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MeTton SPH

Smoothed Particle Hydrodynamics
(Lucy ,1977; Gingold & Monaghan, 1977)
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MoaenupoBaHue CTONIKHOBEHUA NIaHeTe3NMaAIeN
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N3o0paxkeHnsa Ha 1 Mm
(RADMC-3D http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/)
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Abstract

Observations of protoplanetary disks with high angular resolution using an ALMA interferometer showed that
ring-shaped structures are often visible in their images, indicating strong disturbances in the disks. The mechanisms
of their formation are vividly discussed in the literature. This article shows that the formation of such structures can
be the result of destructive collisions of large bodies (planetesimals and planetary embryos) accompanied by the
formation of a large number of dust particles, and the subsequent evolution of a cloud of dust formed in this way.

Unified Astronomy Thesaurus concepts: Protoplanetary disks (1300); Planetary system formation (1257);

Hydrodynamical simulations (767)

1. Introduction

One of the most interesting results obtained using ALMA and
VLT is the detection of substructures on images of proto-

planetary disks observed with high angular resolution (see, e.g.,
sinm Daal-al At al ANTT. Asrasnlansiae at al AMNMTO0. D amantss At al

obliquity of Uranus is also connected with the giant impact (e.g.,
Slattery et al. 1992).

It 1s obvious that the collisions of such large bodies, which
result in the formation of a dust cloud, should be accompanied
by flashes in the infrared region of the spectrum. In this



ObocHoBaHMe Mmoaenu

MnaHeTa MoXKeT cnocobcTBOBaTb BbIOpOCY NaaHeTe3nmanei Ha nepudeputo (Batygin &
Morbidelli, 2013; Morrison & Malhotra, 2015).

CTONKHOBEHME N/iaHeTe3nmasie ecTeCTBEHHbIM NPoUecc ANA NPOTON/IaHEeTHbIX AUCKOB
(Meng et al., 2014; Genda et al., 2015);

HayanbHas macca CTONKHYBLUMXCA Ten MOXKeET 6biTb B 10 pa3 MeHblLe MacCbl CrycTKa;

CobbiTna B ConHeyHom cucteme: obpasoBaHue JlyHol (Cameron & Ward, 1976), obpa3oBaHue
cuctembl MaytoH-XapoH (Canup 2005, Stern et al., 2006), HaknoHeHMe ocu YpaHa (Slattery et
al. 1992);

Pa3pyLueHne NaaHEeTbl MOXKeT cnocobcTBOBaTb BbI6pocy 601bLIOro KOAMYECTBA MENKOW NblNN
B npoTtonnaHeTHbIN anck (Nayakshin et al., 2020)
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dopmupoBaHMe CrycTka

ObnayHas akkpeLwsi U3 OCTaTKOB NPOTO3BE3A- BbIbpoc cryctka 13 MaccMBHOIO akKpeLmnoH-
Horo obnaka Hartmann & Kenyon (1996) Horo Aaucka Basu & Vorobyov (2012)
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OCHOBHbIE YpaBHEHUA
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OCHOBHbIE YpaBHEHUA

f'mapoanHammnyeckoe yckopeHue
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ManomaccrnBHoOe BO3MyLLEHNE

L I R dR o) Remnant Mass Lifetime
(float) (deg) (number) (au) (au) (deg) (Jupiter mass) Structures (yr)
(D (2) (3) 4) (5) (6) (7 () 9)
0.8 5 3 20 5 30 0.11 Arc, One-hand spiral, Horseshoe =600
0.8 10 3 20 5 30 0.11 Arc, One-hand spiral, Horseshoe =600
0.8 20 3 20 5 30 0.11 Arc, Faint two-arm spiral, Horseshoe >600
0.8 30 3 20 5 30 0.11 Arc, Faint two-arm spiral, Horseshoe >600
0.8 10 5 20 5 30 0.19 Arc, One-hand spiral, Horseshoe =600
1 5 3 20 5 30 0.11 Arc, One-arm spiral, Multirings, Ring ~1000
1 10 3 20 5 30 0.11 Arc, One-arm spiral, Ring =600
1 20 3 20 5 30 0.11 Arc, One-arm spiral, Faint two-arm spiral >600
1 30 3 20 5 30 0.11 Arc, One-arm spiral, Faint two-arm spiral =600
1 5 5 20 5 30 0.19 Arc, One-arm spiral, Multirings, Ring =600
1 5 10 20 5 30 0.38 Arc, One-arm spiral, Multirings, Ring >600
1.2 b 3 20 5 30 0.11 Arc, One-arm spiral, Multirings, Ring >600
12 10 3 20 5 30 0.11 Arc, Bright two-arm spiral >600
1:2 20 3 20 5 30 0.11 Arc, Bright two-arm spiral >600
1.2 30 3 20 5 30 0.11 Arc, Bright two-arm spiral, Asymmetric ring ~2000
1.2 30 1 20 5 30 0.04 Arc, Bright two-arm spiral =600
0.8 30 3 10 2 30 0.04 Arc ~100
1 30 3 10 2 30 0.04 Arc ~100
1.2 30 3 10 2 30 0.04 Arc, Faint two-arm spiral, Multirings ~450

Note. The column of “Structures™ lists the types of observed asymmetries in order of their appearance in the disk images. The column of “Lifetime” is a long-lived

structures lifetime.
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CybkennepoBo BO3MYLLEHNE HA nepudepnn gmcka

[loBepXHOCTHasA NMOTHOCTb
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N3o00pakeHne Ha 1 Mm
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Kog RADMC-3D: http://www.ita.uni-heidelberg.de/~dullemond/software/radmc-3d/ 24
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KennepoBo BO3MYLLEHNE HA Nepudepunmn gucka
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N3o0paxeHne Ha 1 Mm
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BrninaHne Ha4yanbHOro yrina HaknoHa
BEKTOpa CcKkopocTu |
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CBepxKkennepoBo BO3MYLLEHME Ha nepudpepunn
auncka. ['loBepxHOCTHas NMOTHOCTb

-40 |

-50

|

I I I I I I I I
T=125yrs T=500yrs

| | | | | | | | 1 | | | | | | | | |
-50 -40 -30 -20 -10 O 10 20 30 40 50-50-40 -30 -20 -10 O 10 20 30 40 50-50-40 -30 -20 -10 O 10 20 30 40 50
X, AU X, AU X, AU

L=1.2;K=3;1=10°, Ry=20a.e.;dR=5a.e.; p =30°, —— M, = 0.11M,
28




BrninaHmne Ha4anbHOro yrrna HaknoHa
BEKTOpa CcKkopocTu |
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[lonroBpemMeHHas 3BOMOLUS
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Clumpy Accretion in Pre-main-sequence Stars as a Source of Perturbations in
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Abstract

The development of perturbations in the circumstellar disks of pre-main-sequence stars caused by clumpy accretion
was investigated. Here we perform 3D smoothed particle hydrodynamics simulations of disks perturbed by a recent
clump accretion event. These simulations are further explored by radiative transfer calculations to quantify the

observational appearance of such disks. It was shown that the density waves in the disks were formed at the fall of

the clump. After several revolutions they can transform into spiralskand ring structures. Their images in millimeter
wavelengths are very similar to those observed with Atacama Large Millimeter/submillimeter Array in some
protoplanetary disks. We assume that clumpy accretion may be the source of such structures.

Unified Astronomy Thesaurus concepts: Accretion (14); Protoplanetary disks (1300); Pre-main sequence stars
(1290); Hydrodynamical simulations (767); Radiative transfer simulations (1967)
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MaccrnBHOe BO3MYLLEHUE
BONM3un 3Be3bl
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N3o00paxeHne Ha 1 Mm

T =1000 yrs

M.=M;; 1 =30°% L=0.8; Rp=3 a.e.;dR =2 a.e.; ¢ = 30°;



200 -

50 -

Temn akkpeuun

0 50 100 150 200 250 300 350 400

time, yrs

M. =3M;; L=0.66; | =45°, Ry=3 a.e.;dR =2 a.e.; ¢ = 30°;



M /Mg
N w EN a (@] ~l (0¢] (o]

-
o

o =

Temn akkpeuunu

5'7 ——

3-5

‘IQOOI““‘I400II‘““GOOII‘““SOOIIII"Hbddlll‘I‘fZGdIII‘I‘{4ddI‘

time, yrs

M.=M;; L=0.8; 1 = 30°; dR =2 a.e.; ¢ = 30°

1 1M; - 7.7 pa3sa

1 0.5M; - 3.7 pasa
! 0.3M; - 2.5 pasa
1 0.1M; - 1.3 pasa

39



BbiBoabl

Mopgenb obnayHoun akkpeunmn No3BondeT O0bACHUTL criegytoume sIBNeHUs:

1.

BonbWKWHCTBO Habnwgaembix TUMOB aCUMMETPUA Ha U30OpakeHUsX
NPOTOMNMaHEeTHbIX JNCKOB;

[logBneHne MOLWHbLIX W NPOAOOIPKUTENbHLIX BCMNbIWEK akKKpeuun Ha
MOoAYHo 3Be34y, KoTopble HanomMmuHarT Benbilky FUORa,;

[NosiBNeHne HaKMoOHHOIro BHYTPEHHEro Aucka, Yto Kak pa3 u HabniogaeTcs y
HEKOTOPbIX MONOAbIX 3Be3[,.

ObnayvyHaga akkpeumst MOXeT crnocobcTBoBaTb OPMMUPOBAHUIO MMAHETHI Ha
HaKNoOHHOW opbuTe.



3aknyeHue

1. Noea o6 obnayHon akkpeuun Ha npoTonnaHeTHbIN AUCK Oblna npeanoxeHa B paboTte
Graham (1992) aons o6bACHeEHNA COBbLITUA CUIBHOMO MOrMOLWEeHNd, HabngaemMblX y
HEeKOTOpPbIX MONOAbIX 3BE3[,;

[MpumeHsnacb ana o6bvscHeHne popmmpoBaHna xoHgpuTos (Tanaka et al.,1998);

He TepsieT cBoen aktyanbHocTu Anga obbsacHeHua aeneHuns FUORoe (Hartmann &
Kenyon, 1996; Zhu et al., 2010; Bae et al., 2013; Hartmann & Bae, 2018)

W N

OpHako rasoguHamum4yeckoe moaenupoBaHue pacnapa obGrnaka B
BA3KOU cpeae OMCKa M aHanu3 HabnwaatenbHbIX MPOABIIEHUN
AAHHOro coObITUA BbINOJIHEHbI B NepBble B AaHHOU paboTe

Bbina npoaoeMOHCTpUpOBaHa nNpPUHUMNMANbHAsA BO3MOXHOCTb BO3HMKHOBEHUSA
Lerioro psiga HabniopatenbHbIX NPOSABMEHUAX MexXaHu3mMa oOria4yHoMm akkpeuuwu,
KOTOpble MOryT ObiTb MCNONb30BaHbl AN OOBLSACHEeHUA HabnaaTernbHbIX
0COOeHHOCTEN Y MoNnoAabIX 3Be3A,.
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