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Ñâåðõíîâûå òèïà Ia

• Ñïåêòð: íåò H, ñèëüíàÿ
ëèíèÿ SiII, ëèíèè Ca,

Mg, S, O

• MIM ≈ Miron peak

• Ñâå÷åíèå
îáåñïå÷èâàåòñÿ
56Ni→ 56Co→ 56Fe

• Õîðîøàÿ
�ñòàíäàðòèçóåìîñòü�

(ñîîòíîøåíèå

Ïñêîâñêîãî�Ôèëëèïñà)

Filippenko ARAA (1997)



Ãîðåíèå â
SNIa

Ãëàçûðèí

Ââåäåíèå

SNIa

Ãîðåíèå

Äåôëàãð.

Ïóëüñàö.
íåóñòîé÷.

Íåóñòîé÷.
ËÄ

Íåóñòîé÷.
ÐÒË

Òóðáóëåíòí.

Çàêëþ÷åíèå

Ñîîòíîøåíèå
Ïñêîâñêîãî�Ôèëëèïñà

Pskovskii Sov. Astron. (1977), Phillips ApJL (1993)

• Àáñîëþòíàÿ ñâåòèìîñòü
ìîæåò áûòü

âîññòàíîâëåíà èç

ñêîðîñòè ñïàäà êðèâîé

áëåñêà

• Ñîîòíîøåíèå ÷èñòî
ýìïèðè÷åñêîå è

ïðîâåðåíî ïðè ìàëûõ z
• Òåîðåòè÷åñêîãî
îáúÿñíåíèÿ íåò

• Çàâèñèìîñòü îò z? Folatelli et al. AJ (2010)
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Ñâåðõíîâûå òèïà Ia: ñöåíàðèè

Îäíîâûðîæäåííûé Äâóâûðîæäåííûé
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Ñâîéñòâà ñðåäû ÁÊ

• ×èñëî Ëüþèñà Le = κ/D ∼ 104

• ×èñëî Ïðàíäòëÿ Pr = ν/κ ∼ 10−4

• Òåïëîïðîâîäíîñòü: ýëåêòðîííàÿ (ýëåêòðîíû
âûðîæäåííûå ðåëÿòèâèñòñêèå) + ëó÷èñòàÿ

òåïëîïðîâîäíîñòü

• Õîðîøåå ïðèáëèæåíèå äëÿ ñåòêè ÿäåðíûõ ðåàêöèé:

4He
(αα,γ)←→ 12C

(α,γ)←→ 16O
(α,γ)←→ · · · (α,γ)←→ 56Ni,

12C + 12C, 12C + 16O, 16O + 16O.
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Ñòàöèîíàðíûå ðåæèìû
ðàñïðîñòðàíåíèÿ ãîðåíèÿ

Äåôëàãðàöèÿ Äåòîíàöèÿ

Ìåéäåð (1985)
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Äåôëàãðàöèÿ
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Óñëîâèÿ â öåíòðå ÁÊ:
ρ ∼ 109 ã/ñì3

T ∼ 108 − 1010 Ê

vflame ∼ 100 êì/ñ
δflame ∼ 10−4 ñì

cs ∼ 10000 êì/ñ
RWD ∼ 1000 êì

Ïëàìÿ ñèëüíî
íåóñòîé÷èâî!
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Ðàñ÷¼òû äðóãèõ ãðóïï

R�opke et al. 2007

FLASH
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Ïåðåõîä â äåòîíàöèþ

• Îáú¼ìíûé âçðûâ â îáëàñòè ïîâûøåííîãî äàâëåíèÿ

ïåðåä ðàñïðîñòðàíÿþùåéñÿ âîëíîé

• Ñïîíòàííûé ìåõàíèçì

vspont =

(
dτb

dx

)−1
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Íåóñòîé÷èâîñòè ïëàìåíè
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Òåðìîïóëüñàöèîííàÿ
íåóñòîé÷èâîñòü

Bychkov et al. ApJ (1995)
Glazyrin et al. MNRAS (2013)

Ïðè ÷èñëå Ëüþèñà:

Le ∝ κ/D ∼ 104 � 1

êðèòåðèé óñòîé÷èâîñòè îïðåäåëÿ-
åòñÿ ÷èñëîì Çåëüäîâè÷à:

Ze ≡ ∂ ln R(T)

∂ ln T

ρ, ã/ñì3 Zecr

2× 108 18.4 < Ze < 21.4
7× 108 15.3 < Ze < 16.7
2× 109 13.7 < Ze < 14.1
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Íåóñòîé÷èâîñòü Ëàíäàó�Äàððüå

• Ãèäðîäèíàìè÷åñêàÿ
íåóñòîé÷èâîñòü áåñêîíå÷íî
òîíêîãî ôðîíòà ãîðåíèÿ

ω = kun
µ

1+µ

(√
1 + µ− 1

µ
− 1
)

µ ≡ ρu/ρb

• Ïðè ãîðåíèè â �êàíàëå�
âîçìóùåíèÿ ñëèâàþòñÿ â
îäèí êàñï ⇒ óâåëè÷åíèå
ñêîðîñòè 3− 4%

• Íî â ñâåðõíîâîé ïëàìÿ
ðàñøèðÿåòñÿ!
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Íåóñòîé÷èâîñòü Ëàíäàó�Äàððüå

D'Angelo et al. 2000

Óð-èå

Ôðàíêåëÿ�Ñèâàøèíñêîãî
Φτ + 1

2τ2 |∇Φ|2 = µ
τ2 ∆Φ+ 1
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Ôðàêòàëèçàöèÿ ïëàìåíè

ñíåæèíêà Êîõà

Blinnikov, Sasorov (1996)

S = 4πR2
(
λmax

λmin

)D−2

u = u0

(
λmax

λmin

)D−2

D = 2 + 0.28
(
ρu − ρb

ρu

)2
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Íåóñòîé÷èâîñòü
Ðýëåÿ�Òåéëîðà�Ëàíäàó

• Óñëîâèÿ âîçíèêíîâåíèÿ

∇ρ · g < 0

• Òóðáóëèçóåò òå÷åíèå

vn = 0

Ëèíåéíàÿ ñòàäèÿ

ω = kun
µ

1 + µ

(√
1 + µ− 1

µ
− µ2 − 1

µ2
g

ku2
n
− 1

)
Íåëèíåéíàÿ ñòàäèÿ: îáðàçóåòñÿ çîíà ïåðåìåøèâàíèÿ ñ

øèðèíîé

∆z ∼ (0.03− 0.04)Atgt2
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Ïåðåìåøèâàíèå ÐÒ (áåç
ãîðåíèÿ)
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Ìîäåëè òóðáóëåíòíîñòè: RANS

Îñðåäåíèå ïî Ðåéíîëüäñó:

A(x, t) =
1
T

T/2∫
−T/2

A(x, t + τ)dτ,

A ≡ A + A′, A ≡ Ã + A′′, Ã ≡ ρA
ρ
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Îñðåäíåíèå óðàâíåíèé
ãèäðîäèíàìèêè

∂tρ+ ∂i(ρvi) = 0,

∂t(ρvi) + ∂j(ρvivj + pδij) = ∂jτij,

∂t(ρe) + ∂i(ρevi) + p∂ivi = τij∂ivj.

⇓

∂tρ+ ∂i(ρṽi) = 0,

∂t(ρṽi) + ∂j(ρṽiṽj) + ∂j(ρv′′i v′′j ) = −∂ip + ∂jτ ij,

∂t(ρẽ) + ∂i (ρẽṽi) + ∂i(ρe′′v′′i ) + p∂ivi + p′∂iv′i = τij∂jṽi + τij∂jv′′i .



Ãîðåíèå â
SNIa

Ãëàçûðèí

Ââåäåíèå

SNIa

Ãîðåíèå

Äåôëàãð.

Ïóëüñàö.
íåóñòîé÷.

Íåóñòîé÷.
ËÄ

Íåóñòîé÷.
ÐÒË

Òóðáóëåíòí.

Çàêëþ÷åíèå

Îñðåäíåíèå óðàâíåíèé
ãèäðîäèíàìèêè

∂tρ+ ∂i(ρṽi) = 0,

∂t(ρṽi) + ∂j(ρṽiṽj) + ∂j(ρv′′i v′′j ) = −∂ip + ∂jτ ij,

∂t(ρẽ) + ∂i (ρẽṽi) + ∂i(ρe′′v′′i ) + p∂ivi + p′∂iv′i = τij∂jṽi + τij∂jv′′i .

∂t(ρv′′i v′′j ) + v′′i v′′j ∂k(ρvk) + ρv′′j vk∂kvi + ρv′′i vk∂kvj =

= −v′′j ∂ip− v′′i ∂jp + v′′j ∂kτik + v′′i ∂kτjk.
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Îäèí èç ñïîñîáîâ çàìûêàíèÿ:
k-ε ìîäåëü

Íîâûå äèíàìè÷åñêèå âåëè÷èíû

ρk ≡ ρv′′2

2
, ρε ≡ τ ′ij∂jv′i

òóðáóëåíòíûé ìàñøòàá âðåìåíè, òóðáóëåíòíàÿ âÿçêîñòü:

τt =
k
ε
, D = cD

k2

ε

�Ãðàäèåíòíîå ïðèáëèæåíèå� (Áåëåíüêèé, Ôðàäêèí Òðóäû ÔÈÀÍ

(1965)):

v′′i A′ ∼ −D∂iA

Äëÿ òåíçîðà Ðåéíîëüäñà

Rij = ρv′′i v′′j = −ρD
(
∂ivj + ∂jvi −

2
3
δij∂kvk

)
+

2
3
ρkδij
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k-ε ìîäåëü

∂tρ+ ∂i(ρvi) = 0,

∂t(ρvi) + ∂j (ρvivj + pδij) = −∂jRij,

∂tE + ∂i(vi(E + p)) = −G2 + ρε+ ∂i(pai −QT
i ),

∂t(ρk) + ∂i(ρkvi) = G1 + G2 − ρε+ ∂i(ρckD∂ik),

∂t(ρε) + ∂i(ρεvi) =
ε

k
(cε1G1 + cε2G2 − cε3ρε) + ∂i(ρcεD∂iε),

Rij = −ρD
(
∂ivj + ∂jvi −

2
3
δij∂kvk

)
+

2
3
ρkδij,

E = ρe +
ρv2

2
, D = cD

k2

ε
, ai = −cαD

∂iρ

ρ
,

G1 = −Rij∂ivj, G2 = ai∂ip, QT
i = −ceρD∂ie.
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k-ε ìîäåëü

∂tρ+ ∂i(ρvi) = 0,

∂t(ρvi) + ∂j (ρvivj + pδij) = −∂jRij,

∂tE + ∂i(vi(E + p)) = −G2 + ρε+ ∂i(pai −QT
i ),

∂t(ρk) + ∂i(ρkvi) = G1 + G2 − ρε+ ∂i(ρckD∂ik),

∂t(ρε) + ∂i(ρεvi) =
ε

k
(cε1G1 + cε2G2 − cε3ρε) + ∂i(ρcεD∂iε),

Rij = −ρD
(
∂ivj + ∂jvi −

2
3
δij∂kvk

)
+

2
3
ρkδij,

E = ρe +
ρv2

2
, D = cD

k2

ε
, ai = −cαD

∂iρ

ρ
,

G1 = −Rij∂ivj, G2 = ai∂ip, QT
i = −ceρD∂ie.

G2 = ρ−1ρ′v′i∂ip
ãåíåðàöèÿ çà ñ÷¼ò
ÐÒË
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Âëèÿíèå òóðáóëåíòíîñòè íà
ãîðåíèå

Ìàñøòàá Ãèáñîíà: v′(lG) = un.

Ka ≡
(
δ

lG

)1/2

, Da ≡ unL
v′Lδ

• Ðåæèì èñêðèâëåííîãî
ïëàìåíè

Ka . 1

• Ïåðåìåøàííûé ðåæèì
(�stirred �ame�)

Ka� 1, Da > 1

• Ñèëüíî ïåðåìåøàííûé
ðåàêòîð (�well�stirred
reactor�)

Ka� 1, Da < 1
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1D ãîðåíèå ÁÊ ñ
òóðáóëåíòíîñòüþ
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• k-ε ìîäåëü
(êîíñòàíòû � Ãóæîâà è äð. ÂÀÍÒ

ÒÏÔ (2005))

• Ïëàìÿ â �amelet ðåæèìå
(äëÿ ñêîðîñòè � ôîðìóëà èç Yakhot

Comb. Sci. Tech (1988))

• ρc = 2× 109 ã/ñì3,
Êàëîðèéíîñòè
q = (5.6− 9.2)× 1017 ýðã/ã

• �Helmholtz EOS�
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Çàêëþ÷åíèå

• Ìåõàíèçì DDT ïåðåõîäà íå èçâåñòåí äî ñèõ ïîð

• Ïëàìÿ ïîäâåðæåíî ðàçëè÷íûì íåóñòîé÷èâîñòÿì,

êîòîðûå, êàê ñ÷èòàåòñÿ, ïðèâîäÿò ê DDT

• Ïóëüñàöèîííàÿ íåóñòîé÷èâîñòü íå ïðèñóòñòâóåò â
SNIa

• Ëàíäàó�Äàððüå ñòàáèëèçèðóåòñÿ â îãðàíè÷åííûõ
ðàçìåðàõ, íî ïðè âíåøíåì øóìå è ðàñòóùèõ

ðàçìåðàõ ìîæåò ïðèâîäèòü ê ñëîæíîé ôðàêòàëüíîé

ñòðóêòóðå � äî ñèõ ïîð íå ó÷òåíî

• Íåóñòîé÷èâîñòü Ðýëåÿ�Òåéëîðà�Ëàíäàó òóðáóëèçóåò
òå÷åíèå íà ïîçäíèõ ñòàäèÿõ

• Òóðáóëåíòíîñòü â �amelet ðåæèìå óñêîðÿåò ïëàìÿ
äî ∼ 0.05cs
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Ñïàñèáî çà âíèìàíèå!
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