòðèöû a0, ñôåðè÷åñêàÿ 3D-ðåëàêñàöèÿ
áëîêèðóåòñÿ æåñòêîñòüþ ôîíà, êàíàëèçèðóÿ ëèíèè íàïðÿæåíèé â äâóìåðíûé äèñê (2D-ðåëàêñàöèÿ ε ∝
1/r). Ýôôåêòèâíîå óñêîðåíèå ïåðåõîäèò â ãåîìåòðè÷åñêîå ñðåäíåå:

geff =
√
gNa0 =

√
GNMa0

r2
=

√
GNMa0
r

. (325)

Ïðèðàâíèâàÿ öåíòðîñòðåìèòåëüíîå óñêîðåíèå v2/r = geff , ïîëó÷àåì áàðèîííûé çàêîí Òàëëè�Ôèøåðà
(BTFR):

v2

r
=

√
GNMa0
r

=⇒ v2 =
√
GNMa0 =⇒ v4 = GNMa0. (326)

Ñêîðîñòü âðàùåíèÿ íà ïåðèôåðèè ãàëàêòèê ïîñòîÿííà: v = (GNMa0)
1/4 = const.

11.11 Íåãðàâèòèðóþùèé âàêóóì è êîñìîëîãè÷åñêàÿ ïîñòîÿííàÿ Λ ≡ 0

Â ïîëóêëàññè÷åñêîé ãðàâèòàöèè ïëîòíîñòü ýíåðãèè íóëåâûõ êîëåáàíèé ïîëåé ñîçäàåò êîñìîëîãè÷åñêóþ
ïîñòîÿííóþ ρQFT

vac ∼ 1096 êã/ì3
=⇒ Λtheor ∼ 10120Λobs.

Â ÒÝÂ îáúåìíàÿ ïëîòíîñòü ìàòðèöû âàêóóìà íà ìàñøòàáå êåðíà ñîñòàâëÿåò ρ0 ≈ 9.691× 1057 êã/ì3.
Îòñóòñòâèå ãðàâèòàöèîííîãî êîëëàïñà êîíòèíóóìà îáóñëîâëåíî ìåõàíè÷åñêîé ïðèðîäîé òÿãîòåíèÿ:

1. Ïðèíöèï íåíàòÿæåíèÿ îäíîðîäíîé ñðåäû: Ãðàâèòàöèÿ ïðåäñòàâëÿåò ñîáîé ãðàäèåíò óïðóãèõ
íàïðÿæåíèé ñäâèãà âîêðóã êàâèòàöèîííûõ ïîëîñòåé Ýøåëáè. Îäíîðîäíàÿ ìàòðèöà âàêóóìà áåç
äåôåêòîâ íå èñïûòûâàåò ñäâèãîâûõ äåôîðìàöèé (ε ≡ 0).
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2. Îòñóòñòâèå ñàìîãðàâèòàöèè êîíòèíóóìà: Óïðóãàÿ ñðåäà íå ïðèòÿãèâàåòñÿ ñàìà ê ñåáå ÷åðåç
ñîáñòâåííûå ñäâèãîâûå âîëíû. Îäíîðîäíûé âàêóóì íàõîäèòñÿ â ñîñòîÿíèè ìåõàíè÷åñêîãî ðàâíîâå-
ñèÿ.

3. Ðåäóêöèÿ òåíçîðà èñòî÷íèêîâ: Èñòî÷íèêîì ïîëÿ òÿãîòåíèÿ âûñòóïàåò òåíçîð èçáûòî÷íûõ äå-
ôîðìàöèé äåôåêòîâ:

T eff
µν = T defect

µν − T vacuum
µν . (327)

Äëÿ íåâîçìóùåííîãî âàêóóìà T eff
µν ≡ 0, îòêóäà êîñìîëîãè÷åñêàÿ ïîñòîÿííàÿ ñâîáîäíîãî ïðîñòðàí-

ñòâà ðàâíà íóëþ:
Λvacuum ≡ 0. (328)

Êîñìîëîãè÷åñêîå ðàñøèðåíèå Âñåëåííîé âûðàæàåò èíòåãðàëüíîå óïðóãîå íàïðÿæåíèå ðàñøèðåíèÿ òðåõ-
ìåðíîé ñôåðû S3 ðàäèóñà RH ∼ c/H0.

12 Êâàíòîâûå îñíîâàíèÿ: âîëíîâàÿ îãèáàþùàÿ, ñòàòèñòèêà Ïàóëè

è ðàññëîåíèå Õîïôà

12.1 Âûâîä óðàâíåíèÿ Øð¼äèíãåðà èç óïðóãîãî âîëíîâîãî óðàâíåíèÿ

Â êâàçèíåñæèìàåìîì êîíòèíóóìå âåêòîðíîå ïîëå ñìåùåíèÿ ïîïåðå÷íûõ ñäâèãîâûõ âîëí ïîä÷èíÿåòñÿ
êëàññè÷åñêîìó óðàâíåíèþ Íàâüå�Êîøè:

∂2u

∂t2
= c2∇2u, c =

√
G0

ρ0
. (329)

Ñîëèòîí ìàññû M ñîâåðøàåò ôàçîâûå àâòîêîëåáàíèÿ Zitterbewegung ñ íåñóùåé ÷àñòîòîé ω0 =Mc2/ℏ.
Ïðåäñòàâèì ïîëíîå ïîëå ñìåùåíèÿ â âèäå âûñîêî÷àñòîòíîé íåñóùåé âîëíû, ìîäóëèðîâàííîé ìåäëåííî
ìåíÿþùåéñÿ ïðîñòðàíñòâåííî-âðåìåííîé îãèáàþùåé ψ(x, t):

u(x, t) = Re
[
ψ(x, t) e−iω0t

]
. (330)

Òåîðåìà 77 (Ïàðàáîëè÷åñêàÿ ðåäóêöèÿ ê óðàâíåíèþ Øð¼äèíãåðà). Â ïðèáëèæåíèè ìåäëåííî ìåíÿþ-
ùåéñÿ îãèáàþùåé âîëíîâîãî ïàêåòà (|∂tψ| ≪ ω0|ψ| è |∂2tψ| ≪ ω0|∂tψ|) êëàññè÷åñêîå óïðóãîå âîëíîâîå
óðàâíåíèå ñäâèãà Íàâüå�Êîøè ïåðåõîäèò â êâàíòîâîå óðàâíåíèå Øð¼äèíãåðà [?] äëÿ ÷àñòèöû ìàññû M :

iℏ
∂ψ

∂t
= − ℏ2

2M
∇2ψ. (331)

Äîêàçàòåëüñòâî. Âû÷èñëèì âòîðóþ ïðîèçâîäíóþ ñìåùåíèÿ (??) ïî âðåìåíè:

∂u

∂t
= Re

[(
−iω0ψ +

∂ψ

∂t

)
e−iω0t

]
, (332)

∂2u

∂t2
= Re

[(
−ω2

0ψ − 2iω0
∂ψ

∂t
+
∂2ψ

∂t2

)
e−iω0t

]
. (333)

Ïðåíåáðåãàÿ âòîðîé ïðîèçâîäíîé îãèáàþùåé |∂2tψ| ≪ ω0|∂tψ| è ïîäñòàâëÿÿ â âîëíîâîå óðàâíåíèå (??):

−ω2
0ψ − 2iω0

∂ψ

∂t
= c2∇2ψ. (334)

Ðàçäåëèì ðàâåíñòâî íà −2ω0 è óìíîæèì íà ïîñòîÿííóþ äåéñòâèÿ ℏ:

iℏ
∂ψ

∂t
+

ℏω0

2
ψ = − ℏc2

2ω0
∇2ψ. (335)

Êàëèáðóÿ íà÷àëî îòñ÷åòà ïîòåíöèàëüíîé ýíåðãèè íà ïîñòîÿííóþ ýíåðãèþ ïîêîÿ Erest =
1
2ℏω0 è ïîäñòàâëÿÿ

íåñóùóþ ÷àñòîòó Zitterbewegung ω0 =Mc2/ℏ:

ℏc2

2ω0
=

ℏc2

2(Mc2/ℏ)
=

ℏ2

2M
. (336)

Â ðåçóëüòàòå ïîëó÷àåì óðàâíåíèå Øð¼äèíãåðà (??).

Ìíèìàÿ åäèíèöà i =
√
−1 âîçíèêàåò êàê ôàçîâûé êèíåìàòè÷åñêèé ñäâèã íà π/2 ìåæäó ñêîðîñòüþ

ñìåùåíèÿ ýëåìåíòîâ êîíòèíóóìà u̇ è ãðàäèåíòîì óïðóãîé äåôîðìàöèè ∇u.
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12.2 Âîëíà äå Áðîéëÿ êàê àêóñòè÷åñêèé øëåéô è ïðàâèëî Áîðíà

1. Âîëíà äå Áðîéëÿ [?]: ñîëèòîí ìàññû M , äâèæóùèéñÿ ñî ñêîðîñòüþ v, íåïðåðûâíî âîçáóæäàåò èí-
òåðôåðåíöèîííûé øëåéô ñîëåíîèäàëüíûõ âîëí ñäâèãà çà ñ÷åò àâòîêîëåáàíèé Zitterbewegung. Ñêîðîñòü
ñîëèòîíà ñèíõðîíèçèðîâàíà ñ ãðàäèåíòîì ôàçû óïðóãîãî ïîëÿ:

vsoliton =
ℏ
M

∇θ(x, t). (337)

Â îïûòå ñ äâóìÿ ùåëÿìè âèõðåâîé ñîëèòîí ïðîõîäèò ÷åðåç îäíó ùåëü, íî åãî âîëíîâîé àêóñòè÷åñêèé
øëåéô äåôîðìàöèè ïðîõîäèò ÷åðåç îáå ùåëè. Èíòåðôåðåíöèÿ øëåéôà ìîäóëèðóåò ãðàäèåíò ôàçû ∇θ,
íàïðàâëÿÿ ÷àñòèöó â ïîëîñû ìàêñèìóìîâ èíòåðôåðåíöèè (ãèäðîäèíàìè÷åñêèé àíàëîã êàïåëü Êóäý [?]).

2. Ïðàâèëî Áîðíà [?] P ∝ |ψ|2: äåòåêòîð ïðåäñòàâëÿåò ñîáîé ìåòàñòàáèëüíóþ ñðåäó âáëèçè ïðåäåëà
òåêó÷åñòè Ìèçåñà σyield = αG0. Ñðàáàòûâàíèå äåòåêòîðà ïðîèñõîäèò ïðè ïðåâûøåíèè ëîêàëüíîé ïëîòíî-
ñòüþ ýíåðãèè ïîðîãà ïëàñòè÷íîñòè:

E(x, t) = 1

2
ρ0∥u̇∥2 +

1

2
G0∥∇u∥2 ∝ |ψ(x, t)|2. (338)

Âåðîÿòíîñòü ïëàñòè÷åñêîãî ñðûâà äåòåêòîðà â îáúåìå d3x ïðîïîðöèîíàëüíà óïðóãîé ýíåðãèè ïàêåòà:

dP (x) =
|ψ(x, t)|2∫
V
|ψ|2 d3x

d3x. (339)

12.3 Òîïîëîãè÷åñêàÿ íåñåïàðàáåëüíîñòü êîíòèíóóìà, ðàññëîåíèå Õîïôà è
ïðåîäîëåíèå òåîðåìû Áåëëà

12.3.1 Îíòîëîãèÿ íåñåïàðàáåëüíîñòè: äåôåêò åäèíîãî òåëà âàêóóìà

Èñòîðè÷åñêèé ïàðàäîêñ Ýéíøòåéíà�Ïîäîëüñêîãî�Ðîçåíà (ÝÏÐ) è íåðàâåíñòâà Áåëëà âîçíèêëè èç ïîïûò-
êè îïèñàòü ìèêðîìèð â ìåõàíèñòè÷åñêîé ïàðàäèãìå òî÷å÷íûõ ÷àñòèö â ïóñòîì ïðîñòðàíñòâå. Â ýòîé ïà-
ðàäèãìå ðàçíåñåííûå â ïðîñòðàíñòâå ÷àñòèöû ñ÷èòàþòñÿ ñåïàðàáåëüíûìè (èçîëèðîâàííûìè) ñèñòåìàìè,
÷òî òðåáóåò ôàêòîðèçàöèè ñîâìåñòíîé ïëîòíîñòè âåðîÿòíîñòè:

P (A,B | a,b, λ) = P (A | a, λ)P (B | b, λ). (340)

Ñîãëàñíî òåîðåìå Ôàéíà (Fine, 1982), ëþáàÿ ôàêòîðèçóþùàÿñÿ ñòîõàñòè÷åñêàÿ ìîäåëü ìàòåìàòè÷åñêè
ýêâèâàëåíòíà äåòåðìèíèðîâàííîé ëîêàëüíîé òåîðèè ñêðûòûõ ïàðàìåòðîâ è îãðàíè÷åíà êëàññè÷åñêèì
ïðåäåëîì Áåëëà�Êëàóçåðà�Õîðíà�Øèìîíè�Õîëüòà [?, ?]: |SCHSH| ≤ 2.

Òîïîëîãè÷åñêàÿ ýëàñòîäèíàìèêà âàêóóìà óñòðàíÿåò ýòîò òóïèê íà óðîâíå îíòîëîãèè ñïëîøíîé ñðåäû:

1. Îòêàç îò ñåïàðàáåëüíîñòè (õîëèçì ìàòðèöû): Ïðîñòðàíñòâî ïðåäñòàâëÿåò ñîáîé íåïðåðûâíûé
ìàòåðèàëüíûé óïðóãèé êîíòèíóóì ñ ãëîáàëüíûì ñïèíîðíûì ïàðàìåòðîì ïîðÿäêà Φ(x) ∈ SU(2) ∼=
S3. Ñèíãëåòíàÿ ïàðà ñîëèòîíîâ A è B ïîñëå ðàçëåòà íå ÿâëÿåòñÿ ñîâîêóïíîñòüþ äâóõ íåçàâèñèìûõ
îáúåêòîâ; îíà ïðåäñòàâëÿåò ñîáîé åäèíûé äâóõöåíòðîâûé òîïîëîãè÷åñêèé äåôåêò ìàòðèöû
(âèõðåâîé äèïîëü ñ ñóììàðíûì òîïîëîãè÷åñêèì çàðÿäîì Qnet = 0).

2. Íàðóøåíèå àêñèîìû ôàêòîðèçóåìîñòè Áåëëà: Ïîñêîëüêó ñðåäà íåïðåðûâíà è êâàçèíåñæèìà-
åìà (∇ · u = 0), ãðàíè÷íûå óñëîâèÿ êàâåðí A è B ñâÿçàíû ÷åðåç ãëîáàëüíîå ïîëå äàâëåíèé ðåàêöèè
∇2p = 0 è åäèíóþ ñïèíîðíóþ ñâÿçíîñòü. Ñîâìåñòíîå ðàñïðåäåëåíèå îòêëèêîâ äåòåêòîðîâ â êîíòè-
íóóìå ïðèíöèïèàëüíî íå ôàêòîðèçóåòñÿ:

P (A,B | a,b,Φ) ̸= P (A | a,Φ)P (B | b,Φ). (341)

Âñëåäñòâèå íåñåïàðàáåëüíîñòè ñðåäû îãðàíè÷åíèÿ òåîðåìû Ôàéíà è íåðàâåíñòâà Áåëëà òåðÿþò ñèëó
áåç íåîáõîäèìîñòè ââåäåíèÿ ¾ñèãíàëîâ áûñòðåå ñâåòà¿.

3. Ñèãíàëüíàÿ ïðè÷èííîñòü (No-Signaling): Ïåðåäà÷à äèíàìè÷åñêîé ýíåðãèè è óïðàâëÿþùèõ ñèã-
íàëîâ îñóùåñòâëÿåòñÿ èñêëþ÷èòåëüíî ïîïåðå÷íûìè ñäâèãîâûìè âîëíàìè Íàâüå�Êîøè ñî ñêîðîñòüþ
c =

√
G0/ρ0. Ìàðãèíàëüíàÿ âåðîÿòíîñòü ùåë÷êà èçîëèðîâàííîãî äåòåêòîðà ðàâíà 1/2 è òîæäåñòâåí-

íî íå çàâèñèò îò âûáîðà óãëà íà óäàëåííîì ïðèáîðå.

53



12.3.2 Ðàññëîåíèå Õîïôà è ïðåäåë Öèðåëüñîíà 2
√
2

Îïðåäåëåíèå 11 (Ñïèíîðíàÿ àíòèêîððåëÿöèÿ äâóõöåíòðîâîãî äåôåêòà). Â àêòå ðîæäåíèÿ ïàðû â èñòî÷-
íèêå çàêîí ñîõðàíåíèÿ ñïèíîðíîé ãîëîíîìèè ôèêñèðóåò àíòèêîððåëÿöèþ ôàçîâûõ ðåïåðîâ äâóõ öåíòðîâ
â ãðóïïå SU(2) ∼= S3:

ΦA = −ΦB ∈ S3. (342)

Ïîñêîëüêó ñïèíîðíûé ïàðàìåòð ïîðÿäêà îïèñûâàåò äâóëèñòíîå íàêðûòèå Spin(3) → SO(3) ñ ïåðèîäîì
4π (ëèñò Ì¼áèóñà), ïðîåêöèÿ ñîñòîÿíèÿ íà ïðîñòðàíñòâåííûå îñè äåòåêòîðîâ a,b ∈ S2 îñóùåñòâëÿåòñÿ
÷åðåç ðàññëîåíèå Õîïôà S1 ↪→ S3 π−→ S2. Ìàêðîñêîïè÷åñêèé óãîë θab = arccos(a · b) òðàíñôîðìèðóåòñÿ â
ïîâîðîò ñïèíîðíîãî ðåïåðà íà ïîëóóãîë θab/2.

Òåîðåìà 78 (Êîððåëÿòîð ñîâïàäåíèé ðàññëîåíèÿ Õîïôà). Â ïðîòîêîëå âðåìåííûõ ñîâïàäåíèé
(coincidence counting) ñîâìåñòíûé êîððåëÿòîð èçìåðåíèé íåñåïàðàáåëüíîãî äâóõöåíòðîâîãî äåôåêòà
ðàâåí ðàçíîñòè âåðîÿòíîñòåé âçàèìíî îðòîãîíàëüíûõ êàíàëîâ ïëàñòè÷åñêîãî ñðûâà äåòåêòîðà:

E(a,b) ≡ sin2
(
θab
2

)
− cos2

(
θab
2

)
≡ − cos θab = −a · b. (343)

Ôîðìàëèçîâàíî: TevQuantum.lean, òåîðåìû hopf_unitarity, tev_joint_non_factorizable, hopf_-

correlation_is_minus_cos, tsirelson_bound_exact, classical_bell_limit_is_two, tsirelson_-

strictly_greater_than_bell, no_signaling_marginal_half, proton_decay_topologically_forbidden.

Äîêàçàòåëüñòâî. Ïî òðèãîíîìåòðè÷åñêîìó òîæäåñòâó óäâîåíèÿ àðãóìåíòà:

sin2
(
θab
2

)
− cos2

(
θab
2

)
= −

[
cos2

(
θab
2

)
− sin2

(
θab
2

)]
= − cos θab. (344)

Òåîðåìà 79 (Äîñòèæåíèå ïðåäåëà Öèðåëüñîíà 2
√
2). [?] Äëÿ ôóíêöèîíàëà CHSH íà êàíîíè÷åñêîì áàçèñå

óãëîâ θ ∈ {π/4, 3π/4} íåñåïàðàáåëüíûé êîððåëÿòîð Õîïôà äîñòèãàåò àáñîëþòíîãî êâàíòîâîãî ïðåäåëà
Öèðåëüñîíà:

SCHSH =

∣∣∣∣E (π4)− E

(
3π

4

)
+ E

(π
4

)
+ E

(π
4

)∣∣∣∣ = 2
√
2 ≈ 2.828427. (345)

Äîêàçàòåëüñòâî. Ïîäñòàâëÿÿ çíà÷åíèÿ E(π/4) = − cos(π/4) = −
√
2/2 è E(3π/4) = − cos(3π/4) = +

√
2/2,

ïîëó÷àåì:

SCHSH =

∣∣∣∣∣−
√
2

2
−

√
2

2
−

√
2

2
−

√
2

2

∣∣∣∣∣ = | − 2
√
2| = 2

√
2. (346)

12.3.3 Äåêîíñòðóêöèÿ ñêðûòûõ äîïóùåíèé Áåëëà

Òåîðåìà 80 (Êîíòðàñò ñ ñåïàðàáåëüíîé ìîäåëüþ Áåëëà: òðåóãîëüíàÿ ïèëà). Åñëè áû äâóõöåíòðîâûé
äåôåêò áûë ñåïàðàáåëüíûì (ôàêòîðèçóåìûì â ñìûñëå Áåëëà), à îòêëèê äåòåêòîðîâ ñâîäèëñÿ ê çíàêó
êëàññè÷åñêîé ñêàëÿðíîé ïðîåêöèè sign(a · n), èíòåãðàë ïî íåçàâèñèìûì îðèåíòàöèÿì íåèçáåæíî âûðî-
äèëñÿ áû â êóñî÷íî-ëèíåéíóþ òðåóãîëüíóþ ïèëó ñ ìàêñèìàëüíûì çíà÷åíèåì CHSH, ðàâíûì 2:

Eseparable(θ) = −1 +
2θ

π
=⇒ Sseparable = 2.000000 ≤ 2. (347)

Ýêñïåðèìåíòàëüíàÿ ðåãèñòðàöèÿ âåëè÷èíû S ≈ 2.82 > 2 ñëóæèò ïðÿìûì ïîäòâåðæäåíèåì íåñåïàðà-
áåëüíîñòè ìàòåðèàëüíîãî âàêóóìà êàê ñïëîøíîé ñðåäû.

Òåîðåìà 81 (Ñîõðàíåíèå ðåëÿòèâèñòñêîé ïðè÷èííîñòè No-Signaling). Ìàðãèíàëüíàÿ âåðîÿòíîñòü ðåãè-
ñòðàöèè ïðîåêöèè +1 íà äåòåêòîðå A ðàâíà 1/2 è òîæäåñòâåííî èíâàðèàíòíà îòíîñèòåëüíî âûáîðà
óãëà b óäàëåííîãî ïðèáîðà:

P (A = +1 | a) = 1

2
cos2

(
θ

2

)
+

1

2
sin2

(
θ

2

)
=

1

2

[
cos2

(
θ

2

)
+ sin2

(
θ

2

)]
≡ 1

2
. (348)

Ìãíîâåííàÿ ïåðåäà÷à óïðàâëÿþùåé èíôîðìàöèè ñêâîçü êîíòèíóóì èñêëþ÷åíà.
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12.4 Äåäóêòèâíûé âûâîä ñîîòíîøåíèÿ íåîïðåäåëåííîñòåé: Ôóðüå-äóàëèçì

Ýëåìåíòàðíàÿ ÷àñòèöà â ÒÝÂ íå ÿâëÿåòñÿ òî÷å÷íîé ñèíãóëÿðíîñòüþ. Çàðÿæåííûé ëåïòîí ïðåäñòàâëÿåò
ñîáîé ïðîòÿæåííûé âîëíîâîé ïàêåò óïðóãîé ñðåäû, ñîñòîÿùèé èç âíóòðåííåãî êåðíà êàâåðíû (r ≤ r0 =
αλ̄e) è âíåøíåãî óïðóãîãî ïîëÿ ïîëÿðèçàöèè (r > r0).

Îïðåäåëåíèå 12 (Êèíåìàòè÷åñêèé èìïóëüñ âîëíîâîãî ïàêåòà). Â ïðåäñòàâëåíèè Ìàäåëóíãà ψ(x, t) =
R(x, t)eiθ(x,t) ëîêàëüíûé ïîòîê èìïóëüñà ñäâèãîâîé äåôîðìàöèè îïðåäåëÿåòñÿ ãðàäèåíòîì ôàçû:

p(x) ≡ ℏ∇θ(x) =⇒ p̂ = −iℏ∇. (349)

Òåîðåìà 82 (Àëãåáðàè÷åñêèé êîììóòàòîð êîîðäèíàòû è èìïóëüñà). Îïåðàòîð êîîðäèíàòû (x̂jψ)(x) =
xjψ(x) è îïåðàòîð èìïóëüñà p̂k = −iℏ∂k óäîâëåòâîðÿþò êîììóòàöèîííîìó ñîîòíîøåíèþ:

[x̂j , p̂k] = iℏ δjk Î. (350)

Äîêàçàòåëüñòâî. Ïðèìåíÿÿ êîììóòàòîð ê ïðîèçâîëüíîé îãèáàþùåé ψ ∈ S(R3) ïî ïðàâèëó Ëåéáíèöà:

[x̂j , p̂k]ψ = xj(−iℏ∂kψ)− (−iℏ∂k(xjψ))
= −iℏxj∂kψ + iℏ(δjkψ + xj∂kψ) = iℏ δjk ψ. (351)

Òåîðåìà 83 (Ñîîòíîøåíèå íåîïðåäåëåííîñòåé Ðîáåðòñîíà�Âåéëÿ). Äëÿ ïðîòÿæåííîãî âîëíîâîãî ïàêåòà
äèñïåðñèè êîîðäèíàòû σxj

è èìïóëüñà σpj
óäîâëåòâîðÿþò íåðàâåíñòâó:

σxj
σpj

≥ ℏ
2
. (352)

Äîêàçàòåëüñòâî. Ïî òåîðåìå Ðîáåðòñîíà äëÿ ñàìîñîïðÿæåííûõ îïåðàòîðîâ σ2
Aσ

2
B ≥ 1

4 |⟨[Â, B̂]⟩|2. Ïîä-
ñòàâëÿÿ Â = x̂j è B̂ = p̂j , ïîëó÷àåì σ2

xj
σ2
pj

≥ 1
4 |iℏ|

2 = ℏ2

4 , îòêóäà ñëåäóåò (??).

Çàìå÷àíèå 11 (Ôóðüå-ïðèðîäà íåîïðåäåëåííîñòè). Øèðèíà âîëíîâîãî ïàêåòà â ïðîñòðàíñòâå∆x è øèðèíà
ñïåêòðà âîëíîâûõ ÷èñåë ∆k ñâÿçàíû òåîðåìîé ãàðìîíè÷åñêîãî àíàëèçà: ∆x · ∆k ≥ 1/2. Óìíîæàÿ íà
êâàíò äåéñòâèÿ ℏ ïðè p = ℏk, ïîëó÷àåì ñîîòíîøåíèå íåîïðåäåëåííîñòåé. Ëîêàëèçàöèÿ âîëíîâîãî ïàêåòà
(∆x → 0) ýêâèâàëåíòíà åãî ñæàòèþ, ÷òî ïîðîæäàåò âûñîêî÷àñòîòíûå ñäâèãîâûå ãàðìîíèêè è ðàñøèðÿåò
âîëíîâîé ñïåêòð: ∆p = ℏ∆k → ∞.

12.5 Òîïîëîãè÷åñêàÿ òåîðåìà Ïàóëè: ñâÿçü ñïèíà è ñòàòèñòèêè

Òåîðåìà 84 (Ãîëîíîìèÿ ïåðåñòàíîâêè ñîëèòîíîâ). Ïðîñòðàíñòâåííàÿ íåïðåðûâíàÿ ïåðåñòàíîâêà äâóõ
îäèíàêîâûõ âèõðåâûõ ñîëèòîíîâ â R3 íà óãîë π òîïîëîãè÷åñêè ýêâèâàëåíòíà ïîâîðîòó ñîáñòâåííîãî ñïè-
íîðíîãî ðåïåðà êàæäîãî äåôåêòà íà óãîë 2π. Ôàçîâûé ìíîæèòåëü äâóõ÷àñòè÷íîé âîëíîâîé îãèáàþùåé
ðàâåí:

η(S) = cos(2πS) =

{
+1, S ∈ Z (áîçîíû),

−1, S ∈ Z+ 1
2 (ôåðìèîíû).

(353)

Äëÿ âèõðåâûõ êàâåðí ñî ñïèíîì S = 1/2 äâóõ÷àñòè÷íàÿ àìïëèòóäà àíòèñèììåòðè÷íà: Ψ(x2,x1) =
−Ψ(x1,x2).

Òåîðåìà 85 (Ïðèíöèï çàïðåòà Ïàóëè è óïðóãèé áàðüåð ñäâèãà). Èç àíòèñèììåòðèè Ψ ñëåäóåò òîæ-
äåñòâåííîå çàíóëåíèå âîëíîâîé îãèáàþùåé ïðè ñîâïàäåíèè êîîðäèíàò äâóõ ôåðìèîíîâ â îäíîì ñïèíîâîì
ñîñòîÿíèè:

Ψ(x,x) ≡ 0. (354)

Ñáëèæåíèå äâóõ îäèíàêîâûõ ôåðìèîííûõ êàâåðí íà ðàññòîÿíèå r → 0 ãåíåðèðóåò ãðàäèåíò ôàçû |∇Φ| ∼
π/r, ïîðîæäàÿ óïðóãèé áàðüåð ñäâèãîâîãî îòòàëêèâàíèÿ:

EPauli(r) =
1

2
G0

(
λp
r

)2

−−−→
r→0

+∞. (355)

Çàïðåò Ïàóëè îáóñëîâëåí òåì, ÷òî áåñêîíå÷íûé óïðóãèé ãðàäèåíò ñäâèãà äåëàåò íàõîæäåíèå äâóõ
îäèíàêîâûõ ôåðìèîíîâ â îäíîé òî÷êå ïðîñòðàíñòâà ýíåðãåòè÷åñêè íåâîçìîæíûì.
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12.6 Òîïîëîãè÷åñêàÿ ãèäðîäèíàìèêà è êâàíòîâàíèå õîëëîâñêîé âÿçêîñòè

Â ñèëüíî êîððåëèðîâàííîì ýëåêòðîííîì ôëþèäå ïëîñêîé çîíû ïðè íàðóøåíèè ñèììåòðèè îáðàòíîãî âðå-
ìåíè äèññèïàòèâíûé òåíçîð íàïðÿæåíèé äîïîëíÿåòñÿ êîíñåðâàòèâíûì íåäèññèïàòèâíûì ÷ëåíîì âÿçêîñòè
Õîëëà ηH .

Òåîðåìà 86 (Êâàíòîâàíèå õîëëîâñêîé âÿçêîñòè ïëîñêîé çîíû). Ïëîòíîñòü ìîìåíòà èìïóëüñà ýëåê-
òðîíîâ, çàïåðòûõ íà ìèíèìàëüíîé ïîâåðõíîñòè òîðà Êëèôôîðäà, ôèêñèðóåò âåëè÷èíó êèíåìàòè÷åñêîé
õîëëîâñêîé âÿçêîñòè ÷åðåç ïëîòíîñòü äâóìåðíîãî ýëåêòðîííîãî ãàçà ne:

ηH =
1

4
ℏne. (356)

Äîêàçàòåëüñòâî. Â ãèäðîäèíàìèêå ñî ñïèíîðíûì ïàðàìåòðîì ïîðÿäêà Φ ∈ SU(2) ñðåäíèé îðáèòàëüíûé
ñïèí íà îäèí ýëåêòðîí â ïëîñêîé çîíå ðàâåí sorb = ℏ/4 (ïîëîâèíà ôåðìèîííîãî ñïèíà ℏ/2, îáóñëîâëåí-
íàÿ ïðîåêöèåé ëèñòà Ì¼áèóñà íà ïëîñêèé 2D-ñëîé). Ïî ôîðìóëå Àâðîíà�Çåëëåðà�Øåâàëèå õîëëîâñêàÿ
âÿçêîñòü ðàâíà ïðîèçâåäåíèþ ïëîòíîñòè ÷àñòèö íà èõ ñîáñòâåííûé îðáèòàëüíûé ìîìåíò: ηH = nesorb =
1
4ℏne.

Ðàçìåðíîñòü 2D-âÿçêîñòè [ηH ] = Ïà · ñ · ì = êã/ñ = [1, 0,−1, 0] íàõîäèòñÿ â ñîãëàñèè ñ ïðîèçâåäåíèåì
êâàíòà äåéñòâèÿ ℏ ([1, 2,−1, 0]) íà ïîâåðõíîñòíóþ ïëîòíîñòü ne ([0,−2, 0, 0]).

12.7 Ôèçè÷åñêèå ïðåäåëû êâàíòîâûõ âû÷èñëåíèé è óïðóãèé çàïðåò ìàñøòà-
áèðóåìîãî FTQC

12.7.1 Êðèçèñ ïîðîãîâîé òåîðåìû è êîððåëèðîâàííûé øóì ìàòðèöû

Ñîâðåìåííàÿ ïàðàäèãìà óíèâåðñàëüíûõ îòêàçîóñòîé÷èâûõ êâàíòîâûõ âû÷èñëåíèé (FTQC) îïèðàåòñÿ íà
ïîðîãîâóþ òåîðåìó (Fault-Tolerance Threshold Theorem), ïîñòóëèðóþùóþ âîçìîæíîñòü ýêñïîíåíöèàëüíîãî
ïîäàâëåíèÿ îøèáîê êîäàìè êîððåêöèè (íàïðèìåð, Surface Codes) ïðè äîñòèæåíèè òî÷íîñòè âåíòèëåé âûøå
êðèòè÷åñêîãî ïîðîãà.

Ìàòåìàòè÷åñêîå äîêàçàòåëüñòâî ïîðîãîâîé òåîðåìû êðèòè÷åñêè òðåáóåò âûïîëíåíèÿ àêñèîìû ëîêàëü-
íîñòè è íåêîððåëèðîâàííîñòè øóìà: âåðîÿòíîñòü îäíîâðåìåííîé îøèáêè íà êóáèòàõ i è j äîëæíà ýêñ-
ïîíåíöèàëüíî ñïàäàòü ñ ðàññòîÿíèåì rij .

Â òîïîëîãè÷åñêîé ýëàñòîäèíàìèêå ýòà àêñèîìà ôèçè÷åñêè îïðîâåðãàåòñÿ ñâîéñòâàìè êîíòèíóóìà:

1. Ñòåïåííàÿ ðåëàêñàöèÿ íàïðÿæåíèé Ýøåëáè: Ëþáîé ôèçè÷åñêèé êóáèò (òðàíñìîí, çàõâà÷åí-
íûé èîí, êâàíòîâàÿ òî÷êà) ïðåäñòàâëÿåò ñîáîé ëîêàëèçîâàííûé ðåçîíàòîð äåôîðìàöèé, ñîçäàþùèé
â ìàòðèöå âàêóóìà è ïîäëîæêå äàëüíîäåéñòâóþùåå ïîëå ÷èñòîãî ñäâèãà σij(r) ∝ r−3.

2. Ëîãàðèôìè÷åñêàÿ ðàñõîäèìîñòü ïåðåêðåñòíûõ ïîìåõ: Èíòåãðàë óïðóãîé èíòåðôåðåíöèè íà-
ïðÿæåíèé îò ìàññèâà N êóáèòîâ ïî òðåõìåðíîìó îáúåìó êðèñòàëëà ïëîòíîñòè ρqubit ðàñõîäèòñÿ
ëîãàðèôìè÷åñêè:

Σcrosstalk ∝
∫ Rchip

d

σ(r) d3x ∝
∫ Rchip

d

1

r3
· 4πr2 dr = 4π ln

(
Rchip

d

)
→ ∞, (357)

ãäå d � øàã ðåøåòêè ïðîöåññîðà, à Rchip � ìàêðîñêîïè÷åñêèé ðàçìåð ÷èïà.

3. Ìãíîâåííàÿ êèíåìàòè÷åñêàÿ ñâÿçü ïî äàâëåíèþ: Â ñèëó êâàçèíåñæèìàåìîñòè (∇ · u = 0)
ðåàêöèÿ ìàòðèöû îïèñûâàåòñÿ ýëëèïòè÷åñêèì óðàâíåíèåì ∇2p = 0. Ôàçîâûé ñðûâ (èçìåðåíèå)
îäíîãî êóáèòà ìãíîâåííî èíäóöèðóåò ãðàäèåíò äàâëåíèÿ íà âñåõ îñòàëüíûõ êóáèòàõ ðåãèñòðà.

Òåîðåìà 87 (Óïðóãàÿ ôàçîâàÿ íåóñòîé÷èâîñòü àíàëîãîâîãî ðåãèñòðà). Â íåïðåðûâíîì óïðóãîì êîíòè-
íóóìå ñ ìîäóëåì ñäâèãà G0 ôàçîâûé óãîë θ ëþáîãî íåçàùèùåííîãî êóáèòà èñïûòûâàåò äðåéô, ïðÿìî
ïðîïîðöèîíàëüíûé ëîêàëüíîé ôëóêòóàöèè ñäâèãîâîãî íàïðÿæåíèÿ δσ:

δθ =
δσ

G0
. (358)

Ïîñêîëüêó óïðóãèé øóì ìàññèâà êóáèòîâ ãëîáàëüíî êîððåëèðîâàí ÷åðåç ìàòðèöó, ïîðîãîâàÿ òåîðåìà
êâàíòîâîé êîððåêöèè îøèáîê òåðÿåò ñèëó. Ìàñøòàáèðîâàíèå óíèâåðñàëüíûõ öèôðîâûõ êâàíòîâûõ ïðî-
öåññîðîâ (FTQC) ñâûøå ∼ 102 . . . 103 ôèçè÷åñêèõ êóáèòîâ ïðè ñîõðàíåíèè ïðîèçâîëüíîé ãëóáèíû ñõåì
ôèçè÷åñêè íåâîçìîæíî.
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12.7.2 Ôàëüñèôèöèðóåìûé ñòàòóñ ïðîãíîçà

Òîïîëîãè÷åñêàÿ ýëàñòîäèíàìèêà âàêóóìà ðàçäåëÿåò êâàíòîâûå âû÷èñëèòåëüíûå òåõíîëîãèè íà äâå íåïå-
ðåñåêàþùèåñÿ êàòåãîðèè:

� Ïðèíöèïèàëüíî ðåàëèçóåìûå (àíàëîãîâûå è òîïîëîãè÷åñêèå):

1. Àíàëîãîâàÿ êâàíòîâàÿ ñèìóëÿöèÿ: Èñïîëüçîâàíèå èíòåðôåðåíöèè ñâÿçàííûõ ñòîÿ÷èõ âîëí â
3D äëÿ ïðÿìîãî ïîèñêà BPS-ìèíèìóìà óïðóãîé ýíåðãèè ñëîæíûõ ìîëåêóë è ðåøåòîê;

2. Òîïîëîãè÷åñêèå êóáèòû: Õðàíåíèå èíôîðìàöèè â äèñêðåòíûõ èíâàðèàíòàõ (÷èñëàõ îáìîòîê
W , èíäåêñàõ óçëîâ T (p, q) è êâàíòîâàííîé õîëëîâñêîé âÿçêîñòè ηH = 1

4ℏne), çàùèùåííûõ
òîïîëîãè÷åñêîé ùåëüþ òåêó÷åñòè σyield = αG0.

� Çàïðåùåííûå ôèçèêîé ñðåäû (ìûëüíûé ïóçûðü FTQC): Ñîçäàíèå óíèâåðñàëüíîãî ïðîöåñ-
ñîðà íà ìèëëèîíû ëîãè÷åñêèõ êóáèòîâ ñ êîððåêöèåé îøèáîê ïîâåðõíîñòíûìè êîäàìè (àëãîðèòì
Øîðà äëÿ RSA-4096).

Êðèòåðèé ôàëüñèôèêàöèè ÒÝÂ: Ýêñïåðèìåíòàëüíàÿ äåìîíñòðàöèÿ ìàñøòàáèðóåìîãî îòêàçî-
óñòîé÷èâîãî êâàíòîâîãî ïðîöåññîðà (> 104 ôèçè÷åñêèõ êóáèòîâ ñ ìîíîòîííûì ïîäàâëåíèåì ëîãè÷åñêîé
îøèáêè ïðè ðîñòå ðàçìåðà êîäà â ãëóáîêèõ ñõåìàõ) îïðîâåðãíåò òåîðåìó ÒÝÂ îá óïðóãîì êîððåëèðî-
âàííîì øóìå âàêóóìà. Íàïðîòèâ, âûõîä êâàíòîâîé èíäóñòðèè íà àñèìïòîòè÷åñêîå íàñûùåíèå ïî øóìó
(ïëàòî Êàëàÿ) ñëóæèò ïîäòâåðæäåíèåì ýëàñòîäèíàìè÷åñêîé ïðèðîäû ïðîñòðàíñòâà.

13 Äâóõýøåëîííàÿ ìàòðèöà âåðèôèêàöèè ïàðàìåòðîâ ÒÝÂ

Ôîðìàëèçîâàíî â ÿäðå: TevMaster.lean, ñêâîçíàÿ ãåíåðàëüíàÿ òåîðåìà master_dag_end_to_end_-

consistency; àöèêëè÷íîñòü äîêàçàíà â TevDagAcyclic.lean.
Ðåçóëüòàòû ìîäåëè ÒÝÂ ðàçäåëåíû íà äâà ýøåëîíà:

� Ýøåëîí I (Ïðåöèçèîííûå òåîðåìû êîíòèíóóìà): ñîîòíîøåíèÿ ñ òî÷íîñòüþ ñîâïàäåíèÿ <
0.1% (âïëîòü äî äîëåé ppm è åäèíèö ýÂ), âûòåêàþùèå èç òîïîëîãèè 3D-êîíòèíóóìà è äèíàìèêè
ïîãðàíè÷íûõ ñëî¼â êàâåðí áåç ñâîáîäíûõ ïîäãîíî÷íûõ ïàðàìåòðîâ;

� Ýøåëîí II (Ìàêðîñêîïè÷åñêèå è êîñìîëîãè÷åñêèå ôàëüñèôèöèðóåìûå ñëåäñòâèÿ): ðå-
çóëüòàòû, îïèðàþùèåñÿ íà êðóïíîìàñøòàáíûå ãðàíè÷íûå óñëîâèÿ ñôåðû Õàááëà (a0, αG) ëèáî
êâàíòîâî-èíôîðìàöèîííûå ïðåäåëû êîíòèíóóìà (FTQC, NISQ).

Òàáëèöà 7: Äâóõýøåëîííàÿ ãåíåðàëüíàÿ ìàòðèöà ïàðàìåòðîâ
ÒÝÂ v5.7 ïðîòèâ áàç äàííûõ CODATA 2022, PDG 2024 è NuFIT
6.0

Ôèçè÷åñêàÿ âåëè÷èíà Àíàëèòè÷åñêàÿ ôîðìóëà
ÒÝÂ

Ðàñ÷åò ÒÝÂ Ýêñïåðèìåíò
(CODATA/PDG)

Íåâÿçêà /
Ñòàòóñ

ÝØÅËÎÍ I. Òåîðåìû (ïîãðåøíîñòü < 0.1% / ñóá-ppm / ýÂ-óðîâåíü)

Ìàññà ýëåêòðîíà me
Mp

67
5 α

−1
(
1− 4

3α
2
) 0.510 999(16) ÌýÂ 0.510 998(15) ÌýÂ +0.37 ppm

(0.87σ)

Ìàññà ìþîíà mµ m
(0)
µ

(
1 +

3

2

α

π
+

27

5

(α
π

)2)
105.658 381 ÌýÂ 105.658 375±

0.000375 ÌýÂ
+0.057 ppm
(0.016σ)

Ìàññà òàó-ëåïòîíà mτ m
(0)
τ

(
1 +

3

2

α

π

)
1776.916 ÌýÂ 1776.932±

0.085 ÌýÂ
−8.9 ppm
(0.19σ)

Èíâàðèàíò Êîèäý Q 2J2/(3σ
2
m) ≡ 2/3 0.666667 0.666661(7) 5.6× 10−6

(0.86σ)

Óãîë Âàéíáåðãà ñ
ó÷¼òîì ïîãðàíè÷íîãî
ñëîÿ sin2 θW

3

13
+

1

4

α

π
0.231350 0.23129± 0.00004 +0.00006

(0.90σ)

Ïðîäîëæåíèå íà ñëåäóþùåé ñòðàíèöå...
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Ïðîäîëæåíèå òàáëèöû 7

Ôèçè÷åñêàÿ âåëè÷èíà Àíàëèòè÷åñêàÿ ôîðìóëà
ÒÝÂ

Ðàñ÷åò ÒÝÂ Ýêñïåðèìåíò
(CODATA/PDG)

Íåâÿçêà /
Ñòàòóñ

Ìàññà áîçîíà MZ
EEW√

2

(
1 +

5

4

α

π

)
91.1817 ÃýÂ 91.18798±

0.00020 ÃýÂ
−69 ppm
(1.08σfull)

Ìàññà áîçîíà MW EEW

√
5

13

(
1 +

7

2

α

π

)
80.3884 ÃýÂ 80.3692±

0.0013 ÃýÂ
+238.7 ppm
(1.00σfull)

Ìàññà Õèããñà MH EEW

(
1− 113

10

α

π

)
125.202 ÃýÂ 125.20± 0.01 ÃýÂ +2 ÌýÂ

(0.22σ)

Êóñòîäèàëüíûé ρdressed Êóñòîäèàëüíîñòü êàâåðíû
òîðà

1.000000 1.00038± 0.00020 ≡ 1

Óãîë Êàáèááî θC
2

9
+

2α

π
0.226868 ðàä 0.22694 ðàä 0.11σ

(−328 ppm)

Âàêóóìíîå ñðåäíåå v
Mp

α

√
11

3
246.206 31(8) ÃýÂ 246.219 65(60) ÃýÂ −54 ppm

(1.00σfull)

Ýëåìåíò CKM |Vus| sin

(
2

9
+

2α

π

)
0.224926 0.22500± 0.00067 −328 ppm

(0.11σ)

Ýëåìåíò CKM |Vcb|
√

2

3
sin2 θC 0.04131 0.04182± 0.00085 0.60σ

Ôàçà CP -íàðóøåíèÿ
δCP

arctan(3/
√
2) 64.76◦ (65.5± 1.5)◦ 0.49σ

Ñèëüíàÿ ñâÿçü αs(MZ)
2

17

(
1 +

1.5α

π

)
0.118057 0.1180± 0.0009 +0.048%

(0.06σ)

Ñâÿçü äåéòðîíà Eb(
2H)

M2
π

2Mp
· 3

14
2.224442 ÌýÂ 2.224566±

0.000050 ÌýÂ
−56 ppm
(0.92σfull)

Íóêëîííûé
ôîðì-ôàêòîð f

Rm/rc = 3λp/(4λp) 0.750000 0.76± 0.04 Òåîðåìà

Ðàñùåïëåíèå ∆Mnp
3

16
αMp

(
1 +

α

π

)
+

45

338
α2Mp 1.29343 ÌýÂ 1.293332±

0.000235 ÌýÂ
+98 ýÂ
(0.38σ)

Ìàãíèòíûé ìîìåíò µn

[
µp −

3

2
π
(
1− α

π

)
µN

](
1 +

α

π

)
−1.913034 µN −1.9130427±

0.0000005 µN

−4.5 ppm
(0.08σfull)

Ñâÿçü ãåëèÿ 4He 6× Vbond = 6× 4.716 28.296 ÌýÂ 28.2957 ÌýÂ (0.60σ)

Ñäâèã Ïàðñåëëà ∆τ τbeam

(
4

3
α

)
8.637 ñ 8.5 . . . 9.3 ñ Ñîãëàñîâàíî

Èíâàðèàíò íåéòðèíî
Qν

(1 + 0.6)/3 8/15 ≈ 0.533333 Ðåäóêöèÿ 5 → 3 Òåîðåìà

Ìàñøòàá íåéòðèíî Mν
2α5(Mp/3)

1 + 1/(6π)
12.291 77(4) ìýÂ Ñïåêòð NuFIT

6.0
±0.3 ppbtheor

Ðàñùåïëåíèå ∆m2
21 m2

ν2 −m2
ν1 7.517× 10−5 ýÂ2 (7.42± 0.20)×

10−5 ýÂ2
0.48σ (Â
öåíòðå)

Ðàñùåïëåíèå ∆m2
31 m2

ν3 −m2
ν1 2.508× 10−3 ýÂ2 (2.510± 0.027)×

10−3 ýÂ2
−0.08%
(0.07σ)

Ñóììà ìàññ
∑
mν

∑
mνk 0.0590 ýÂ < 0.072 ýÂ

(DESI+Planck)
Â ëèìèòå

Çàïðåò 0ν2β Ñîõðàíåíèå çàêðóòêè
∆w = 0

mββ ≡ 0 <
0.028 . . . 0.122 ýÂ

Ñòðîãèé
çàïðåò

Ïðåäåë Öèðåëüñîíà Ðàññëîåíèå Õîïôà S3 → S2 2
√
2 ≈ 2.828427 Êâàíòîâûé

ïðåäåë
Òåîðåìà

Ïðîäîëæåíèå íà ñëåäóþùåé ñòðàíèöå...
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Ïðîäîëæåíèå òàáëèöû 7

Ôèçè÷åñêàÿ âåëè÷èíà Àíàëèòè÷åñêàÿ ôîðìóëà
ÒÝÂ

Ðàñ÷åò ÒÝÂ Ýêñïåðèìåíò
(CODATA/PDG)

Íåâÿçêà /
Ñòàòóñ

Ïîäàâëåíèå ìîäû ÃÂ
hL/hT

1

5

(α
π

)
4.646× 10−4 Êóëîíîâñêèé

ñëåä
Àíàëèòè÷åñêè

Áàðèîííàÿ àñèììåòðèÿ
ηB

3

14
α4 6.0765× 10−10 (6.12± 0.04)×

10−10
−0.71%
(Planck)

ÝØÅËÎÍ II. Ìàêðîñêîïè÷åñêèå êàñêàäû è êîñìîëîãè÷åñêèå ãðàíèöû

Êîíñòàíòà ñâÿçè
òÿãîòåíèÿ αG

√
3α18

(
1− 21

5

α

π

)
5.90579× 10−39 5.90610(13)×

10−39
−52.6 ppm
(0.92σfull)

Ïîñòîÿííàÿ òÿãîòåíèÿ
Gpred

N

αG
ℏc
M2

p

6.67395× 10−11 6.67430(15)×
10−11

−52.4 ppm
(0.92σfull)

Ðåàêòîðíûé óãîë
sin2 θ13

1−
√
11/12

2
0.02129 0.0220± 0.0006 −3.2%

(1.18σ)

Êâàíò Íàìáó E0
5

67
Mp

(
1− 4

3
α2

)−1

70.025 ÌýÂ Àäðîííûé
ñïåêòð

Àíàëèòè÷åñêè

Óñêîðåíèå MOND a0
cH0

2π
1.042×

10−10 ì/ñ2
≈

1.2× 10−10 ì/ñ2
1.58σ
(Planck
2018)

Àóäèò SEMF (3554
ÿäåð)

Äîëè Íàìáó (A ≥ 100) 0.043 ÌýÂ/íóêëîí Áàçà ÌÀÃÀÒÝ
AME2020

Àñèìïòîòèêà

Óïðóãèé çàïðåò FTQC Êîððåëèðîâàííûé øóì
ln(R/d)

Çàïðåò ìàñøòà-
áèðîâàíèÿ

NISQ-ïëàòî Ôàëüñèôèöèðóåìî

14 Çàêëþ÷åíèå: Îíòîëîãè÷åñêàÿ ðåäóêöèÿ ðàçìåðíîñòè è ñòàòóñ

òåîðèè

Íàñòîÿùàÿ ðàáîòà ôîðìóëèðóåò çàìêíóòóþ òåîðåòè÷åñêóþ ìîäåëü ìèêðîìèðà, îñíîâàííóþ íà ìåõàíè-
êå ñïëîøíûõ ñðåä, è ïðåäëàãàåò äåòåðìèíèðîâàííóþ àëüòåðíàòèâó êàëèáðîâî÷íîé ïàðàäèãìå êâàíòîâîé
òåîðèè ïîëÿ.

Ãëàâíûå òåîðåòè÷åñêèå ðåçóëüòàòû ìîäåëè:

1. Ëèêâèäàöèÿ êàëèáðîâî÷íîãî ïðîèçâîëà: 26 ñâîáîäíûõ ïàðàìåòðîâ Ñòàíäàðòíîé Ìîäåëè ñâå-
äåíû ê ñâîéñòâàì òðåõìåðíîãî ìàòåðèàëüíîãî êîíòèíóóìà âàêóóìà: âîëíîâîìó èìïåäàíñó ìàòðèöû
α = Z0/(2RK) è òîïîëîãèè óñòîé÷èâîãî òðèëèñòíèêà T (3, 2).

2. Îòêàç îò ñèíãóëÿðíîñòåé è ïóñòîòû: Âàêóóì ìàòåðèàëåí è êâàçèíåñæèìàåì (K0 ≫ G0, ε≪ 1).
Ïëîòíîñòü ýíåðãèè â öåíòðàõ ÷àñòèö îãðàíè÷åíà ïðåäåëîì òåêó÷åñòè Ãóáåðà�ôîí Ìèçåñà σyield =
αG0, ÷òî óñòðàíÿåò óëüòðàôèîëåòîâûå ðàñõîäèìîñòè áåç ïðîöåäóð ïåðåíîðìèðîâêè.

3. Åäèíàÿ ýëàñòîäèíàìè÷åñêàÿ ïðèðîäà âçàèìîäåéñòâèé:

� Ýëåêòðîìàãíåòèçì � ïîïåðå÷íûå ñäâèãîâûå âîëíû Íàâüå�Êîøè (èçîìîðôèçì ÌàêÊóëëàãà�
Óèòòåêåðà), ãäå ìàãíèòíûå ìîíîïîëè èñêëþ÷åíû ñâÿçíîñòüþ ïðîñòðàíñòâà (∇·B ≡ 0), à ýëåê-
òðè÷åñêèé çàðÿä ïðåäñòàâëÿåò ñîáîé ïîòîê ðàäèàëüíîãî èìïóëüñà ÷åðåç âíóòðåííþþ êàâèòà-
öèîííóþ ãðàíèöó êåðíà ñ 4π-íàêðûòèåì ëåíòû Ì¼áèóñà.

� Ñëàáîå âçàèìîäåéñòâèå � ëîêàëüíûé ïëàñòè÷åñêèé ñðûâ Ìèçåñà ïðè òîïîëîãè÷åñêîì ïåðåñî-
åäèíåíèè âèõðåâûõ òðóáîê íà ýíåðãåòè÷åñêîì ìàñøòàáå EEW = Mp/α, à êèðàëüíîñòü V − A
äåòåðìèíèðîâàíà ïðàâîñòîðîííåé ñïèðàëüíîñòüþ ñòàáèëüíîãî áàðèîíà.

� Ñèëüíîå âçàèìîäåéñòâèå � òîïîëîãè÷åñêèé êîíôàéíìåíò òðåõ ïó÷íîñòåé òðèëèñòíèêà T (3, 2),
ðàáîòàþùèõ êàê òðåõôàçíûé òðàíñôîðìàòîð ñ ãàøåíèåì âîëíîâîãî èçëó÷åíèÿ â äàëüíþþ çîíó
(
∑
uk = 0) è ïîñòîÿííûì âíóòðåííèì ïîëåì óäåðæàíèÿ (

∑
u2k = 3/2).

� Ãðàâèòàöèÿ � íàòÿæåíèå óïðóãîé òêàíè âàêóóìà âîêðóã êàâèòàöèîííûõ ïîëîñòåé Ýøåëáè
(F ∝ −1/r2). Ïðèñóòñòâèå ìàññû çàìåäëÿåò ÷àñòîòó àâòîêîëåáàíèé Zitterbewegung è îòêëîíÿåò
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ëó÷è ñâåòà ÷åðåç îïòèêî-àêóñòè÷åñêèé ïîêàçàòåëü ïðåëîìëåíèÿ íàïðÿæåííîãî âàêóóìà n(r) =
1 +GNM/(c2r).

4. Äåìèñòèôèêàöèÿ êâàíòîâûõ âû÷èñëåíèé: Óíèâåðñàëüíûå êâàíòîâûå êîìïüþòåðû íå îáëàäà-
þò äîñòóïîì ê 2N -ìåðíûì ïàðàëëåëüíûì ìèðàì, ÿâëÿÿñü àíàëîãîâûìè âîëíîâûìè èíòåðôåðîìåò-
ðàìè â 3D-êîíòèíóóìå. Äîêàçàíà ïðèíöèïèàëüíàÿ íåâîçìîæíîñòü öèôðîâîé êâàíòîâîé êîððåêöèè
îøèáîê (FTQC) èç-çà äàëüíîäåéñòâóþùåãî óïðóãîãî øóìà ìàòðèöû Ýøåëáè (σ ∝ 1/r3), ïîðîæ-
äàþùåãî ëîãàðèôìè÷åñêè ðàñõîäÿùóþñÿ êîððåëÿöèþ ïîìåõ. Ðåàëèçóåìûìè îñòàþòñÿ àíàëîãîâàÿ
êâàíòîâàÿ ñèìóëÿöèÿ è äèñêðåòíûå òîïîëîãè÷åñêè çàùèùåííûå êóáèòû.

5. Ìàøèííàÿ âåðèôèêàöèÿ: Ìàòåìàòè÷åñêîå ÿäðî äåäóêòèâíîãî ãðàôà ôîðìàëèçîâàíî â ìîäóëÿõ
èíòåðàêòèâíîãî ïðóâåðà òåîðåì Lean 4 íà ñòàíäàðòíûõ àêñèîìàõ êëàññè÷åñêîé ëîãèêè ZFC.

Îíòîëîãè÷åñêàÿ ðåäóêöèÿ ìàññû: ïðîòîí êàê áåçðàçìåðíîå ñîáñòâåííîå ÷èñëî

Âíóòðè óïðóãîãî êîíòèíóóìà ôèçèêà ðåëÿöèîííà è áåçðàçìåðíà. Ìàññà ïîêîÿ ïðîòîíà ìîæåò áûòü îñâî-
áîæäåíà îò ðàçìåðíîñòè è âûðàæåíà èñêëþ÷èòåëüíî ÷åðåç âîëíîâîé èìïåäàíñ âàêóóìà α ñ äâóõ ïðîòè-
âîïîëîæíûõ ìàñøòàáîâ:

1. Â ìàñøòàáå ýëåìåíòàðíîãî âèõðåâîãî êîëüöà (Me ≡ 1): Ïðèíèìàÿ ìàññó íåçàóçëåííîãî òîðà
ýëåêòðîíà çà ìàñøòàá îòñ÷åòà, ìàññà ïðîòîíà îáðàùàåòñÿ â ïîëèíîì Ëîðàíà îò âîëíîâîãî èìïåäàíñà
ñðåäû:

M∗
p (α) ≡

Mp

Me
=

67

5
α−1

(
1− 4

3
α2

)
=

67

5α
− 268

15
α ≈ 1836.152 (359)

×èñëî 1836.152 ñîñòîèò èç òîïîëîãè÷åñêèõ èíâàðèàíòîâ òðèëèñòíèêà (67/5 è 4/3) è èìïåäàíñà α.

2. Â ìàñøòàáå íàòÿæåíèÿ óïðóãîé ìàòðèöû (MPlanck ≡ 1): Ñîïîñòàâëÿÿ ìàññó êàâåðíû ñ ïðå-
äåëüíîé ïëàíêîâñêîé ìàññîé ðàñòÿæåíèÿ êîíòèíóóìà ÷åðåç 18-çâåííûé êàñêàä, ìàññà ïðîòîíà ïðåä-
ñòàåò êàê 9-ÿ ñóáãàðìîíèêà èìïåäàíñà:

MPl
p (α) ≡ Mp

MPlanck
=

√
αG = 31/4 α9

√
1− 21

5

α

π
≈ 7.685× 10−20 (360)

Ïðîòîí ïðåäñòàâëÿåò ñîáîé òîïîëîãè÷åñêîå ñîáñòâåííîå çíà÷åíèå îïåðàòîðà Äèðàêà�Ëàïëàñà íà òîðå
Êëèôôîðäà â óïðóãîé ñðåäå ñ èìïåäàíñîì α. Øêàëà ýëåêòðîíâîëüò âîçíèêàåò ëèøü â ìîìåíò êàëèáðîâêè
ïðèáîðîâ, êîãäà ÷àñòîòà àâòîêîëåáàíèé ýòîãî òîïîëîãè÷åñêîãî ðåçîíàòîðà ñîïîñòàâëÿåòñÿ ñ ýòàëîíàìè
ìàêðîñêîïè÷åñêîé ñèñòåìû åäèíèö.

Ñòàòèñòè÷åñêèé àóäèò: Look-Elsewhere ýôôåêò è ïðåäåë 10.3σ

Äëÿ èñêëþ÷åíèÿ ãèïîòåçû ñëó÷àéíîé íóìåðîëîãè÷åñêîé ïîäãîíêè ðàöèîíàëüíûõ äðîáåé ïðîâåäåí ÷èñ-
ëåííûé àóäèò ïðîñòðàíñòâà ïåðåáîðà (Look-Elsewhere E�ect).

Ïóñòü áàçèñ òîïîëîãè÷åñêèõ èíäåêñîâ ìîäåëè îãðàíè÷åí ìàëûìè öåëûìè ÷èñëàìè: a, b ≤ 20 (÷èñëà
îáìîòîê p, q, ðàçìåðíîñòè äåâèàòîðà N3D, ñòåïåíè íàêðûòèÿ Nspin). Äàííûé äèñêðåòíûé áàçèñ ãåíåðèðóåò
ïóë ìîùíîñòè ðîâíî â Nfractions = 254 íåñîêðàòèìûå ðàöèîíàëüíûå äðîáè.

Äëÿ àíñàìáëÿ 10 êëþ÷åâûõ íåçàâèñèìûõ ñïåêòðàëüíûõ ïàðàìåòðîâ ìîäåëè (óãîë Âàéíáåðãà sin2 θW =
3/13, èíâàðèàíò Êîèäý Q = 2/3, íåéòðèííûé èíâàðèàíò Qν = 8/15, ïàðàìåòð Âîëüôåíøòåéíà A2 = 2/3,
îáúåìíàÿ äîëÿ SEMF aV /E0 = 2/9, ïîâåðõíîñòíàÿ äîëÿ aS/E0 = 1/4, èçîñïèíîâàÿ àñèììåòðèÿ aA/E0 =

1/3, íóêëîííûé ôîðì-ôàêòîð f = 3/4, ñèëüíàÿ ñâÿçü α(0)
s = 2/17, ôàçà CP -íàðóøåíèÿ tan2 δCP = 9/2)

âåðîÿòíîñòü ñëó÷àéíîãî ïîïàäàíèÿ â ýêñïåðèìåíòàëüíûé êîðèäîð äîïóñêà ñîñòàâëÿåò pi = 1/254 ≈ 3.94×
10−3.

Ñîâîêóïíàÿ âåðîÿòíîñòü ñëó÷àéíîé ðåàëèçàöèè äåäóêòèâíîãî ãðàôà ÒÝÂ â àíñàìáëå íåçàâèñèìûõ
ôèçè÷åñêèõ èçìåðåíèé ðàâíà:

Pcombined =

10∏
k=1

pk =

(
1

254

)10

≈ 8.95× 10−25. (361)

Â ìåòðèêå íîðìàëüíîãî ðàñïðåäåëåíèÿ Ãàóññà óðîâåíü çíà÷èìîñòè èñêëþ÷åíèÿ ñëó÷àéíîãî ñîâïàäåíèÿ
ñîñòàâëÿåò:

Z = Φ−1(1− Pcombined) ≈ 10.27σ, (362)

÷òî ïðåâûøàåò ñòàíäàðòíûé êðèòåðèé îòêðûòèÿ â ôèçèêå âûñîêèõ ýíåðãèé (5σ) è ôàëüñèôèöèðóåò ãè-
ïîòåçó íóìåðîëîãè÷åñêîãî ïîäáîðà.
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15 Ìåòîäîëîãè÷åñêèé êîììåíòàðèé è ôîðìàëèçàöèÿ â Lean 4

15.1 Ìåòðè÷åñêèé óãîë Ëîäå: ôèçè÷åñêàÿ ïðèðîäà ðàäèàí

Â äèôôåðåíöèàëüíîé ãåîìåòðèè ðàäèàí � ýòî åñòåñòâåííàÿ ìåòðè÷åñêàÿ ìåðà äëèíû äóãè íà åäèíè÷íîé
îêðóæíîñòè: θ ≡ s/R. Íà òîðå Êëèôôîðäà T 2 ⊂ S3 èíäóöèðîâàííàÿ âíóòðåííÿÿ ìåòðèêà åâêëèäîâà
(R0 = 1/

√
2):

ds2 = R2
0(dξ

2
1 + dξ22). (363)

Âäîëü ãåîäåçè÷åñêîé ëèíèè óçëà T (p, q) ñìåùåíèå ôàçû îïðåäåëÿåòñÿ êîíôîðìíûì øàãîì ñâÿçíîñòè.
Ïðîåêöèÿ q = 2 òîðîèäàëüíûõ âèòêîâ íà êâàäðàò äèñêðåòíîãî áàçèñà ñòîÿ÷åé âîëíû p2 = 9 çàäàåò
äëèíó äóãè ôàçîâîãî ñäâèãà íà ôóíäàìåíòàëüíîé îáëàñòè òîðà: ∆s = q

p2R0. Áåçðàçìåðíûé óãîë ïîäîáèÿ
äåâèàòîðà Õåéãà�Âåñòåðãàðäà, íîðìèðîâàííûé íà ðàäèóñ êðèâèçíû R0, ðàâåí:

θ0 =
∆s

R0
=

q

p2
=

2

9
. (364)

×èñëî 2/9 âîçíèêàåò êàê êîíôîðìíàÿ äëèíà ãåîäåçè÷åñêîãî ñäâèãà ôàçû íà òîðå Êëèôôîðäà.

15.2 Äèíàìè÷åñêàÿ óñòîé÷èâîñòü

Óñòîé÷èâîñòü ñîëèòîíà âî âðåìåíè îáåñïå÷èâàåòñÿ òðåìÿ ìåõàíèçìàìè ìåõàíèêè ñïëîøíûõ ñðåä:

1. Ãèäðîäèíàìèêà Àðíîëüäà íà ãðóïïå SDiff(R3): Çàâèõðåííîñòü ñðåäû ω = ∇ × u çàïåðòà íà êîïðè-
ñîåäèíåííûõ îðáèòàõ ãðóïïû äèôôåîìîðôèçìîâ, ñîõðàíÿþùèõ îáúåì. Òîïîëîãè÷åñêèé èíâàðèàíò
Âîëüòüåðà (ñïèðàëüíîñòü) ñîõðàíÿåòñÿ:

H =

∫
V

u · (∇× u) d3x = const. (365)

Ïåðåõîä òðèëèñòíèêà â íåçàóçëåííûå ìîäû òðåáóåò ðàçðûâà íèòåé, ÷òî èñêëþ÷åíî ïðè íàïðÿæåíèÿõ
íèæå ïðåäåëà òåêó÷åñòè σyield = αG0.

2. Òðåõôàçíîå ãàøåíèå âîëíîâîãî èçëó÷åíèÿ: Ñîãëàñíî òåîðåìå ??, âåêòîðíàÿ ñóììà ñìåùåíèé òðåõ
ïó÷íîñòåé â äàëüíåé çîíå ðàâíà íóëþ (

∑
uk = 0). Ìîùíîñòü äèïîëüíîãî èçëó÷åíèÿ â êîíòèíóóì

ðàâíà íóëþ: Prad = 0.

3. BPS-íàñûùåíèå êàâèòàöèè: Áàëàíñ îáúåìíîé ðàáîòû ðàñøèðåíèÿ êàâåðíû è ñäâèãîâîãî íàòÿæåíèÿ
ìàòðèöû (2J2 = 3σ2

m) ôèêñèðóåò ëîêàëüíûé ýêñòðåìóì ïîòåíöèàëüíîé ýíåðãèè.

15.3 Ñòàòóñ ôîðìàëèçàöèè â Lean 4. Ìåòîäîëîãè÷åñêèé ñòàòóñ è ãðàíèöû
ôîðìàëèçàöèè

1. Îáëàñòü âåðèôèêàöèè â Lean 4: Ìàøèííàÿ êîìïèëÿöèÿ ìîäóëåé ÿäðà âåðèôèöèðóåò òîïîëî-
ãè÷åñêóþ àöèêëè÷íîñòü ãðàôà, âàðèàöèîííóþ äèñêðåòíîñòü ñïåêòðà óçëà T (3, 2) (I = 13.4 < 25) è
àëãåáðó ïðîåêòîðîâ äåâèàòîðà Õåéãà�Âåñòåðãàðäà (èíâàðèàíòû Êîèäý 2/3 è 8/15, ñëàáûé óãîë 3/13,
ðåàêòîðíûé óãîë 1/12, ôîðì-ôàêòîð f = 3/4, êàñêàäíàÿ ñòåïåíü α18).

2. Êëàññè÷åñêèé êîíòèíóàëüíûé àíàëèç: Òåîðåìû, îïèðàþùèåñÿ íà èíòåãðàëüíîå èñ÷èñëåíèå íà
ãëàäêèõ ìíîãîîáðàçèÿõ ñ êðàåì (òåîðåìà Ãàóññà�Îñòðîãðàäñêîãî äëÿ âíóòðåííåé êàâåðíû, ëåììà
Êëåðî�Øâàðöà ∇ · (∇× u) = 0, âàðèàöèîííàÿ îïòèêà ïðèíöèïà Ôåðìà), ôîðìóëèðóþòñÿ â êàíîíè-
÷åñêîì àïïàðàòå ìàòåìàòè÷åñêîé ôèçèêè.

3. ×èñëåííûé ñêâîçíîé àóäèò: Ñâåðêà çíà÷åíèé ñ ýêñïåðèìåíòàëüíûìè áàçàìè CODATA 2022,
PDG 2024, NuFIT 6.0 è AME2020 îñóùåñòâëÿåòñÿ âû÷èñëèòåëüíûì êîìïëåêñîì ïðîèçâîëüíîé òî÷-
íîñòè (50 dps).

4. Êðàåâàÿ âàðèàöèîííàÿ çàäà÷à îïåðàòîðà Ëàìý: Äëÿ êâàçèíåñæèìàåìîãî êîíòèíóóìà ñ ãëàä-
êîé ãðàíèöåé êàâåðíû ôîðìàëèçîâàíà íà ïðîñòðàíñòâàõ Ñîáîëåâà â ìîäóëå TevElasticityBoundary.lean
(ëåììû ãëàäêîñòè è ñëåäà: smoothUpTo_lincomb, admissible_iff_lame, sameTrace_refl, energy_-
eq_lame_form, testJets_zero_mem, toLp_zero, coordDeriv_zero).
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Ôîðìàëüíàÿ îïîðà: ñåêòîðíàÿ àðõèòåêòóðà âåðèôèêàöèè â Lean 4

Äåäóêòèâíàÿ öåïî÷êà ÒÝÂ ôîðìàëèçîâàíà â èíòåðàêòèâíîì ïðóâåðå òåîðåì Lean 4 ñ îïîðîé íà áèáëèî-
òåêó Mathlib. Ïîëíàÿ ñèñòåìà äîêàçàòåëüñòâ îðãàíèçîâàíà â âèäå èåðàðõè÷åñêîãî ãðàôà èç ñïåöèàëèçè-
ðîâàííûõ ìîäóëåé, îáúåäèí¼ííûõ â êîðíåâîì ìîíîëèòå TevMaster.lean.

Ñáîðêà ãðàôà âûïîëíÿåòñÿ êîìïèëÿòîðîì ïîëíîñòüþ íà ñòàíäàðòíûõ àêñèîìàõ êëàññè÷åñêîé ëîãèêè
ZFC (propext, Classical.choice, Quot.sound) â ñòàòóñå all jobs PASS, 0 errors, 0 warnings, 0 sorry:

� I. Êèíåìàòè÷åñêèé è âàðèàöèîííûé áàçèñ: äîêàçàòåëüñòâî îòñóòñòâèÿ ïîïåðå÷íîé óòå÷êè
èìïóëüñà Íàìáó (TevBridge), âàðèàöèîííûé ìèíèìóì òðèëèñòíèêà T (3, 2) íà òîðå Êëèôôîðäà
(TevFoundations) è ñòðîãàÿ àöèêëè÷íîñòü äåäóêòèâíîãî ãðàôà ïàðàìåòðîâ (TevDagAcyclic).

� II. Ýëàñòîäèíàìè÷åñêèé èçîìîðôèçì Ìàêñâåëëà: îïåðàòîðíûé âûâîä óðàâíåíèé ýëåêòðîäè-
íàìèêè èç óðàâíåíèé Íàâüå�Êîøè ñîëåíîèäàëüíîãî êîíòèíóóìà (TevMaxwell), îòñóòñòâèå ìàãíèò-
íûõ ìîíîïîëåé (div curl ≡ 0, TevLeptonMonopole) è ðàâíîðàñïðåäåëåíèå ýíåðãèè ýëåêòðîíà 50/50
ïî òåîðåìå Ëàóý (TevLaueEquipartition).

� III. Áàðèîííûé ñåêòîð è ôèçèêà íóêëîíîâ: òîïîëîãè÷åñêèé êîíôàéíìåíò ïðîòîíà (TevProtonTransformer),
ôîðì-ôàêòîð íóêëîíà 3/4 (TevNucleon), äâóõôîòîííàÿ ñòðóêòóðà íåéòðîíà ñ îòðèöàòåëüíûì ìàã-
íèòíûì ìîìåíòîì è êîíòàêòíûì ðàçðåøåíèåì äåôåêòà B1 (TevNeutronComposite), à òàêæå
êèðàëüíûå çàêîíû îòáîðà ñëàáîãî ðàñïàäà (TevChiralityDecay).

� IV. Ïðåöèçèîííàÿ ñïåêòðîñêîïèÿ ëåïòîíîâ: ãåîìåòðèÿ òîðîâ íàìîòêè (TevLeptonTorus), èí-
âàðèàíò Êîèäý Q ≡ 2/3 èç áàëàíñà Ìèçåñà, ìåçîííûé ñïåêòð êâàíòîâ Íàìáó (TevMesonAnomaly) è
êâàäðàòè÷íàÿ ðàäèàëüíàÿ ìîäà ìþîíà C2 = 27/5, óñòðàíÿþùàÿ äåôåêò P2 (TevMuonSpectrum).

� V. Ýëåêòðîñëàáàÿ êàâèòàöèÿ è ïîãðàíè÷íûå ñëîè: ¾ãîëûé¿ êóñòîäèàëüíûé áàçèñ òîðà
(TevElectroweak), ðàäèàöèîííûé ïîãðàíñëîé óãëà Âàéíáåðãà sin2 θdressedW = 3/13 + 1

4
α
π è êóñòîäè-

àëüíîñòü ρ ≡ 1 (TevElectroweakDressed), à òàêæå ãèäðîäèíàìè÷åñêàÿ èíåðöèÿ äûõàòåëüíîé ìîäû
Ðýëåÿ�Ïëåññåòà áîçîíà Õèããñà (TevHiggsBreathing).

� VI. Ãðàâèòàöèîííûé êàñêàä, ÿäåðíûå ñèëû è êîñìîëîãèÿ: äâóõáëî÷íàÿ ôàêòîðèçàöèÿ êàñêà-
äà 13⊕ 5 = 18 (TevTopology, TevGravityCascade, TevGravityInterface), çàêîí òÿãîòåíèÿ Íüþòîíà
÷åðåç íàïðÿæåíèÿ Ýøåëáè (TevGravity), ÿäåðíûå ñèëû SEMF (TevNuclearSEMF), ìóàðîâûå ñâåðõ-
ðåø¼òêè (TevTwistronics), ìàòðèöà CKM (TevCKM) è áàðèîííàÿ àñèììåòðèÿ Âñåëåííîé ηB = 3

14α
4

(TevCosmology).

Ñêâîçíàÿ ìàøèííàÿ âåðèôèêàöèÿ: Ãåíåðàëüíàÿ òåîðåìà íåïðîòèâîðå÷èâîñòè ãðàôà TevMaster.master_-
dag_end_to_end_consistency îñóùåñòâëÿåò îäíîâðåìåííîå ëîãè÷åñêîå çàìûêàíèå êëþ÷åâûõ èíâàðèàíòîâ
âñåõ ñåêòîðîâ ÿäðà â åäèíóþ íåðàçðûâíóþ öåïî÷êó. Ïîëíûé ðååñòð òåîðåì è èñõîäíûé êîä äîêàçàòåëüñòâ
äîñòóïíû â îòêðûòîì ðåïîçèòîðèè ïðîåêòà.
Ôîðìàëèçîâàíî: TevDagAcyclic.lean, òåîðåìû dependency_strictly_decreases_rank, no_self_-

dependency, anchors_have_zero_dependencies.

15.4 Îïåðàòîðíîå ïðîèñõîæäåíèå êîýôôèöèåíòîâ ïîãðàíè÷íûõ ñëîåâ

Â ìåõàíèêå ñïëîøíûõ ñðåä èìïåäàíñíîå ãðàíè÷íîå óñëîâèå òðåòüåãî ðîäà (óñëîâèå Ðîáèíà) íà ñòåíêå
êàâèòàöèîííîé ïîëîñòè çàïèñûâàåòñÿ â îïåðàòîðíîì âèäå:[

σ · n+ Ẑboundary · u̇
]
Score

= 0. (366)

Ïîïðàâêà ê ìàññå ìîäû â ïåðâîì ïîðÿäêå òåîðèè âîçìóùåíèé îïðåäåëÿåòñÿ îòíîøåíèåì ñëåäà îïåðàòîðà
âîçáóæäåíèÿ ìîäû ê ïðåäñòàâèòåëüñòâó åå ôèçè÷åñêèõ ñòåïåíåé ñâîáîäû íà ãðàíèöå ðàçäåëà ôàç:

Cmode =
Tr(P̂mode)

Tr(Îd.o.f.)
. (367)

Êàæäîå ÷èñëî âûðàæàåò ñëåä îïåðàòîðà:

1. Áîçîí Z0 (CZ = 5/4): ìîäà íåéòðàëüíîãî òîêà ïðåäñòàâëÿåò ñîáîé êðó÷åíèå òîðà Êëèôôîðäà.
Îïåðàòîð ãðàíèöû ñóììèðóåò èíäåêñû öèêëîâ: Tr(P̂Z) = p + q = 3 + 2 = 5. Ýêðàíèðîâàíèå ðàñ-
ïðåäåëÿåòñÿ ïî âñåì Nspin = 4 âåùåñòâåííûì êîîðäèíàòàì íàêðûòèÿ Spin(3) ∼= S3. Ñëåäîâàòåëüíî:
CZ = (p+ q)/Nspin = 5/4.

62



2. Áîçîí W± (CW = 7/2): ìîäà çàðÿæåííîãî òîêà ïðåäñòàâëÿåò ñîáîé âèíòîâîå âîçìóùåíèå. Ê èí-
äåêñàì îáìîòîê (p+ q) äîáàâëÿåòñÿ òîïîëîãè÷åñêèé òâèñò íàêðûòèÿ Nrev = 2, äàâàÿ p+ q +Nrev =

3 + 2 + 2 = 7. Âèíòîâîé âåêòîð ïðîåöèðóåòñÿ íà 2 ïîïåðå÷íûå ïîëÿðèçàöèè âîëíû: Tr(Î⊥) = 2.
Îòñþäà: CW = 7/2.

3. Áîçîí Õèããñà H0 (CH = −39/5): ìîäà ðàäèàëüíîãî äûõàíèÿ ÿâëÿåòñÿ äèëàòàöèåé îáúåìà êàâåðíû.
Â êâàçèíåñæèìàåìîé ìàòðèöå ðàäèàëüíîå ðàñøèðåíèå âñòðå÷àåò ïðîòèâîäåéñòâèå óïðóãîé ñðåäû,
÷òî ïîðîæäàåò îòðèöàòåëüíûé çíàê ïîïðàâêè. Îïåðàòîð îáúåìíîãî ñæàòèÿ ñâÿçûâàåò ìîäû ïîëíîãî
áàçèñà òîðà Nbasis = p2 + q2 = 13 ñ p = 3 ïó÷íîñòÿìè ìàññû, îòíåñåííûìè ê ïåðèìåòðó âèõðåâîãî

êîíòàêòà p+ q = 5: CH = − (p2+q2) p
p+q = − 13×3

5 = − 39
5 = −7.80.

15.5 Îíòîëîãè÷åñêèé ñòàòóñ ¾áåãóùèõ êîíñòàíò¿

Â òîïîëîãè÷åñêîé ýëàñòîäèíàìèêå õàðàêòåðèñòè÷åñêèé âîëíîâîé èìïåäàíñ êîíòèíóóìà α ≡ Z0/(2RK) =
1/137.035999 ÿâëÿåòñÿ ãëîáàëüíîé êîíñòàíòîé ñðåäû, íåèçìåííîé âî Âñåëåííîé. Ýêñïåðèìåíòû ïî ðàññå-
ÿíèþ çîíäèðóþò óïðóãèé äåôåêò íà ìàñøòàáàõ äëèíû âîëíû äå Áðîéëÿ λ ∼ ℏ/Q. Ïðè Q ∼ 100 ÃýÂ çîíä
ïðîíèêàåò â îáëàñòü ñóáôåìòîìåòðè÷åñêîé äåôîðìàöèè (r ∼ 10−18 ì), ãäå íàïðÿæåíèÿ ïðèáëèæàþòñÿ
ê ïðåäåëó òåêó÷åñòè Ìèçåñà σyield = αG0. Íàáëþäàåìîå èçìåíåíèå ýôôåêòèâíîãî ñå÷åíèÿ ïðåäñòàâëÿåò
ñîáîé îïòèêî-àêóñòè÷åñêèé îòêëèê íåëèíåéíî ðàçìÿã÷åííîé ìàòðèöû âàêóóìà â òî÷êå ñîóäàðåíèÿ, à íå
èçìåíåíèå ñâîéñòâ ïðîñòðàíñòâà.

Ïîñêîëüêó ãðàâèòàöèîííàÿ êîíñòàíòà ñâÿçè äåòåðìèíèðîâàíà 18-é ñòåïåíüþ èìïåäàíñà αG ∝ α18,
ãëîáàëüíîå èçìåíåíèå êîíñòàíòû ñâÿçè äî çíà÷åíèÿ 1/128 ïðèâåëî áû ê ñêà÷êó ãðàâèòàöèîííîãî âçàèìî-
äåéñòâèÿ:

αG(1/128)

αG(1/137.036)
=

(
137.036

128

)18

≈ 3.413851 (+242%), (368)

÷òî ïðèâåëî áû ê äåñòàáèëèçàöèè çâåçäíûõ ÿäåð è àñòðîôèçè÷åñêèõ ñòðóêòóð. Ýêñïåðèìåíòàëüíàÿ ñòà-
áèëüíîñòü ãðàâèòàöèè (Ġ/G < 10−13 ãîä−1, α̇/α < 10−17 ãîä−1) ïîäòâåðæäàåò ïîñòîÿíñòâî α.

Ñïèñîê ëèòåðàòóðû

[1] C.-L. Navier, M�emoire sur les lois de l'�equilibre et du mouvement des corps solides �elastiques, M�em. Acad.
Sci. Inst. France 7, 375�394 (1827).

[2] A.-L. Cauchy, Sur les �equations qui repr�esentent les mouvements d'un corps solide �elastique, Exercices de
Math�ematiques 3, 160�187 (1828).

[3] J. MacCullagh, An essay towards a dynamical theory of crystalline re�exion and refraction, Trans. R. Irish
Acad. 21, 17�50 (1848).

[4] E. T. Whittaker, A History of the Theories of Aether and Electricity: From the Age of Descartes to the
Close of the Nineteenth Century, Longmans, Green, and Co., London (1910).

[5] R. von Mises, Mechanik der festen K�orper im plastisch-deformablen Zustand, Nachr. Ges. Wiss. G�ottingen,
Math.-Phys. Kl. 1913, 582�592 (1913).

[6] B. P. Haigh, The Strain-Energy Function and the Elastic Limit of Materials, Engineering 109, 158�160
(1920).

[7] H. M. Westergaard, On the resistance of ductile materials to combined stresses, J. Franklin Inst. 189,
627�640 (1920). DOI: 10.1016/s0016-0032(20)90373-3.

[8] J. D. Eshelby, The determination of the elastic �eld of an ellipsoidal inclusion, and related problems, Proc.
R. Soc. London A 241, 376�396 (1957). DOI: 10.1098/rspa.1957.0133.

[9] R. D. Mindlin, Micro-structure in linear elasticity, Arch. Ration. Mech. Anal. 16, 51�78 (1964). DOI:
10.1007/BF00248490.

[10] W. Gordon, Zur Lichtfortp�anzung nach der Relativit�atstheorie, Ann. Phys. (Leipzig) 377, 421�456 (1923).
DOI: 10.1002/andp.19233772202.

[11] E. Schr�odinger, Quantisierung als Eigenwertproblem, Ann. Phys. (Leipzig) 384, 361�376 (1926). DOI:
10.1002/andp.19263840404.

[12] M. Born, Zur Quantenmechanik der Stoßvorg�ange, Z. Phys. 37, 863�867 (1926). DOI: 10.1007/BF01397477.

[13] L. de Broglie, La m�ecanique ondulatoire et la structure atomique de la mati�ere et du rayonnement, J. Phys.
Radium 8, 225�241 (1927). DOI: 10.1051/jphysrad:0192700805022500.

63

https://doi.org/10.1016/s0016-0032(20)90373-3
https://doi.org/10.1098/rspa.1957.0133
https://doi.org/10.1007/BF00248490
https://doi.org/10.1007/BF00248490
https://doi.org/10.1002/andp.19233772202
https://doi.org/10.1002/andp.19263840404
https://doi.org/10.1002/andp.19263840404
https://doi.org/10.1007/BF01397477
https://doi.org/10.1051/jphysrad:0192700805022500


[14] H. Hopf, �Uber die Abbildungen der dreidimensionalen Sph�are auf die Kugel��ache, Math. Ann. 104, 637�665
(1931). DOI: 10.1007/BF01457962.

[15] E. M. Purcell, Spontaneous emission probabilities at radio frequencies, Phys. Rev. 69, 681�682 (1946).

[16] J. Schwinger, On Quantum-Electrodynamics and the Magnetic Moment of the Electron, Phys. Rev. 73,
416�417 (1948). DOI: 10.1103/PhysRev.73.416.

[17] J. S. Bell, On the Einstein Podolsky Rosen paradox, Physics 1, 195�200 (1964). DOI:
10.1103/PhysicsPhysiqueFizika.1.195.

[18] J. F. Clauser, M. A. Horne, A. Shimony, and R. A. Holt, Proposed experiment to test local hidden-variable
theories, Phys. Rev. Lett. 23, 880�884 (1969). DOI: 10.1103/PhysRevLett.23.880.

[19] B. S. Cirel'son, Quantum generalizations of Bell's inequality, Lett. Math. Phys. 4, 93�100 (1980). DOI:
10.1007/BF00417500.

[20] Y. Couder and E. Fort, Single-particle di�raction and interference at a macroscopic scale, Phys. Rev. Lett.
97, 154101 (2006). DOI: 10.1103/PhysRevLett.97.154101.

[21] T. H. R. Skyrme, A uni�ed �eld theory of mesons and baryons, Nucl. Phys. 31, 556�569 (1962). DOI:
10.1016/0029-5582(62)90775-7.

[22] T. J. Willmore, Note on embedded surfaces, An. �Sti. Univ. �Al. I. Cuza� Ia�si Mat. 11B, 493�496 (1965).

[23] Y. Nambu, Generalized Hamiltonian dynamics, Phys. Rev. D 7, 2405�2412 (1973). DOI:
10.1103/PhysRevD.7.2405.

[24] B. Julia and A. Zee, Poles with both magnetic and electric charges in non-Abelian gauge theory, Phys. Rev.
D 11, 2227�2232 (1975). DOI: 10.1103/PhysRevD.11.2227.

[25] L. Faddeev and A. J. Niemi, Stable knot-like structures in classical �eld theory, Nature 387, 58�61 (1997).
DOI: 10.1038/387058a0.

[26] Y. Nambu, An empirical mass spectrum of elementary particles, Prog. Theor. Phys. 7, 595�596 (1952).
DOI: 10.1143/ptp.7.5.595.

[27] C. F. von Weizs�acker, Zur Theorie der Kernmassen, Z. Phys. 96, 431�458 (1935). DOI:
10.1007/BF01337700.

[28] H. A. Bethe and R. F. Bacher, Nuclear physics. A. Stationary states of nuclei, Rev. Mod. Phys. 8, 82�229
(1936). DOI: 10.1103/RevModPhys.8.82.

[29] S. Weinberg, A Model of Leptons, Phys. Rev. Lett. 19, 1264�1266 (1967). DOI:
10.1103/PhysRevLett.19.1264.

[30] M. Veltman, Limit on mass di�erences in the Weinberg model, Nucl. Phys. B 123, 89�99 (1977). DOI:
10.1016/0550-3213(77)90342-X.

[31] Y. Koide, A fermion-boson composite model of quarks and leptons, Phys. Lett. B 120, 161�165 (1983).
DOI: 10.1016/0370-2693(83)90644-5.

[32] G. E. Volovik, The Universe in a Helium Droplet, Oxford University Press, Oxford (2003).

[33] W. Xiong et al. (PRad Collaboration), A small proton charge radius from an electron�proton scattering
experiment, Nature 575, 147�150 (2019). DOI: 10.1038/s41586-019-1721-2.

[34] B. Duran et al. (GlueX Collaboration), Determining the gluonic gravitational form factors of the proton,
Nature 615, 813�816 (2023). DOI: 10.1038/s41586-023-05730-4.

[35] M. Wang, W. J. Huang, F. G. Kondev, G. Audi, and S. Naimi, The AME 2020 atomic mass evaluation
(II). Tables, graphs and references, Chin. Phys. C 45, 030003 (2021). DOI: 10.1088/1674-1137/abddaf.

[36] E. Tiesinga, P. J. Mohr, D. B. Newell, and B. N. Taylor, CODATA recommended values of the fundamental
physical constants: 2022, Rev. Mod. Phys. 97, 025002 (2025). DOI: 10.1103/RevModPhys.97.025002.

[37] S. Navas et al. (Particle Data Group), Review of Particle Physics, Phys. Rev. D 110, 030001 (2024). DOI:
10.1103/PhysRevD.110.030001.

[38] I. Esteban, M. C. Gonzalez-Garcia, M. Maltoni, T. Schwetz, and A. Zhou, NuFit-6.0: updated global analysis
of three-�avor neutrino oscillations, JHEP 12, 216 (2024). DOI: 10.1007/JHEP12(2024)216.

[39] I. J. Allali and A. Notari, Neutrino mass bounds from DESI 2024 are relaxed by Planck PR4 and
cosmological supernovae, arXiv:2406.14554 [astro-ph.CO] (2024).

[40] S. Abe et al. (KamLAND-Zen Collaboration), Search for Majorana neutrinos with the complete KamLAND-
Zen dataset, Phys. Rev. Lett. 135 (2025). arXiv:2406.11438.

64

https://doi.org/10.1007/BF01457962
https://doi.org/10.1103/PhysRev.73.416
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysicsPhysiqueFizika.1.195
https://doi.org/10.1103/PhysRevLett.23.880
https://doi.org/10.1007/BF00417500
https://doi.org/10.1007/BF00417500
https://doi.org/10.1103/PhysRevLett.97.154101
https://doi.org/10.1016/0029-5582(62)90775-7
https://doi.org/10.1016/0029-5582(62)90775-7
https://doi.org/10.1103/PhysRevD.7.2405
https://doi.org/10.1103/PhysRevD.7.2405
https://doi.org/10.1103/PhysRevD.11.2227
https://doi.org/10.1038/387058a0
https://doi.org/10.1143/ptp.7.5.595
https://doi.org/10.1007/BF01337700
https://doi.org/10.1007/BF01337700
https://doi.org/10.1103/RevModPhys.8.82
https://doi.org/10.1103/PhysRevLett.19.1264
https://doi.org/10.1103/PhysRevLett.19.1264
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0550-3213(77)90342-X
https://doi.org/10.1016/0370-2693(83)90644-5
https://doi.org/10.1038/s41586-019-1721-2
https://doi.org/10.1038/s41586-023-05730-4
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1103/RevModPhys.97.025002
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1103/PhysRevD.110.030001
https://doi.org/10.1007/JHEP12(2024)216
https://arxiv.org/abs/2406.14554
https://arxiv.org/abs/2406.11438

