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I'paBuranronHnasi (poKycupoBKa

CoOummkeHne 2X OAMHAKOBBIX ILIAHETE3UMAJICH.

m - Macca KaXKJI0# IJaHeTe3uMaJlin,

0 - OTHOCHUTEJIbHAA CKOPOCTH II0/JIeTa Ha

impact parameter b
0ECKOHETHOCTH,

A

b - npunenbHBIR TapaMerp.

|
|
|
Rs - cymma paguycos obenx ‘v

nJIaHeTe3uMasiei. G/2

Armitage (2014).
3aKOHBI COXPAHEHUS SHEPIUU U MOMEHTa UMITYJIbCA AT MAKCUMAJBHOE b,

COOTBETCTBYIOIEE CTOIKHOBEHHIO TeI (B 00meM ciydae 2m — My + Mo):

2
5 > % > 4Gm
bmax:RS 1+0% ’ Ve:Tsv

OTKY/Ta CEYEHUE CTOJKHOBEHUS ILIAHETE3UMAJIEH:
_ 2 — 2
I=mRs Fg = 7rgy,
rue

2
Fg=1+ Viz =1+420, © - gucao CadpoHoBa.
o
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Tunbl TpaekTOpuMii:

o ITopxosoobpasusie: b < 1.7ry.
o Ilpouukaromue (opamxessie): 1.7ry < b < 2.5ry.
o Ienessie (kpacusie): f, < 5 x 107 3ry.

o Ksasu-kpyroseie: b 2 2.5ry.
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o pajuyc Xuja:
Mp 1/3
H = r.
3M.,
o Ilpw rp ~ ry:

Q ~ Qp,
rae Ip - pacCTOAHHKe 10 3MOPHOHA, a

1/2
_(amp)"
Qp = e .
P
o CropocTh Xujma:

GM, 1/2
VH = Qp(l’H) H = (Tp) ~ Qry.

o > Vy aubo o < Vy — COOTBETCTBEHHO, AUCIEPCUOHHBIN, NGO CABUTOBBIM

PeKUMBI B3AUMOJEHCTBHS [IJIAHETE3UMAJILHOIO POSI C SMOPHOHOM.
g =Vy

=

hp/ =TIH.
]

=]
o

(Baech u majee o — AUCHEPCUs CKOPOCTEH B IIJIAHETE3UMAJBHOM JIUCKE)
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o ITycrs o ~ 0.

o XapakTepHasi CKOPOCTh 3axo/a B cdepy Xuuia:
OH =~ 2I'H I'Q/ = 3I'HQ.

o ®akTop GOKYCHPOBKM KaK B 33/Ja49e 2X Tes:

1+_N1 p_m1/3L
0'%_2 P Fl,*7

TlIe Pm U P+ CPEIHUE TJIOTHOCTH SMOPUOHA U 3BE3IHI.

o ®okycuposka He 3aBucUT OT Mp.




XapaKTepHble PACCTOSHH OT YMOPUOHA B €JIMHMIIAX ero pajmyca Rp.

[Ipu Ve > 0 > vy.

1) CTOJIKHOBUTEJIBHBINA paIuycC:
feol _ p1/2 _ Ve _ Rp (pm VRN (86,) "
R, 9 o R. \p» R, Py

T€ pm ¥ Px - CPEJHUE IJIOTHOCTU BEIeCTBa SMOPUOHA U 3Be31bl, Ry - paguyc
3Be3IbI, & Op = hp/h.

2) PagnyC rpaBATAIMOHHOTO 3aXBATA:

GM, I Feon \ 2
r = 2p = g _ coll

o

3) Pagmyc Xusra:
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_ Mucneponommitt v crpmrosse pe e

XapakTepHbIe PACCTOSTHASI OT SMOPUOHA B €JMHUIAX ero paauyca Ry
IIpu o < vy.

1) CTOJIKHOBHTENBHBLH pagnyC:

= 1/2

foot _ g172 _ (1 /
R, — 9 R.

2) Paauyc rpaBHTaAIlMOHHOTO 3aXBaTa:

3) Paguyc Xmra:

rg =rIy.
W _
Rp " R.

4) U3 (1) u (3):

Feon _ (&)”Z
ry r '

]
o




Ve > Vy BCETJA:
Viy R* 1/2
Ve \r '

Tlo mepe pocTa 5MOpuoHa (IIPU MOCTOSIHHOM O):
1) B gucnepcuoHHOM peKuMe IpHU T > Ve > Viy:

Teoll, g < Rp,

hp/ >y > Rp.
2) B nucmepcuonnoMm pexkume mpu Ve > o > Vi

Rp < reon < rg < ry < hpy.
3) Ilpu 0 = vy < Ve:
Rp <ol <lfg=1Iy= hp/.

4) B tpexmeprom capurosom pexcume npu (Ri/r)V/2vy < o < vy < Ve:
Rp < Feon < hpy < rg = rp.

5) B aeymepHOM cisurosom pexume mpu o < (R«/r)'/2vy:

Rp < hpy < Feop < rg = ry.
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Ipu 0 < (Re/r)"2vy < va.

1/2
z2D r

hpl —1/3

“@oxycuposka’ mamaer ¢ Mp.
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Yucsennsnii pacaer dbakropa dokycuposku. Greenzweig & Lissauer (1990).
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Poct smbpuoma

JByxrpynnosoe npubirmKeHne:

0 Jluck namere3mmMasedl (yCIOBHO MAJIBIX TeJ)
Zp/: g, hp/a Mp/7 Rp/a Ve.

0 JIucK IJIaHETHBIX SMGPHOHOB (yCJIOBHO GOJIBIINX TeJI)
Zp: Op, hp; Mpa Hp; Ve, VH.

XapakTepHoe BpeMsi aKKyMYJISIUA MACChl B MPUOJVIKEHUN “BbIMETaHUsT .

o Ilpu 0 > Ve (HeT rpaBUTAMOHHON DOKYCHPOBKH):

o Ilpu Vy < 0 < Ve (mucnepcuonnbiii pexum):

N o2 Y hpi
2rGrpRp  27GXy Rp

™

o Hpu (R./r)'/?Vy < o < Vi (ciBurosbiit peskum):
L3 o
T 27GE, R’

™

o TIpu o < (R./r)"/2Vy (aByvepnbiit cIBATOBBIH PesKIM):

oQ (pM>1/2 ( r )3/2 R,U
™ =T —.
TG \ ps R. hoi
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Macca aMbproHa, Ipu KOTOPOi

CyMMapHad Macca IJIaHeTe3uMaJiell B ero 10 E /—g
obnacru 3axsara (feeding zone) pasua el F ]
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DBOIIONNS TUCIEPCAN CKOPOCTE B IIJIAHETE3NMAJJIBLHOM JHUCKE

IIporeccel, 3a CIeT KOTOPHIX MEHAETCH OMCIEPCHUsi CKOPOCcTeil mianere3uMasieit
(c yueToM BO3MOXKHOIO PACHpPEJEJIEHH 10 MaCCaM):

1) Harpes 3a cueT rpaBUTALMOHHOLO PACCESHUS.
2) Harpes 3a c4eT CTOJKHOBUTEJIHHOIO DACCESHUS.
3) JuHaMHu4YecKOe TpeHHe.

ITpoucxoauT TONIBKO IIPU B3aMMOLEHCTBUM TEJI PA3HBIX MAacCC.

my 0‘12 = mgo‘g

4) OxJaxxaeHme 3a CUET CTOJKHOBEHHH.

5) OxJulazkjeHue 3a CUeT adpPOJAUHAMUYECKON CHIIBI.

Bazkuble ciencrBus:

1) ITepexon OT yHOPALOYEHHOTO POCTA B pexkuMe o > Ve (HeT 5MOPUOHOB) K
B3PBIBHOMY POCTY B peXRUMeE 0 < Ve < AEHACTBHE AUHAMHYECKOrO TPEHUS
(Wetherill & Stewart 1989).

2) Ilepexos OT B3PBIBHOTO POCTa (€CTH SMOPHOHBI) K OJUIAPXUUECKOMY <=
JefiCTBHEe IPABATANMOHHOTO PACCEsSHUS IJIAHETE3UMAaJeH Ha 3MOpUOHaX
(Ida & Makino 1993).
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Poct ommrapxos

o B mporiecce B3pBIBHOIO pocTa 3MOPHOHA TEMIT
HArpeBa UM OKPYZKAIONMIUX ILIAHETE3UMAJICH
OBICTPO PACTET.

0 3ajava 0 NpOrpese IJIAHEeTE3MMAJIbHOIO AUCKA
onHUM 3MOPHOHOM AaeT 30HYy mporpesa ~ 10ry.

o Poct sM0OpuoHa 3ameyisieTcst, T.K. Fg ~ const 3a

CYeT pacryuiei o o M:,/S.

o Poct sMOpHOHA CTAHOBUTCS YyIOPSLOUEHHBIM IO
OTHOLIEHUIO K SMOPHOHAM C APYTUMH 0OJIACTAMHI
3aXBaTa, HO OCTAaCTCA B3PBIBHBIM 110 OTHOLICHUIO
K SMOPHOHAM, BOILIEIIINM B €0 30HY 3aXBATa
(“oiina onmurapxos”).

0 AHaJguTHYeCKHUM KPUTEPHH Iepexoia B
OJINTAPXUYECKUN DEXKUM:

ZZPMp = Zp,mp,

MOXKeT 6bITb IOJIy9€eH U3 PAaBCHCTBA TEMIIOB
mporpena IJaHeTe3uMaJjiell cCaMUMu CODOH n
3MOPHUOHAMU.

O6pasosanue mporonianer

Ida & Makino (1993)
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Bpemsa onurapxmdeckoro pocra B
3aBUCUMOCTH OT TOJIOXKEHUs B JUCKE. Bosira dopMupoBanus npoTomIaner
(momess CIIMM).

r —— —
[ B =17 x10%7%°

3

i
=
=

g
=
b

Embryo mass [Ms]

A I <
10000 107
Disk orbital radius [AU] Disk orbital radius [AU]

Hs xypca Ormel 3 Myr / 10 Myr /
s < 4

0.1E <

Moy [Mg]

BriBoa: ecTh mpobaema 0Opa3oBaHUsT
ra3o0BBIX, X OCOOEHHO, JIeISHBIX THTAHTOB. ! ! ! !
BosMmoxkHbBIE pereHust: a 0]

(a) ocomnas akkpenus (peeble
accretion),

(6) Murpanusa sMOpUOHOB.

Mordasini et. al (2009)
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,HeTaJH)HaH CTaTUCTUYECKad MOJEJIb

0 BeccTOKHOBUTENILHBIN HEIPDABUTUPYIOINUI TOHKWM MJIaHETE3UMAJIbHBIN JUCK
JIOKAJbHO OINCHIBACTCA ypaBHEHHEM:
Dfy ofy ofy ofy

Ofy
—_— = — — —2Qv;
bt~ ot ox Taz ™%y,

rae —V(® — 102r2) = (3Q22x, 0, —Q22).

ofy 5_0Ofy
+ (3 +2v))0— — QPz=2 =0,
+ (32X +2vy) Ovy Zavz

0 Perrenne - aHU30TPOMHOE TAYCCOBO PACIIpeieeHue:
2 2 2 2,2
% uy Vi + Qz
fO:Cexp<2 ,

rae (ox, oy, 0z) - AuCHEepcus CKOpocTel ¢ oy = 0x/2, a Uy = Vy + 3/2Qx.
o HopMupoBKa pacnpeeseHus:

co_xy2)
(27r)3/2c7xayaz ’

o C ydeToM (pH3UIECKUX CTOJKHOBEHHUIH M I'PDABUTAIMOHHOTO PACCEsSHUs,
MIPOUCXOAAIIAX HA XapPaKTEPHBIX BpeMeHax > (), cOCTOosHuE
[IJTAHETE3UMAJIBHOTO AMCKA [IO-IIPEXKHEMY OLMCHIBAETCA fy, HO ¢ o(1).

o DksuBajeHTHO, f = fy + fi ¢ || < |fy] (Lissauer & Stewart 1993):

Df. 5t S of.
F;: 0|co/l+7?‘graw = /d3 ( 1) V2.
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,HeTaJH)HaH CTaTUCTUYECKad MOJEJIb

Lissauer & Stewart (1993).

Cymectsyer i = 1..N coptoB Ten
MaCCO# M; = /- M u gucuepcuei
cKOpocTeit V;:

d ’
S = 3 [A+B+C+DLE] ()i
k

JHuckperrnass GOpMyIupOBKa
YPaBHEHUs KOATYJIALIUH:

an _1

a2 > Ai(vi vy, mi, my)mng —

i+j=k
oo

M > Ai (Vi Vie, My, Mic...)n;.

3 4 5 6 7 8 9 10 1112

mass

1
Dullemond

1. “Viscous stirring” resulting from gravitational scattering:

N

=
T4y

2
=PI ALOL=12/3)(mi+mi) v+ (SL—4~/3) (mivi =m0 )]

®
where py is the density (specific gravity) of the planetesimals of mass my,
Vi = v v, L = [+ +/3)/(2—/3)] & 2.634, and A = sin(Wpa/2)/
5in(Wmin/2). The angle W is related to the impact parameter b according to
the Rutherford scattering formula,

v by

(2)-(1+2) ®

where b, = G(m; + my)Vyx ™. The minimum deflection angle, Wy, is

calculated with an impact parameter b = bpa = max(v;/Q, v/ Q). The

‘maximum deflection angle, Wiy, is calculated using the impact parameter
corresponding to the 2-body gravitational capture cross section,

%, 17
(R.+Rk)] : 0

h:hmm:h=(k,+nu[l+

2. Viscous stirring caused by inelastic collisions:

JT SLY Vie o ami(v? = vd) + 2miv?
B= G BLLPHY S B L 11
s (VP 3) ke i+ mi a
3. Velocity damping due to energy dissipated by inelastic collisions:
V3 L\ Vi Lm0 = ) + 2miv?
o A L v T (2
‘E( 18 *za) u R i+ mi )

4. Energy wansfer from large bodies to small ones via dynamical friction:

2
D= WILG N i — mevd. a3
N _uVy? . -
5. Energy damping caused by gas drag:
C
P (m") e R0 +m) a4

where Cp is the drag coefficient, pg is the gas density, and 7 is the velocity of
a body moving in a circular Keplerian orbit relative to the that of the nebular
gas, which orbits at a slower velocity because it is partially supported by
thermal pressure (cf. Adachi et al. 1976; Weidenschilling 1977a).
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,HeTaJH)HaH CTaTUCTUYECKad MOJEJIb

1) Cuernas o6nacts mupuroi 0.17
a.e. pacuoJiozKeHa Ha 1 a.e.

2) Crapr ¢ 10° mnaneresnmareit
maccoit 5- 1018 r xaxas.

3) Yuer ¢pparmeHTanuu B ypaBHEHAN
KOATYJISIITUH.

4) Yepes 1000 ser — 52 smbpuona
Maccoit Boime 30 HAYAJIBHBIX MACC.

5) Yepes 7000 ser — cambrii
60sbIT0M SMOPHOH UMEeT PAIUYC
1000 kM.

6) K 100000 ster — 7 mpoToIIaHeT
pamuycamu g0 2500 xM.

LOG CUMULATIVE NUMBER OF BODIES

Trrrrr[rrr T

SEMIMAJOR AXIS=1.0 AU
15

I A=1000 YEARS
- B=7000 YEARS
| C=19990 YEARS
[ D=63430 years
[ E=114300 years

PRI B R R R RS R

(<

a||||1|1||‘|||11||

10 25

15 20
LOG MASS

Wetherill & Stewart (1993)
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Bamaua N-Ten

BapriBHOII pocT

1) Cuernas obsacts mupunoit 0.02 a.e.
pacroJioxKeHa Ha 1 a.e.

2) Crapr ¢ 3000 res maccoit 1023 kaxioe.

3) Yepes 200000 netr — 1 mporomnaneTa
maccoit 200 Ha4ayIbHBIX, C MaJIBIM
HaKJIOHEHHEM U SKCIEHTPHUCHUTETOM OpPOUTHI.

Onurapxugeckuil poct

1) Cuernas o6nacts mmpuuoii 0.092 a.e.
pacroJsio>keHa Ha 1 a.e.

2) Crapr c 4000 Tex maccoit or 1023 0%

KazKJ10€.

no 1

3) Yepes 500000 sieT — 3 mpOTOIJIAHETHI
paguycamu 6osee 2000 KM, ¢ pasgeseHueM
~5-+10ry.

02— O

100000y

Kokubo (2001)
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