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OCHOBHOMW Te3Uc

Pas3pyLleHue nnaHeT: HabaaaeMbin npouecc 6e3 KoToporo
HEBO3MOXHO MOHATbL 06pa3oBaHME 3BE3A U MNAHET
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Vorobyov & Basu 05, 06, 10, 15 ++++

idalaamnsizig hyperess e [106aBMB POCT ¥ AMHAMMUKY MbISIN BHYTPU MPOTOMAHET,

nojsly4yaem obpasoBaHune MniaHeTapHbIX SAep

e [lpn paspyLlieHnn ra3soBon 06010UKM MOJSTyYaeM MaHeTbl BCEX
TMMNOB (Boley +10, Nayakshin 10; cM Tak>Xe Kuiper 1951, McCrea &
Williams 1965)

Cwm 0630p Nayakshin 2017, PASA




[lonynAauMOHHbIA CUHTES TD

Disc evolution

OaHOMEpPHOE MOJENMPOBAHUE MJTAHETHI,
anckKka, 1 ux B3aMMoaencTBun

-

(Nayakshin & Lodato 2012, Nayakshin | M S
2015a,b, 2016, Nayakshin +2020) )

Super Earth planet formation

Tidal disruption
Gap closed
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TD OObYACHSET MHOIMMe HabnaeHUsa nydwe 4Yem CA

Nayakshin

& Fletcher
2015

* [M/H] <-0.25

¢ -0.25<[M/H] <0
A 0<[M/H]<0.25
O [M/H] > 0.25

X *
1 1 IIIII‘I x)‘IIIIII

0.10 : 10.00

OpHako, Forgan & Rice 2013, 2018 npuwn K
MPSAMO NPOTUBOMOJIOXHbBIM 3aKJTHOYEHNSAM




[1on KaknuX yCnoBUAX NPOLLECC pa3pyLUEeHUs MNaHeT
Habnogaem?

Korga cbpacbiBaeMas Macca 000JI0UKU NPEBOCXOAUT
NOKaNbHYKO Maccy aucka

[1naHeTapHbIN BOOKET:

e [a3: 1-5 macc HOnutepa
e [lbinb: 20-100 Macc 3emMnu

e TyronnaBkme Matepuasbl TUNa KPUCTAIJIMYECKUX CUITMKATOB



Pa3pyLlieHne nnaHeTbl OKOMO 3BE3Abl

/ FU Ori eruptions

flickering
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Pa3pyLlueHne nnaHeTbl Ha paccTtosaHun 0.1 AU OoT 3Be3abl
NPOMN3BOOUT XeJlaeMble NapaMeTpbl BCbILLEK.



AKTUBaALMA MRI B MEPTBOMN 30HE

ITOT MEXAHM3M TOXE NPOM3BOAUT BCMbIWKM Kak B PYopax

Outburst trigger radius




Accretion bursts in HMYSOs

The discovery of episodic accretion in HMYSOs
has opened a new research field in star formation.

' 4 accretion bursts detected and studied so far: 5 agor
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S255IR NIRS 3: ~20 Mo (Caratti o Garatti+2017; | o2

Moscadelli +2017; Szymczak+2017; Liu+2018; Cesaroni+2018;
Uchiama+2019)

NGC 63341 MM1: ~20 M _ (Hunter+2017,2018; Ry ——
e Brogan+2019
Brogan+2018; McLeod+2018)

(G358.93-0.03 MM1: ~10 M, (Brogan+2019; -
G358.93-0.03
MacLeod+2019; Breen+2019; Burns+2020; Stecklum+submitted) g

G323.46-0.08: ~8 Mo (Proven-Adzri+2019; Wolf+ in
prep) R

Wolf+ in prep.

GC‘123.46-0.(2)0£§0 .

Cnanpg n3 noknapga Alessio Caratti o Garatti (12/2020)




AkTnBauma MRI B anckax ¢ M. = 20 M

Outburst trigger radius

NCKWN OKOJIO MaCCUBHbIX 3Be3[ Ha
NopsaaoK ropsyee. BCrbilkn 3TON
MOJEeNN He MOryT OblTb KOPO4Ye COTEH
neT, Torga Kak npoaoJiXXUTESNIbHOCTb
Habsro4aeMbIX Benbiwlek ~ 1-3 roaa
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PaspylweHre nnaHetbl okono M. = 20 M,

Pa3pylueHne nnaHeTbl NPoucxoanT
4YyTb Jasiblie OT 3Be31bl (H4eEM B
cJ/iydae MaJioMacCUBHbIX 3BE3),
TEM HE MEHEE CBOMUCTBA PaCYETHbIX
BCMbILLEK MPEeKPaCcHO COYETalTCA C
HabtoaaeEMbIMU

—— Stellar accretion rate
—i—Planet mass loss rate

—t=4 yr ]
—1=4.96 yr |

t=59yr |
—t=6.9yr |
—t=79yr -
——1t=8.9 yr
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ALMA: KOHel TEMHOW 3MNoxu

DSHARP ALMA survey, Huang +18
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[lepenucb nnaHeT ALMA

YepHble ToYkn — Kepler, RV, etc — rae y>xe HeT OAUCKOB

& ALMA — DSHARP
@ ALMA — Long+18
@ Scattered light imaging
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Nayakshin 2020:
nasavTe NOCMOTPUM
YTO NapameTpbl 3TUX
CUCTEM FrOBOPAT Ham
Npo UX OUCKU
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[lapafoKCbl KJ1aCCUYECKOW TEOPUN OUCKOB

1. [lbINMMHKM MM-FO pa3Mepa TPeObyT MACCUBHbIX
ONCKOB (MHa4ve BCS Mblib JOMMKHA Y>XKe BbiTh B
3Be31e).

2. TeMnbl akkpeunn rasa Ha 3Be3ny TpPebyloT Toro
ASRCLUE RN /.. ~ 5Mt, ~ 5 x 1075 x 2 x 10° = 0.1 M

* IlnCckn JOMKHbI ObITb CaMOrpPaBUTUPYIOLLIUMU,
CO cnupanbHbiIMK pykaBamu. OgHako BUAUM
KOJIbLLEBYIO CTPYKTYpPY

 Ecnn aguckn mMaccmBHble TO UX MNAHETHI
OOJIKHbI MUTPUPOBATb 0YeHb ObICTpO. Tam
4YTO, KOHBeMep ¢ O(100) nnaHeT???



[lapapoKCc MON0A0CTU MaHET

Dust drift time
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@ Planets in the discs neither grow nor migrate... Eh???
@ Were these planets just made?
o A statistical MIRACLE? — Very unlikely.

@ Need a train of O(100) gas giants in most ALMA discs. Ruled out by mass
budget constrains



Pa3pyLueHmne nnaHeT BHYTPEHHUM SHEProBbloeNEHNE

Hopo npoTonnaHeTbl
MOXET B3ayThb
060/104KY NSIaHeThbI U
OHa ee noTepAeT
(MpumepHO Tak Kak y
3B€3[, KpacHbIX
rMraHToB)

See update in
Humphries & N 19 —
dynamics of gas &
solids inside the clump.




[lepBUYHbIE N BTOPUYHbIE OAUCKA

o bonblWMHCTBO cucTeM cTapue 3M neT yxxe noTepsniv CBOU AUCKM

o Pa3pylueHne npoToryiaHeTbl B TaKOW CUCTEME BeAET K 0O6pa30BaHUIO "BTOPUYHbIX
nNCKoB”

® ITU OUCKU UMEIOT COBEPLUEHHO 6osiee Manylo Maccy Mo CPaBHEHUIO C
KITaCCUYECKUMU AMUCKaAMU, N ApYyryto Mopdonoruto

— — Haisch et al. (2003)
—— Mamajek(2009)

Pfalzner +09
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BTopu4Hble npoTonnaHeTHble ancku (Nayakshin 2020)

TD: Destruction of M, = 2M, planet Planet properties
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® [lpoTonnaHeTa c maccon 2
MJ “3acTpsna” Ha 80 AU
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Separation or radius [AU]

L oy

® [NnaHeTa pa3byxaeT u
time [Myr] i cOGpacbiBaeT ra3o-nbiieByto
060J104KYy K 2.2 M neT
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—-= Disc mass }
O] BTOpVI‘-IHbIVI ONCK MOABNAETCA

. n yxogmt 3a ~ 0.2 Myr
\ —— Planet true total

\ == Opt-thin disc
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The first Directly Imaged ALMA planet 2?7

Tsukagoshi +19

=
o

o
&)

o
N
w

dDec. [arcsec]
o
o

I, [m)y beam™1]

|
o
8]

|
=
o

1.0 0.5 0.0
dR.A. [arcsec]

Figure 1. 233 GHz continuum maps. The white ellipse at th§ bottomgleft corner of each panel indicates the beamsize of
the synthesised images. (a) Overall distribution of the 233 GHz c&gtinyffm emission. (b) Close-up view of the 0”4 x 0”4 box
including the emission feature (white box in the main ‘ * * nlis 50, where 10 =9.1 puJy beam™".

Planet (?)

o 1.3 mm dust continuum (ALMA)

- (a) o o

- 12 sigma excess at 51.5 AU

-Half widths of the excess ~0.5 AU
radial, ~2AU azimuthal

S -Sits right on the edge of the disc,

10.10 = 485256

0 20 40 6 :
Radius [au] not in a gap




HD 100546, 3Be3a0a TuMa Herbig Ae

t = (5— 15) Myr, M ~ 2M, L = 25L

o Kanccuyeckasa teopus: ninaHeTbl OTKPbIBAKOT LWENN B AMUCKAX
o B 3TOM nUcTouyHnKe BCe HaobopoT: [naHeTa cuauUT BHYTPU KOosbLa MbiiM U ra3a

o Pa3pyLueHV|e MJaHeTbl NPenCcKa3biBA€ET MMEHHO 3TO

HD 100546 M = ~ Simulated ALMA image
Casassus +19 v.-v" +cont. |- Nayakshin +21, in prep.




3aKJ1ro4YeHns

® PaspyweHunsa nnaHeT MOXXHO HabnwaaTb HanpsMylo:
® JInbo oyeHb 6M3Ko K 3Be3ae (Pyopsbl)
® JInbo B CcTapbix cucteMmax 6€3 NnepBUYHbIX AUCKOB

® HabnopeHns ALMA n gp. TpebyroT ann300M4YeCKON akKKpeLnn, CKOpPee BCEro
M3 3a pa3pyLleHns naaHeT, Ha BCEX BPEMEHAX M NPOCTPAHCTBEHHbLIX MaluTabax

® MOo>KeM N Mbl OTINMUTD BTOPUYHBIE AUCKN OT MEPBUYHBIX? (Xnumus/

3aTMEHUS...?)
Class 0/1 Class I1/1I1
—-+= Disc mass

7 FU Ori eruptions
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[Ibi1EBbBIE LENN B OUCKAX: CKOPEee BCEro MnjaHeThl
HekoTopble noaTBep>XKAeHbl B Ha emission (e.g., in PDS 70; Keppler +19) -

Perez+18

Avg / UsubKep
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e Pinte+20. Bce 8 DSHARP nnaHeT-
KaHAMOAaTOB OOHaPY>XEHHbIX MO JIOKaJSIbHbIM
BO3MY>EHNAM B MONEKYNSAPHbIX JIMHUAX CO
nMbo coBnajaroT C LUENSAMMU, UK XKe nexaT
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Figure 11. Disk radius vs. the square root of stellar luminosity. The color-
shaded regions correspond to the range of ice line location for N, (cyan), CO
(blue), and the clathrate-hydrated CO and N, (orange), with condensation
temperatures described in the text and disk dust temperature approximated by
Equation (6). Gap locations for each disk are plotted in different symbols, and
five gaps are located near the CO ice line. Long+18

HD 163296 #2

PagmanbHasi No3uUmMs LWENN HE KOPPENUPYET C TEM Fae
0XXMAAETCA KOHAEHCALUMSA OCHOBHbIX MOJIEKYISPHbIX
COCTaBNSIOWMX AMNCKA




TW Hydra: the most well studied protoplanetary disc

Andrews et al 16 D =~ 60 DC
Closest to Earth disc!
0.5
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e 3 suspected planets in gaps at 1, 24, and 41 AU

e 10 Myr old — yet accreting

e Dust disc ~ 100 times more massive than average for Class



TW Hya is a contradiction to the physics of discs (?)

TW Hya: an old protoplanetary disc revived by its planet

MNRAS, 2020
Sergei Nayakshinl * Takashi Tsukagoshiz, Cassandra Hall', Allona Vazan>?,
Ravit Helled*, Jack Humphries', Farzana Meru>®, Patrick Neunteufel"” and
Olja Panic®

SS, My = 5E-02 Sun, M, = 2E+01 Earth, t=4.0E+05 yr
—. a= 2E-01 mm 1D viscous disc

+ a=oE-0l mm + dust + planet
a= 1E4+00 mm

Paradoxes:

- The planet migrates

i1y too rapidly
Y | .

2 dust [g/cm2]

- Opens a deep gap
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3 . - A bright rim 1s
ya ~. expected behind the
L planet

L

I/

| L

1

x 10! 4 x 10!
Separation [AU]

- Planet’s image 1s too
large for a CPD, too
small for a vortex
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A disrupted Gravitational Instability planet

Gl planet disruption, My = 1.5M,, v, = 10 m/s, a = 2.5E-02 TD planet, v, = 10 m/s, t=9.8E+04 yr

I, Im)y beam™!]

Model 820 ym wd= ALMA B20 pm
B ackbody 820 um —4= ALMA 1.3 mm
Mcdel 1.3 mm —4— EVLA9 mm
Model 9 mm
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Disc properties
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I, Im)y beam™']
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A phenomenological Dust Source model

Dust Source, My, = 3Mg, vy, = 0.3 m/s, My=0.11M,

—- t=2E+05yr
t=1E+06 yr
t = 2E+06 yr
----- t =5E+06 yr
—+— ALMA 1.3 mm

- Fits Zaust (R) qualitatively

- Explains why the T+19
blob 1s at the edge of the

disc
- Explains the size and
orientation of the blob
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Dynamics of dust lost by the planet

R=51.5AU
dust particles
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Simulated ALMA observation




