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Jak z chaosu
vytvorit rad?
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Entropie a radiaéni bilance
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* Slunce “nic nedodava” < jen udrzuje rovnovazny stav

* skvrna najinak temné obloze = zdroj nizké entropie (Penrose2013)



Entropie ve Slunci
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Entropie pFi kolapsu

* reSenim problému 2 téles je kuzelosecka: r=p/(1+ e cosf)
* viridlovy teorém pro vazané systémy: 2<Ey>+<Ec>=0
e 1.vetatermodynamiky: TdS=dU + PdV

* Kelvinova-Helmholtzova kontrakce, dV zaporné, S ¢
* pouze za cenu vyzareni IR fotond, jejich dU kladné, S »
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9 zdkladnich fazi

. gravitacni kolaps GMC

. TN reakce ve © » rovnovazny protoplanetarni disk

. akrece prachu podporovana turbulenci plynu

. akrece balvan, castecné kolapsy » obfi planety (~10 Myr)
. migrace v plynném disku

. srazky embryi - terestrické planety, Mésic (~100 Myr)

. migrace v disku planetesimal

. blizka priblizeni planet, vymrsteni “9.” planety?
. priblizeni hvezd a galaktické slapy

. Jarkovského jev, gravitacni rezonance a srazky planetek
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I 0 I'OVHIC < magneto-hydrodynamickych

3 —1):1

rovnice kontinuity (neboli zdkon zachovani hmoty, napf. v jednotkach kg-m™- s

derivace f(r,t)

R zredéni
p g )
B¢ +v-Vp=—pV-v, (1)

NavierovaStokesova rovnice (téZ% pohybové, m-s=2):

gravitace Lorintz viskozita
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pro pripomenuti, operator gradientu jest V = ( 5z’ By 8z)’ divergence V- (tj. skalarni

soucin), rotace VX (vektorovy soucin); méjme na paméti jejich ¢eské vyznamy: stoupani, roz-
bihavost a staceni



rovnice tepelné rovnovahy (1. véta termodynamicka, J-m~2-s71):

prace emise absorpce ozareni vedeni
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5 problému -

1. turbulence a nestability (KH, RT, MRI, 2-stream, ...)

2. deterministicky chaos pro N =3

3. termodynamicka nevratnost dS =0, srazky

4, stochasticita, malé pudaiosti

5. pocatecni podminky v Case t = 0 neméritelné - inverze

Kelvinova-Helmholtzova
nestabilita (zakladni)

Mignone et al. (2007)
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Rayleighova-Taylorova nestabilita

* vztlakova sila vs. gravitace < napfr. konvekce ve ©

* simulace metodou FVM, kod Pluto (Mignone et al. 2007)




Magneto-rotaéni nestabilita

* zavijenisiloCar v diferencialné rotujicim disku, zesilovani B,
rust efektivni viskozity v a transportu (Flock et al. 2013)
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Chemické sloZzeni meteoritd a Slunce

C1 meteorites abundances / log(Ny/Ny) + 12
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Drahy planet, asteroidi a komet
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2. Kondenzace prachu z plynu
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2.Akrece prachu + turbulence

nestabilita
dvou proudéni
(Johansen et al. 2007)




3- ObFi Plan ety (za snéznou linii)

* aerodynamické treni balvant

v prvotnich atmosférach

* prekroceni kritické hmotnosti
asi 20 Mg > gravitacni kolaps
okolniho plynu
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Figure 4: Flow field in the vicinity of a Jupiter mass planet (after Kley (1999)).

Kley (2006)

Lambrechts & Johansen (2012)
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Fig.7. Trajectories for particles with dimensionless friction time 7y =
0.01,0.1,1 obtained from the 2D Hill equations including gas drag.
Pebbles with 7; = 0.1 and impact parameters below a Hill radius ef-
ficiently get accreted. Larger particles of 7v = 1 are pulled in from
wider separations, but cores lose particles on horseshoe orbits. Particles
strongly coupled to the gas, with ¢ = 0.01, need close encounters well
within the Hill sphere in order to fall onto the core.
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Flow field in the vicinity of a Jupiter mass planet (after Kley (1999)).

Figure 4



4. Migrace planet v plynném disku

1 1
A A
]

Gas Densitu {loe1d8)

Masset (2000)




Eccentricity

5. Terestrické planety

* srazky embryi v terestrické zone (Chambers 2001)
* vznik Mésice velkym necentralnim impaktem (Canup 2009)
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6. Migrace planet v disku
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/. Blizka pFibliZzeni planet
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frekvence a amplitudy drah terestrickych planet, ...



7.Vymrsténi “9.” planety

(ne Pluto)
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Figure 2, Orbit histories of giant planets in a simulation with five initial planets, The five planets were started in the (3:2,3:2,4:3,5:4) resonances, Mgisk = S0 My,
and ri;, = 15 AU. After a series of encounters with Jupiter the inner ice giant was ejected from the solar system at 8.2 x 10% yr (purple path). The remaining planets
were stabilized by the planetesimal disk and migrated to orbits that very closely match those of the outer planets (dashed lines).

Nesvorny (2011)
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“They say this is the closest Mars has been to
Earth in 60,000 years."



8. priblizeni * a galaktické slapy
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9. Dlouhodoby vyvoj planetek

denni

* Jarkovského/YORP jev
e chaoticka difuze

* vzajemné srazky
* priblizenik @ qij.

Chrenko et al. (2015)

05 _
----------- . 5 ' A
cf. Sevecek et al. (2015) <

&
> 0.4 4
.6 ',"" .
£ «, island A ©
o 0.3 island B ™, = insolace
2 » z teplota
5 o, G i) ‘
©
c K7, 177 K
o) 176 K
@ 0.2 175 K

174 K

IVERLS
secondary

resonances

0.1
3.2 3.22 3.24 3.26

resonant semimajor axis a, [AU]




9.Vyvoj rodin planetek

* rodina Eos (Broz & Morbidelli 2013), taxonomicky typ K,
jadro vs. halo, Jarkovského drift da/dt vs. rezonance
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