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Ëåêöèÿ 3: Ýâîëþöèÿ ãàëàêòèê

1. Ñîñòàâ ãàëàêòèê

2. Ðàçíîîáðàçèå ãàëàêòèê

3. Ãàëî òåìíîé ìàòåðèè

4. Áåññòîëêíîâèòåëüíàÿ ðåëàêñàöèÿ

5. ×èñëåííîå ìîäåëèðîâàíèå

Âñåëåííîé

6. Ïðîáëåìû êîñìîëîãèè



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ñîñòàâ ãàëàêòèê



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Çâåçäíîå ãàëî (ìîäåëü). Image by Johnston & Bullock.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Çâåçäíîå ãàëî

I Ìàëàÿ äîëÿ âñåõ çâåçä (< 1%).

I Â îñíîâíîì ñòàðûå çâåçäû.



Áàëäæ, äèñê ñî ñïèðàëüíûìè ðóêàâàìè,

øàðîâûå ñêîïëåíèÿ.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Øàðîâûå ñêîïëåíèÿ

I 103 − 106 çâåçä.

I Âûñîêàÿ ïëîòíîñòü.

I Ñòàðûå çâåçäû.

I Ïîääåðæèâàþòñÿ

ñàìîãðàâèòàöèåé.

I Ñîòíè ñêîïëåíèé â Ãàëàêòèêå.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Øàðîâîå ñêîïëåíèå M13 â Ãåðêóëåñå.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Öåíòð M13.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Äèñê. Ñïèðàëüíàÿ ñòðóêòóðà.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Äèñêè

I Çâåçäû è ãàç.

I Ãàç: ãîðÿ÷èé è õîëîäíûé (+ïûëü).

I Ñïèðàëüíûå ðóêàâà.

I Óäàðíûå âîëíû.

I Ìàãíèòíûå ïîëÿ 10−5 Ãñ.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Òóìàííîñòü â Îðëå ¾Ñòîëïû òâîðåíèÿ¿.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ïðîåêöèÿ íàøåé Ãàëàêòèêè.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèèÑèíõðîòðîííîå èçëó÷åíèå.

Â ìàãíèòíîì ïîëå 10−5 Ãñ ÷àñòèöû ñ

E < 1015 ýÂ íå ïîêèäàþò Ãàëàêòèêó.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ãàëàêòèêà ñ áàëäæåì.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

×åðíàÿ äûðà (ìîäåëü).



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ïàðàìåòðû Ãàëàêòèêè
I ×èñëî çâåçä ∼ 1011.

I Ïîëíàÿ ìàññà ∼ 1012M�.

I Õàðàêòåðíàÿ ïëîòíîñòü 106ρc .

I Ñðåäíåå ðàññòîÿíèå ìåæäó çâåçäàìè
îêîëî Ñîëíöà ∼ 1 ïê.

I Ðàäèóñ äèñêà 20 êïê.

I Ðàäèóñ òåìíîãî ãàëî 100 êïê.

I Öåíòðàëüíàÿ ×Ä M = 106M�, R = 107

êì.

Ìàññà Ñîëíöà M� = 2 · 1033 ã.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ýëëèïòè÷åñêàÿ ãàëàêòèêà.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Íåïðàâèëüíàÿ ãàëàêòèêà.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ñëèÿíèå ãàëàêòèê.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ðàçíîîáðàçèå ãàëàêòèê

I Ìàññû 107 − 1013M�.

I Äèñêîâûå � ïîääåðæèâàþòñÿ
âðàùåíèåì.

I Ýëëèïòè÷åñêèå � ïîääåðæèâàþòñÿ
äèñïåðñèåé ñêîðîñòåé. Ñîäåðæàò ìåíüøå
õîëîäíîãî ãàçà è ìîëîäûõ çâåçä.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ñïóòíèêè ãàëàêòèê.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Âðàùåíèå ãàëàêòèê

Êîñìîëîãè÷åñêèå âîçìóùåíèÿ: Vrot → 0.
Âðàùåíèå âûçûâàþò:

I Ïðèëèâíîå âçàèìîäåéñòâèå
ïðîòîãàëàêòèê.

I Ñëèÿíèÿ ñ ïðèöåëüíûì ïàðàìåòðîì
b 6= 0.

Ñëåäñòâèå: îðèåíòàöèÿ ìîìåíòîâ

îòíîñèòåëüíî êðóïíîìàñøòàáíîé ñòðóêòóðû.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ñïèðàëüíàÿ ñòðóêòóðà
Ïîâåðõíîñòíàÿ ïëîòíîñòü:

Σ(r , φ) = Σ0(r) + Σ1(r) cos[mφ + a ln(r)]

1. Äîëãîæèâóùèå áåãóùèå âîëíû.

2. Áàð.

3. Ðàñòóùàÿ ìîäà.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Êâàçàðû



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Êâàçàðû

I Òî÷å÷íûå, ¾êâàçèçâåçäíûå¿ îáúåêòû ñ
z > 1.

I Ñâåòèìîñòü 1011 − 1013 ñîëíå÷íûõ.

I Ïðèðîäà: àêêðåöèÿ íà ×Ä.

I Ìàññà ×Ä 108 − 1010M�.

I Òåìï àêêðåöèè 10− 103M�/ãîä.

I Äæåòû � ìîùíûå âûáðîñû âåùåñòâà.

¾Àêòèâíûå ãàëàêòè÷åñêèå ÿäðà¿ � ìåíüøå

ñâåòèìîñòü, áëèæå.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ñêîïëåíèå ãàëàêòèê.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ñêîïëåíèÿ ãàëàêòèê

I Ìàññû 1014 − 1015M�.

I 104 ãàëàêòèê.

I Â öåíòðå � îãðîìíàÿ ýëëèïòè÷åñêàÿ
ãàëàêòèêà.

I GMm
R ∼ êýÂ � ðåíòãåíîâñêèé ãàç.

I Ãðàâèòàöèîííîå ëèíçèðîâàíèå.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ýâîëþöèÿ ãàëàêòèê

I z ∼ 15− 20 � ïåðâè÷íûå çâåçäû èç H è
He.

I z ∼ 6− 10 � çâåçäû è ÷åðíûå äûðû
èîíèçóþò Âñåëåííóþ.

I z ∼ 2− 4 � ìàêñèìóì àêòèâíîñòè
êâàçàðîâ, ìàêñèìóì ÷àñòîòû ñëèÿíèé.

I z < 1 � îáðàçóþòñÿ ñêîïëåíèÿ ãàëàêòèê.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ãàëî ÒÌ

Êðèâàÿ âðàùåíèÿ. V =
√

GM
R



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ãàëî ÒÌ

Âïå÷àòëåíèÿ õóäîæíèêà



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ãàëî ÒÌ

Ðåàëüíîñòü (Aquarius Simulation, V.Springel)



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ïðîôèëü ïëîòíîñòè

ρNFW =
ρs

r
rs

(
1 + r

rs

)2

ρs , rs � ïàðàìåòðû.

NFW=Navarro, Frenk, White.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ïðîôèëü ïëîòíîñòè

Â ñêîïëåíèÿõ ãàëàêòèê ïðîôèëü

ìîæíî âîññòàíîâèòü ïî

ðàñïðåäåëåíèþ òåìïåðàòóðû ãàçà èëè

ãðàâ.ëèíçèðîâàíèþ.

Ïðè ýòîì ëåãêî ðàçäåëèòü ÒÌ è

áàðèîíû.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ðåëàêñàöèÿ

� ïåðåõîä â ýíåðãåòè÷åñêè áîëåå

âûãîäíîå ñîñòîÿíèå.

Áàðèîííàÿ ìàòåðèÿ: èçëó÷åíèå.

Òåìíàÿ ìàòåðèÿ: ¾áóðíàÿ

ðåëàêñàöèÿ¿.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Áóðíàÿ ðåëàêñàöèÿ

Âçàèìîäåéñòâèå ÷àñòèöû è îáîëî÷êè.
×àñòèöà ïðåîáðåòàåò ýíåðãèþ:

∆E = GMm

(
1

Rin
− 1

Rout

)
,

ãäå Rin, Rout � ðàäèóñû îáîëî÷êè ïðè âõîäå è

âûõîäå ÷àñòèöû.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Õàðàêòåðíûå âðåìåíà

Äèíàìè÷åñêîå âðåìÿ (áóðíàÿ

ðåëàêñàöèÿ):

td =
√

Gρ.

Âðåìÿ ïîëíîé ðåëàêñàöèè:

tR ∼ Ntd .

Äëÿ øàðîâîãî ñêîïëåíèÿ tR < tH , äëÿ

ãàëî tR �� tH .



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Ìîäåëèðîâàíèå

Ìîäåëèðîâàíèå N-body. Ñæàòèå îáëàêà èç

2000 ÷àñòèö.



Êîñìîëîãèÿ

Ñîñòàâ
ãàëàêòèê

Ðàçíîîáðàçèå
ãàëàêòèê

Ãàëî ÒÌ

Ðåëàêñàöèÿ

×èñëåííîå
ìîäåëèðî-
âàíèå

Ïðîáëåìû
êîñìîëîãèè

Âûâîä

Ïðè ñæàòèè õàîòè÷åñêè

ðàñïðåäåëåííîãî òåìíîãî âåùåñòâà

îáðàçóåòñÿ ãðàâèòàöèîíî-ñâÿçàííûé

ñãóñòîê � ãàëî, êîòîðûé ñóùåñòâóåò

çíà÷èòåëüíîå âðåìÿ.
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Âñåëåííóþ èç ÒÌ ëåãêî ìîäåëèðîâàòü:

I Íà÷àëüíûå óñëîâèÿ � êîñìîëîãè÷åñêèé
ñïåêòð ìîùíîñòè.

I Ãðàíè÷íûå óñëîâèÿ � ïåðèîäè÷åñêèå.

I Óðàâíåíèÿ: çàêîíû Íüþòîíà.

I Ñãëàæåííûé ïîòåíöèàë.

I Ïðèáëèæåííîå ðåøåíèå N-body.
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Ìîæíî ëè ìîäåëèðîâàòü íåïðåðûâíóþ
ñðåäó ÷àñòèöàìè ñ ìàññîé 103 − 1010M�?

Äà, åñëè ñãëàäèòü ïîòåíöèàë íà ìàñøòàáå
s < 〈`〉:

1

r
→ 1

r + s
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Ìåòîä Particle-Mesh:

1. Èç êîîðäèíàò ÷àñòèö ïîëó÷èòü ρ(x , y , z).

2. Ðåøèòü óðàâíåíèå ∆φ = 4πGρ ìåòîäîì
FFT.

3. Ðàññ÷èòàòü ñèëû, äåéñòâóþùóþ íà
÷àñòèöû.

4. Ñäâèíóòü ÷àñòèöû.

5. GOTO 1
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Âîçìîæíîñòè

I Ñòîðîíà êóáà 1− 103 Ìïê.

I ×èñëî ÷àñòèö íà ÏÊ: äî 107.

I Íà ñóïåðêîìïüþòåðå: äî 1010.
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Ðåçóëüòàòû

I Èåðàðõè÷åñêîå îáðàçîâàíèå ãàëî:
ñíà÷àëà îáðàçóþòñÿ ìàëûå, çàòåì
ñëèâàþòñÿ â áîëüøèå.

I Ôóíêöèÿ ìàññ ñêîïëåíèé ãàëàêòèê �
òåñò êîñìëîãè÷åñêîé ìîäåëè.

I Óíèâåðñàëüíûé ïðîôèëü
Íàâàððî-Ôðåíêà-Óàéòà.
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Ïðîáëåìû êîñìîëîãèè

I Ïðèðîäà ÒÌ è ÒÝ.

I Êîñìîãåíåçèñ. Èíôëÿöèÿ.

I Ïåðâûå çâåçäû.

I Ïåðâûå ×Ä.

I Îáúÿñíåíèå ðàçíîîáðàçèÿ ãàëàêòèê.

I Ïðîôèëü ïëîòíîñòè ãàëî, ñïóòíèêè
ãàëàêòèê.


	 
	 
	 
	
	 
	 

