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An exact solution of the Euler equations governing the �ow of a

compressible �uid in relativistic hydrodynamics is found and

studied. It is a relativistic analogue of the Ovsyannikov vortex

(special vortex) investigated earlier for classical gas dynamics.

Solutions are partially invariant of Defect 1 and Rank 2 with respect

to the rotation group. A theorem on the representation of the

factor-system in the form of a union of a non-invariant subsystem

for the function determining the deviation of the velocity vector

from the meridian, and invariant subsystem for determination of

thermodynamic parameters, the Lorentz factor and the radial

velocity component is proved. Compatibility conditions for the

overdetermined non-invariant subsystem are obtained.

A stationary solution of this type is studied in detail. It is proved

that its invariant subsystem reduces to an implicit di�erential

equation. For this equation, the manifold of branching of solutions

is investigated, and a set of singular points is found. A physical

interpretation of the solutions is given.
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Óðàâíåíèÿ ðåëÿòèâèñòñêîé ãèäðîäèíàìèêè (ãàçîâîé äèíàìèêè)

ñæèìàåìîé æèäêîñòè èìåþò âèä

(Γρ)t + O · (Γρ~u) = 0,

(Γ2ρw~u)t + O · (Γ2ρw~u ⊗ ~u) + Op = 0,

(Γ2ρw − p)t + O · (Γ2ρw~u) = 0.

(1)

Â (1) âåêòîð ~u � ñêîðîñòü ãàçà â ëàáîðàòîðíîé ñèñòåìå

îòñ÷åòà, ρ, p � ïëîòíîñòü è äàâëåíèå, w = 1 + γ
γ−1p/ρ �

ýíòàëüïèÿ, Γ = (1− |~u|2)−1/2 � ôàêòîð Ëîðåíöà ÿâëÿþòñÿ

ôóíêöèÿìè íåçàâèñèìûõ ïåðåìåííûõ � âðåìåíè t è
ïðîñòðàíñòâåííûõ êîîðäèíàò ~x = (x1, x2, x3).
Âûáðàíà ñèñòåìà åäèíèö â êîòîðîé ñêîðîñòü ñâåòà c = 1, òàê
÷òî äëÿ ñêîðîñòè èìååì íåðàâåíñòâî |~u| < 1.
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Óðàâíåíèÿ (1) çàïèñàíû â âèäå çàêîíîâ ñîõðàíåíèÿ, ÷òî óäîáíî

äëÿ ÷èñëåííîãî ìîäåëèðîâàíèÿ. Äëÿ àíàëèçà ñèììåòðèéíûõ

ñâîéñòâ è ïîñòðîåíèÿ òî÷íîãî ðåøåíèÿ �îñîáûé âèõðü� áîëåå

óäîáíà äðóãàÿ ôîðìà óðàâíåíèé (1):

Ëåììà

Óðàâíåíèÿ Ýéëåðà ðåëÿòèâèñòñêîé ãèäðîäèíàìèêè ñæèìàåìîé

æèäêîñòè ìîãóò áûòü çàïèñàíû â âèäå

bD~u + pt~u + Op = 0,

Da + adiv~u = 0,

aDd = pt .

(2)

Â (2) a = Γρ, b = Γ2ρw , d = b/a = Γw ,
D = ∂t + ~u · O � ïîëíàÿ ïðîèçâîäíàÿ.
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Îñîáûé âèõðü

Îïðåäåëåíèå

Îñîáûì âèõðåì (âèõðåì Îâñÿííèêîâà) íàçûâàåòñÿ ðåøåíèå

äèôôåðåíöèàëüíûõ óðàâíåíèé, êîòîðîå ÿâëÿåòñÿ ÷àñòè÷íî

èíâàðèàíòíûì îòíîñèòåëüíî ãðóïïû âðàùåíèé SO(3) â
ïðîñòðàíñòâå R3(~x)× R3(~u).

Â ýòîì ïðåäñòàâëåíèè ãðóïïà SO(3) èìååò èíâàðèàíòû
r = |~x |1/2, |~u| è ~x · ~u. Ïîñêîëüêó èíâàðèàíòîâ, çàâèñÿùèõ îò
òðåõ êîìïîíåíò ñêîðîñòè (u1, u2, u3) òîëüêî äâà, òî â ýòîì

ñëó÷àå ìîæíî ïîñòðîèòü ÷àñòè÷íî èíâàðèàíòíîå ðåøåíèå.

Èíâàðèàíòíûìè íåçàâèñèìûìè ïåðåìåííûìè ÿâëÿþòñÿ

âðåìÿ t è ðàäèóñ-âåêòîð r .
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Îñîáûé âèõðü

Âûáîð íå èíâàðèàíòíîé ôóíêöèè ìåíåå î÷åâèäåí.

Ë. Â. Îâñÿííèêîâ ïðåäëîæèë â êà÷åñòâå ýòîé ôóíêöèè óãîë

ω = ω(t, r , θ, ϕ) èçìåðÿþùèé îòêëîíåíèå âåêòîðà ñêîðîñòè ~u îò

ìåðèäèàíà ñôåðû r = const.

Ââåäåì ñôåðè÷åñêèå êîîðäèíàòû (r , θ, φ) è (U,V ,W ):

x = r sin θ cosϕ, y = r sin θ sinϕ, z = r cos θ,

òàê ÷òî r > 0, 0 6 θ 6 π, 0 6 ϕ 6 2π;
U,V ,W � ðàäèàëüíàÿ, øèðîòíàÿ è äîëãîòíàÿ êîìïîíåíòû

ñêîðîñòè.
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Îñîáûé âèõðü

Ââåäåì íîâûå êîîðäèíàòû äëÿ ñêîðîñòåé, â ïëîñêîñòè

êàñàòåëüíîé ê ñôåðå r = const, ïîëÿðíûå êîîðäèíàòû äëÿ

êàñàòåëüíîé êîìïîíåíòû ~uτ = (V ,W ) âåêòîðà ñêîðîñòè:

V = H cosω, W = H sinω, (3)

òàê ÷òî H =
√
V 2 + W 2, ω = arctanW /V .

Îïðåäåëåíèå

Îñîáûé âèõðü � ýòî ðåøåíèå óðàâíåíèé (2), â êîòîðîì

ðåàëèçóåòñÿ ñïåöèàëüíàÿ çàâèñèìîñòü ôóíêöèé îò íåçàâèñèìûõ

ïåðåìåííûõ, à èìåííî

U = U(r , t), Γ = Γ(r , t), H = H(r , t),

p = p(r , t), ρ = ρ(r , t), w = w(r , t),

ω = ω(t, r , θ, ϕ).

(4)
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Îñîáûé âèõðü

Ñîãëàñíî îáùåé òåîðèè ãðóïïîâîãî àíàëèçà

äèôôåðåíöèàëüíûõ óðàâíåíèé ñëåäóåò, ÷òî ïîñëå ïîäñòàíîâêè

ïðåäñòàâëåíèÿ (4) â (2) ïîëó÷àåòñÿ êîìïîçèöèÿ

ôàêòîð-ñèñòåìû â âèäå îáúåäèíåíèÿ ïåðåîïðåäåëåííîé

ñèñòåìû äèôôåðåíöèàëüíûõ óðàâíåíèé äëÿ ôóíêöèè ω è

ñèñòåìû óðàâíåíèé äëÿ èíâàðèàíòíûõ ôóíêöèé U, Γ,H, p, ρ,w .
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Ëåììà (2)

Óðàâíåíèÿ îñîáîãî âèõðÿ äëÿ ðåëÿòèâèñòñêîé ãèäðîäèíàìèêè

ïðåäñòàâëÿþòñÿ â âèäå îáúåäèíåíèÿ èíâàðèàíòíîé ïîäñèñòåìû

ad(D0U −
1

r
H2) + ptU + pr = 0,

D0H +
U

r
H + ptH = 0,

aD0d = pt ,

(5)

ãäå D0 = ∂t + U∂r � èíâàðèàíòíàÿ ÷àñòü ïîëíîé ïðîèçâîäíîé,

è ïåðåîïðåäåëåííîé ïîäñèñòåìû äëÿ ôóíêöèè ω:

k sin θD0ω + sin θ cosωωθ + sinωωϕ + cos θ sinω = 0,

sin θ sinωωθ − cosωωϕ = h sin θ + cos θ cosω,
(6)

ãäå

k = r/H, h = k(a−1D0a + r−2(r2U)r ). (7)
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Îñîáûé âèõðü

Çàìå÷àòåëüíî òî, ÷òî (6) è (7) â òî÷íîñòè ñîâïàäàåò ñ

ñîîòâåòñòâóþùèìè óðàâíåíèÿìè äëÿ êëàññè÷åñêîé ãàçîâîé

äèíàìèêè. Ïðè ýòîì ôóíêöèÿ h äðóãàÿ, îíà ñâÿçàíà ñ äðóãèìè

ôèçè÷åñêèìè âåëè÷èíàìè. Ýòîò ôàêò ïîä÷åðêèâàåò

èñêëþ÷èòåëüíî óäà÷íûé âûáîð ïåðåìåííûõ, ñäåëàííûé

Ë.Â. Îâñÿííèêîâûì. Ñëåäñòâèåì ýòîãî ôàêòà ÿâëÿåòñÿ

Ëåììà (óñëîâèå ñîâìåñòíîñòè Îâñÿííèêîâà)

Óñëîâèå ñîâìåñòíîñòè ïåðåîïðåäåëåííîé ñèñòåìû (6) èìååò âèä

kD0h = h2 + 1. (8)

Óðàâíåíèå (8) äîïîëíÿåò èíâàðèàíòíóþ ñèñòåìó (5).

Òàêèì îáðàçîì íà îñîáûé âèõðü äëÿ ðåëÿòèâèñòñêîé ãàçîâîé

äèíàìèêè ïåðåíîñÿòñÿ âñå ìàòåìàòè÷åñêèå ðåçóëüòàòû,

äîêàçàííûå äëÿ îñîáîãî âèõðÿ â êëàññè÷åñêîé ãàçîâîé

äèíàìèêå.
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Èíòåãðèðîâàíèå ïåðåîïðåäåëåííîé ñèñòåìû
(Îâñÿííèêîâ)

L(ξ, η, ζ) = 0,

ãäå L - ãëàäêàÿ ïðîèçâîëüíàÿ ôóíêöèÿ ñâîèõ àðãóìåíòîâ

D0ξ = 0, kD0τ = 1, h = tgτ,

η = cos τ sin θ cosω − sin τ cos θ,√
1− η2 sin(ζ + φ) = cos τ cos θ cosω + sin τ sin θ.

Ñëîæíàÿ çàâèñèìîñòü äëÿ ω = ω(t, r , θ, φ) îïðåäåëÿåìàÿ
íåÿâíî.
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Ñòàöèîíàðíûé îñîáûé âèõðü äëÿ ðåëÿòèâèñòñêîé
ãàçîâîé äèíàìèêè

Ðàññìîòðèì ñòàöèîíàðíûé îñîáûé âèõðü, ò.å. ðåøåíèÿ

÷àñòè÷íî èíâàðèàíòíûå îòíîñèòåëüíî ãðóïïû < ∂t ,SO(3) >. Â
ïðåäñòàâëåíèè (4) è â óðàâíåíèÿõ Ëåììû 2 íåîáõîäèìî

èñêëþ÷èòü çàâèñèìîñòü îò âðåìåíè, òîãäà D0 = U d
dr .

Â äàëüíåéøåì ðàññìîòðèì ñëó÷àé îäíîàòîìíîãî ãàçà γ = 5/3,
èíòåðåñíîãî äëÿ ïðèëîæåíèé.

Óðàâíåíèÿ (5) ÷àñòè÷íî èíòåãðèðóþòñÿ è èìååò ìåñòî

ñëåäóþùàÿ ëåììà
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Ñòàöèîíàðíûé îñîáûé âèõðü äëÿ ðåëÿòèâèñòñêîé
ãàçîâîé äèíàìèêè

Ëåììà

Äëÿ ñòàöèîíàðíîãî îñîáîãî âèõðÿ â ðåëÿòèâèñòñêîé ãàçîâîé

äèíàìèêå èíâàðèàíòíàÿ ïîäñèñòåìà (5) ñâîäèòñÿ ê

îáûêíîâåííîìó íåÿâíîìó äèôôåðåíöèàëüíîìó óðàâíåíèþ

F (R, h, p;m0, s0) ≡ q3/2 − R2p
(

3m0 + s0
p2

1 + h2

)
q+

+ 3m2
0R

4p2q1/2 −m3
0R

6p3 = 0,

(9)

ãäå p = dh/dR ; 0 < s0, 0 < m0 < 1 � ïîñòîÿííûå,

õàðàêòåðèçóþùèå ôèçèêó çàäà÷è, R > 1 � íîðìèðîâàííîå

ðàññòîÿíèå, q = q(R, h, p) èìååò âèä

q(R, h, p) = R2(R2 − 1)p2 − (1 + h2)2. (10)
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Ëåììà (ïðîäîëæåíèå)

Èíâàðèàíòíûå ôóíêöèè èìåþò ñëåäóþùåå ïðåäñòàâëåíèå ÷åðåç

ôóíêöèþ h è åå ïðîèçâîäíóþ hR :

U =
1 + h2

R2hR
, a =

æ0

a0

hR√
1 + h2

,

Γ =
[
1− 1

R2

(
1 +

(1 + h2

RhR

)2)]−1/2
,

d = d0, H =
1

R
, w = d0/Γ,

(11)

ãäå a0, æ0, d0 � ïîñòîÿííûå.

Òàêèì îáðàçîì, îòûñêàíèå îñîáîãî âèõðÿ äëÿ ðåëÿòèâèñòñêîé

ãàçîâîé äèíàìèêè ñâîäèòñÿ ê ðåøåíèþ óðàâíåíèÿ (9) è

ïåðåîïðåäåëåííîé ñèñòåìû (6).
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Èññëåäîâàíèå îñîáûõ òî÷åê óðàâíåíèÿ (9)

Íåÿâíîå óðàâíåíèå (9) ìîæåò áûòü ðàçðåøåíî îòíîñèòåëüíî

ïðîèçâîäíîé p âî âñåõ òî÷êàõ R3(R, h, p), êðîìå òî÷åê
ìíîãîîáðàçèÿ

F (R, h, p) = 0, Fp(R, h, p) = 0. (12)

Êðèâàÿ (12) íàçûâàåòñÿ êðèìèíàíòîé óðàâíåíèÿ (9), îíà

ÿâëÿåòñÿ ìíîãîîáðàçèåì âåòâëåíèÿ èíòåãðàëüíûõ êðèâûõ. Ýòà

êðèâàÿ ñîñòîèò èç îñîáûõ òî÷åê óðàâíåíèÿ (9), íàçûâàåìûõ

ðåãóëÿðíûìè îñîáûìè òî÷êàìè. Êðîìå òîãî, äëÿ óðàâíåíèÿ

îáùåãî ïîëîæåíèÿ (9) íà ýòîé êðèâîé ìîãóò âñòðå÷àòüñÿ

èçîëèðîâàííûå íåðåãóëÿðíûå îñîáûå òî÷êè äâóõ òèïîâ:

ñîáðàííûå îñîáûå òî÷êè

ñëîæåííûå îñîáûå òî÷êè
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Èññëåäîâàíèå îñîáûõ òî÷åê

Ñëîæåííûå îñîáûå òî÷êè íàõîäÿòñÿ èç ñèñòåìû óðàâíåíèé

F (R, h, p) = 0, Fp(R, h, p) = 0,

FR(R, h, p) + pFh(R, h, p) = 0.
(13)

Ñîáðàííûå îñîáûå òî÷êè íàõîäÿòñÿ èç ñèñòåìû óðàâíåíèé

F (R, h, p) = 0, Fp(R, h, p) = 0, Fpp(R, h, p) = 0. (14)

Îïðåäåëåíèå

Ïðîåêöèÿ êðèìèíàíòíîé êðèâîé íà ïëîñêîñòü R2(h,R)
íàçûâàåòñÿ äèñêðèìèíàíòíîé êðèâîé.

Alexander P. Chupakhin Relativistic singular vortex and implicit di�erential equations



References

Ïîäíÿòèå óðàâíåíèÿ äî âåêòîðíîãî ïîëÿ

Ñóòü ãåîìåòðè÷åñêîãî ïîäõîäà ê èññëåäîâàíèþ íåÿâíûõ

óðàâíåíèé, ïðåäëîæåííîãî Ïóàíêàðå, ñîñòîèò â ïîäíÿòèè

íåÿâíîãî óðàâíåíèÿ F = 0 äî âåêòîðíîãî ïîëÿ

Rτ = Fp, hτ = pFp, pτ = −(FR + pFh), (15)

â ïðîñòðàíñòâå (R, h, p), ãäå τ � íîâûé ïàðàìåòð âäîëü

èíòåãðàëüíîé êðèâîé. Ïðè òàêîé òðàêòîâêå èíòåãðàëüíûå

êðèâûå óðàâíåíèÿ (9) ðàñïîëîæåíû íà ðàçëè÷íûõ ëèñòàõ

ïîâåðõíîñòè F = 0, êîòîðûå ìîãóò ïðîåêòèðîâàòüñÿ íà

ïëîñêîñòü R2(h,R) ñ íàëîæåíèåì äðóã íà äðóãà.

Ïðè ýòîì ðåøåíèå îïðåäåëåíî íà èíòåðâàëå äëÿ êîòîðîãî

èíòåãðàëüíàÿ êðèâàÿ íå äîõîäèò äî äèñêðèìèíàíòíîé êðèâîé.
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Ïîäíÿòèå óðàâíåíèÿ äî âåêòîðíîãî ïîëÿ

Ðèñ. 1: Ïîâåðõíîñòü F = 0 è èíòåãðàëüíûå êðèâûå ñèñòåìû
óðàâíåíèé (15).
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Ñèìâîëüíûå è ÷èñëåííûå âû÷èñëåíèÿ

Èññëåäîâàíèå îñîáûõ òî÷åê óðàâíåíèÿ (9) ñâÿçàíî ñ áîëüøèìè

âû÷èñëèòåëüíûìè òðóäíîñòÿìè. Ðåøåíèå ñèñòåì óðàâíåíèé

(13) è (14), îïðåäåëÿåìîå ðåçóëüòàíòàìè ñîîòâåòñòâóþùèõ

ìíîãî÷ëåíîâ, ìîæåò áûòü ïîëó÷åíî ïðè ïîìîùè ñèñòåì

ñèìâîëüíûõ è ÷èñëåííûõ âû÷èñëåíèé.

Äàæå ïðè èñïîëüçîâàíèè òàêèõ ñèñòåì âðåìÿ ðàñ÷åòà ÿâëÿåòñÿ

áîëüøèì (äî ñîòåí ÷àñîâ íà Intel Core i7-4770 CPU @ 3.40 GHz,

32.0 GB RAM).

Â äàëüíåéøåì âñå óòâåðæäåíèÿ îáîñíîâàíû ïðè ïîìîùè

ñèìâîëüíûõ è ÷èñëåííûõ âû÷èñëåíèé.
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Äèñêðèìèíàíòíàÿ êðèâàÿ

Äèñêðèìèíàíòíàÿ êðèâàÿ îïðåäåëÿåòñÿ ñëåäóþùåé ñèñòåìîé

óðàâíåíèé

F (R, h, p) = 0, Fp(R, h, p) = 0. (16)

Äëÿ ðåøåíèÿ ýòîé è ïîäîáíûõ ñèñòåì ìû èñïîëüçóåì

ñëåäóþùóþ òåõíèêó. Ïîñêîëüêó óðàâíåíèÿ ñèñòåìû (16)

ÿâëÿþòñÿ ïîëèíîìàìè ïî p, ìîæíî èñêëþ÷èòü p ñ ïîìîùüþ

ïîñòðîåíèÿ ðåçóëüòàíòà ýòèõ äâóõ ïîëèíîìîâ. Ïóñòü

R12(R, h) = Resultant(Φ1,Φ2). (17)

Äàëåå, íà (R, h)-ïëîñêîñòè, àëãåáðàè÷åñêîå óðàâíåíèå
R12(R, h) = 0 ÷èñëåííî ðåøàåòñÿ îòíîñèòåëüíî h.

Çäåñü è äàëåå ìû ðàáîòàåì ñ F 2, ò.å. F := F 2.
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Äèñêðèìèíàíòíàÿ êðèâàÿ

Òàêèì îáðàçîì, äëÿ çàäàííûõ m0, s0 è R , ìîæíî âû÷èñëèòü

äèñêðèìèíàíòíóþ êðèâóþ. Â ðåçóëüòàòå ÷èñëåííûõ ðàñ÷åòîâ

ïîëó÷åíî ñëåäóþùåå óòâåðæäåíèå

Óòâåðæäåíèå (î äèñêðèìèíàíòíîé êðèâîé)

Äèñêðèìèíàíòíàÿ êðèâàÿ ñîñòîèò èç îäíîé èëè äâóõ êîìïîíåíò

Äèñêðèìèíàíòíàÿ êðèâàÿ âñåãäà èìååò �îñíîâíóþ� êîìïîíåíòó,

íî äëÿ äîñòàòî÷íî ìàëûõ s0 (s0 ≈ 10−2 è ìåíüøå) âîçíèêàåò

�äîïîëíèòåëüíàÿ� êîìïîíåíòà (Ðèñ. 2).
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Êîìïîíåíòû äèñêðèìèíàíòíîé êðèâîé

s0=10
-1

s0=10
-2

s0=10
-3

s0=10
-5

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4
R

1

2

3

4
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6

h

Ðèñ. 2: Äèñêðèìèíàíòíàÿ êðèâàÿ äëÿ ôèêñèðîâàííîãî m0 = 0.5 è
s0 = 10−1, 10−2, 10−3, 10−5.
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Ñëîæåííûå îñîáûå òî÷êè

Ñëîæåííûå îñîáûå òî÷êè íàõîäÿòñÿ èç ñèñòåìû óðàâíåíèé (13).

Äëÿ ðåøåíèÿ ýòîé ñèñòåìû ïðèìåíÿåòñÿ òà æå òåõíèêà, ÷òî è

äëÿ íàõîæäåíèÿ äèñêðèìèíàíòíîé êðèâîé (16). Îáîçíà÷èì

Φ1 = F , Φ2 = Fp, Φ3 = FR + pFh.

Òîãäà äëÿ ðåøåíèÿ ñèñòåìû íåîáõîäèìî âû÷èñëèòü ñëåäóþùèå

ðåçóëüòàíòû
R12(R, h) = Resultant(Φ1,Φ2),

R13(R, h) = Resultant(Φ1,Φ3).
(18)

Ïåðåñå÷åíèå êðèâûõ R12 = 0 è R13 = 0 äàåò ìíîæåñòâî

ñëîæåííûõ îñîáûõ òî÷åê. Ïîñëå óïðîùåíèÿ ïîëèíîì R12 èìååò

ñòåïåíü 60 ïî R è 180 ïî h, ïîëèíîì R13 � 64 ïî R è 170 ïî h.
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Ñëîæåííûå îñîáûå òî÷êè

Â ðåçóëüòàòå ÷èñëåííûõ ðàñ÷åòîâ ïîëó÷åí ñëåäóþùèé ðåçóëüòàò

Óòâåðæäåíèå (î ñóùåñòâîâàíèè è åäèíñòâåííîñòè ñëîæåííîé

îñîáîé òî÷êè)

Äëÿ ëþáûõ çíà÷åíèé ïàðàìåòðîâ s0 è m0 ñóùåñòâóåò

åäèíñòâåííàÿ îñîáàÿ òî÷êà.

Íà Ðèñ. 3 èçîáðàæåíî ñòàíäàðòíîå âçàèìîðàñïîëîæåíèå

êðèâûõ R12 = 0 è R13 = 0.
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Ñëîæåííûå îñîáûå òî÷êè
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Ðèñ. 3: Ñëîæåííàÿ îñîáàÿ òî÷êà äëÿ m0 = 0.5 è s0 = 0.1.

Äëÿ íàõîæäåíèÿ R12(R, h) íåîáõîäèìî âû÷èñëèòü îïðåäåëèòåëü ïîðÿäêà 19 (11!

= 39.916.800 íåíóëåâûõ ñëàãàåìûõ), äëÿ íàõîæäåíèÿ R13(R, h) � îïðåäåëèòåëü

ïîðÿäêà 20 (15! = 1.307.674.368.000 íåíóëåâûõ ñëàãàåìûõ).
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Èíòåãðàëüíûå êðèâûå

Óòâåðæäåíèå (î òèïå ñëîæåííîé îñîáîé òî÷êè)

Äëÿ ëþáûõ ïàðàìåòðîâ s0 > 0 è 0 < m0 < 1 ñëîæåííàÿ îñîáàÿ

òî÷êà ÿâëÿåòñÿ ñëîæåííûì ôîêóñîì.
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Èíòåãðàëüíûå êðèâûå

Ðèñ. 4: Ïîâåäåíèå èíòåãðàëüíûõ êðèâûõ âáëèçè ñëîæåííîé îñîáîé
òî÷êè, äâå âåòâè ðåøåíèÿ; m0 = 0.5, s0 = 1.
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Èíòåãðàëüíûå êðèâûå

Ðèñ. 5: Äâå âåòâè ðåøåíèÿ; m0 = 0.5, s0 = 1.
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Èçìåíåíèå U âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå U âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå H âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå H âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå Γ âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå Γ âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå w âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå w âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå ïëîòíîñòè âäîëü èíòåãðàëüíîé êðèâîé

Alexander P. Chupakhin Relativistic singular vortex and implicit di�erential equations



References

Èçìåíåíèå ïëîòíîñòè âäîëü èíòåãðàëüíîé êðèâîé
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Èçìåíåíèå äàâëåíèÿ âäîëü èíòåãðàëüíîé êðèâîé
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Ñïàñèáî çà âíèìàíèå!
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