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Основной тезис
 Pазрушение планет: наблюдаемый процесс без которого 
невозможно понять образование звезд и планет

Vorobyov & Basu 05, 06, 10, 15 ++++

См обзор Nayakshin 2017, PASA

• Добавив рост и динамику пыли внутри протопланет, 
получаем образование планетарных ядер


• При разрушении газовой оболочки получаем планеты всех 
типов (Boley +10, Nayakshin 10; см также Kuiper 1951, McCrea & 
Williams 1965)



Одномерное моделирование планеты, 
диска, и их взаимодействий


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

Популяционный синтез TD

Nayakshin 2015



 Однако, Forgan & Rice 2013, 2018 пришли к 
прямо противоположным заключениям

24 Sergei Nayakshin

Disc evolution

0.1 1.0 10.0 100.0
R, AU

0.1

1.0

10.0

100.0

1000.0

 Σ
 [g

 c
m

-2
]

t= 1 Myr
 1.32 Myr
 1.50 Myr
 1.65 Myr

t= 1 Myr
 1.32 Myr
 1.50 Myr
 1.65 Myr

(a)

Gas giant planet formation

0.001

0.010

0.100

1.000

10.000

 S
ep

ar
at

io
n 

an
d 

ra
di

i [
A

U
]

Planet collapsesPlanet collapses

Gap opennedGap openned

Disc evaporatedDisc evaporated

(b) Hill’s radius, RH

Radius, Rp

Separation, a

500 1000 1500
time [103 years]

0.1

1.0

 C
or

e 
m

as
s 

[M
E

ar
th

 ]

Total Core mass
Rocks
CHON

(c)

Disc evolution

0.1 1.0 10.0 100.0
R, AU

10

100

1000

 Σ
 [g

 c
m

-2
]

t= 0.18 Myr
 0.23 Myr
 1.20 Myr
 1.50 Myr

t= 0.18 Myr
 0.23 Myr
 1.20 Myr
 1.50 Myr

Tidal disruption
Gap closed
Tidal disruption
Gap closed

Super Earth planet formation

0.1

1.0

10.0

100.0

 S
ep

ar
at

io
n 

an
d 

ra
di

i [
A

U
]

Tidal disruption
Gap closed
Tidal disruption
Gap closed

Gap opennedGap openned

(a)
Hill’s radius, RH

Radius, Rp

Separation, a

0 100 200 300 400 500 600
time [103 years]

0.1

1.0

 C
or

e 
m

as
s 

[M
E

ar
th

 ]

Total Core mass
Rocks
CHON

Figure 17. Evolution of the protoplanetary disc (panel a) and the embedded fragment (b and c). The fragment survives to become a gas
giant planet. Panel (a) shows disc surface density profiles at times t = 0 (solid curve) plus several later times as labelled in the legend.
The position of the planet at corresponding times is marked by a cross of same collor at the bottom of the panel. Panel (b) shows the
planet’s separation, radius and the Hills radius, whereas panel (c) shows the mass of the core versus time.
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Figure 18. Left: Planet mass versus separation from ”exoplanets.org” database as of January 4 2016. Red, blue, green and yellow
symbols correspond to planets detected by transit, RV, microlensing and direct detection methods, respectively. Right: Same plot but
showing results from a TD population synthesis calculation from Nayakshin (2016a).

MNRAS 000, 1–43 (2015)

TD обьясняет многие наблюдения лучше чем CA

Nayakshin 
& Fletcher 
2015

См обзор Nayakshin 2017, PASA



• Газ: 1-5 масс Юпитера 

• Пыль: 20-100 масс Земли

• Тугоплавкие материалы типа кристаллических силикатов

При каких условиях процесс разрушения планет 
наблюдаем?

Когда сбрасываемая масса оболочки превосходит 
локальную массу диска

Планетарный бюджет:



Разрушение планеты на расстоянии 0.1 AU от звезды 
производит желаемые параметры вспышек. 

Разрушение планеты около звезды
Vorobyov & Basu 2006

Nayakshin & Lodato 2012

Mdisc ⇠ 0.1MJ

✓
R

0.1 AU

◆



Этот механизм тоже производит вспышки как в ФУорах

Активация MRI в мертвой зоне

Armitage +2001



Слайд из доклада Alessio Caratti o Garatti (12/2020)



Диски около массивных звезд на 
порядок горячее. Вспышки этой 
модели не могут быть короче сотен 
лет, тогда как продолжительность 
наблюдаемых вспышек ~ 1-3 года

Активация MRI в дисках с M* = 20 M⊙

Armitage +2001

Elbakyan, N, Vorobyov, Caratti o Garatti +, in prep.



Разрушение планеты происходит 
чуть дальше от звезды (чем в 
случае маломассивных звезд), 
тем не менее свойства расчетных 
вспышек прекрасно сочетаются с  
наблюдаемыми

Разрушение планеты около M* = 20 M⊙

Elbakyan, N, Vorobyov, Caratti o Garatti +, in prep.



ALMA Observations of HL Tau 7

FIG. 3.— Panel (a) shows the deprojected 1.0 mm B6+B7 image of HL Tau
(see §3.1.3); the angular resolution is 38.6× 19.3 mas (PA. −20.7◦). Rings
for which a full range of ellipse parameters could be fit are labeled hori-
zontally (solid and dashed lines), while the less distinct rings are labeled
vertically (dotted lines). Panels (b) and (c) show cross-cuts at PA= 138◦
through the continuum peak of the 1.0 mm continuum and spectral index
images shown in Fig. 2e,f (positive values of distance correspond to the SE
portion of Fig. 2e). Panel (d) shows the same cross-cut as panel (b) but on a
Planck brightness temperature (TB) scale. Panels (b) and (d) are shown on a
log scale on the y-axis. In panel (c) the grey region delineates the 1σ spectral
index uncertainty, it does not account for the absolute flux uncertainty. For
the fully fitted rings, panels (b) and (c) show dashed lines for the locations of
dark rings and solid lines for bright rings. The fitted offsets from the contin-
uum peak (Table 2) have been taken into account. The dashed line on panel
(d) shows a representative power law for TB as a function of radius with an
exponent of -0.65 extending from the B1 peak, it is not a fit.

on the image, it was apparent that while approximately cor-
rect, these are not a good fit to the rings in detail. To refine
the parameters, we defined a discrete set of points along each
zeroth-order ellipse, at a Nyquist sampled interval with re-
spect to the synthesized beam. Then the position of each point
was moved to the nearest local radial maximum (or minimum
for dark rings). To avoid regions where the rings become less
distinct, points were discarded if they moved outside the nom-
inal width of the individual rings (5 to 8 AU). Eight rings re-
tained > 55% of the points, to which we subsequently fit an
ellipse, including its center position, using a Markov Chain
Monte Carlo (MCMC; Foreman-Mackey et al. 2013). The re-

sults are listed in Table 2, with the full range of parameters
given for the eight most distinct rings, and just the semi-major
axis for the others. It seems likely that the “gap”, “enhance-
ment”, and “clump” observed in VLA 1.3 and 0.7 cm images
(Carrasco-González et al. 2009; Greaves et al. 2008) at ∼ 10,
20, and 55 AU along the major axis of the disk correspond
to the D1, B1 and the combined emission from the B2 to B4
rings, respectively.
The weighted average of the best-fit inclination and position

angle for the eight fitted rings yields i = 46.72◦± 0.05◦ and
P.A.= 138.02◦± 0.07◦, consistent with the constraints found
for the average disk geometry over large scales. However, the
best-fit ellipses have their center’s offset with respect to the
peak of the 1.0 mm emission, as can be seen in the equato-
rial offsets reported in Table 2. These offsets are statistically
significant for all but the innermost ring (D1). Interestingly,
the magnitude of the position offset increases with orbital dis-
tance from the center.
Using the weighted average inclination and P.A., we

have deprojected the combined 1.0 mm visibility data into
a circularly-symmetric, face-on equivalent view (see Fig-
ure 3a). We have also extracted cross-cuts at an angle of
138◦ from both the 1.0 mm continuum image and the spectral
index map shown in Figs. 2e,f. These cross-cuts are shown
in Figs. 3b,c. The variation in intensity between the bright
and dark rings is readily apparent. Considering only the fully
characterized rings, the largest average intensity contrast is
between the first pair with D1 being 46% less bright than B1,
and the smallest contrast is between the 5th pair with D5 be-
ing 15% less bright than B5. Such a drop in intensity could
be due to a reduction in dust temperature, column density, or
grain emissivity, or a combination thereof. This figure also
demonstrates the general trend of having very high S/N on
the estimate of α in the (brighter) inner parts of the disk with
increasing uncertainty as the disk intensity decreases. In-
terestingly, the minimum α does not occur precisely at the
continuum peak position, but is instead offset by ∼ 1.5 AU
(∼ 10.7 mas) along the major axis to the SE. The origin of
this offset is unknown.
As shown in Figs. 3b,c, each dark ring corresponds to a

local maximum in the spectral index, while each bright ring
corresponds to a local minimum. We do not find a gradual
decrement of the spectral index with radius reported in other
lower mass protoplanetary systems, albeit with reduced angu-
lar resolution (e.g. Guilloteau et al. 2011; Pérez et al. 2012).
The central peak, the B1 ring, and the B6 ring, show a spec-
tral index α ∼ 2 indicative of optically thick dust emission
(within 3σ). Fig. 3d shows the cross-cut from Fig. 3b, but on
the Planck brightness temperature (TB) scale. The observed
TB provides a strict lower limit on the physical temperature,
at a given angular resolution. In the limit that the emission
is optically thick, TB provides a measure of the physical tem-
perature of the material where τ ≈ 1. The TB for the optically
thick continuum peak, and azimuthally averaged values for
the optically thick B1 and B6 rings are 212.4±0.8 K, 59±
3 K, and 24± 2 K (corresponding intensities are 9.79± 0.04,
2.48±0.12, and 0.85±0.06 mJy beam−1), at radii of∼ 0, 20,
and 81 AU, respectively. As shown in Fig. 3d, the observed
radial decrease in TB for all the bright rings can be roughly
characterized by a power law with an exponent of ∼ −0.65.
For comparison, Guilloteau et al. (2011) found TB = 25 K at
55 AU from ∼ 1′′ resolution PdBI data in good agreement
with that predicted from the ALMA TB analysis. However, the

Brogan et al 2015

ALMA: конец темной эпохи

DSHARP ALMA survey, Huang +18



Перепись планет ALMA

 ALMA — DSHARP

 ALMA — Long+18

 Scattered light imaging

Lodato +19

Черные точки — Kepler, RV, etc — где уже нет дисков

Nayakshin 2020: 
давайте посмотрим 
что параметры этих 
систем говорят нам 
про их диски



1. Пылинки мм-го размера требуют массивных 
дисков (иначе вся пыль должна уже быть в 
звезде).


2. Темпы аккреции газа на звезду требуют того 
же (Jones +12)


• Диски должны быть самогравитирующими, 
со спиральными рукавами. Однако видим 
кольцевую структуру


• Если диски массивные то их планеты 
должны мигрировать очень быстро. Там 
что, конвейер с O(100) планет???

Парадоксы классической теории дисков
tdr ⇡ 106 yr

✓
Mdisc

0.1M�

◆

Mdisc ⇡ 5Ṁ⇤t⇤ ⇠ 5⇥ 10�8 ⇥ 2⇥ 106 = 0.1M�



Парадокс молодости планет 

 Planets in the discs neither grow nor migrate… Eh???

 Were these planets just made?


 A statistical MIRACLE? — Very unlikely.

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

Nayakshin 20



Разрушение планет внутренним энерговыделение

Epl = �3

5

GM2
p

Rp
⇡ 1041 erg for Mp = 2MJ, Rp = 0.5 AUEpl = �3

5

GM2
p

Rp
⇡ 1041 erg for Mp = 2MJ, Rp = 0.5 AU

Ecore ⇠ �GM2
c

Rcore
⇡ 1041 erg for Mc = 10M�, Rcore = 3R�Ecore ⇠ �GM2

c

Rcore
⇡ 1041 erg for Mc = 10M�, Rcore = 3R�

N & Cha 12 — clump disruption forms a ring of gas & solids

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

Ядро протопланеты 
может вздуть  
оболочку планеты и 
она ее потеряет
(Примерно так как у 
звезд красных 
гигантов)



 Большинство систем старше 3М лет уже потеряли свои диски

 Разрушение протопланеты в такой системе ведет к образованию “вторичных 
дисков”

 Эти диски имеют совершенно более малую массу по сравнению с 
классическими дисками, и другую морфологию

Первичные и вторичные диски

Pfalzner +09



Вторичные протопланетные диски (Nayakshin 2020)

๏ Первичный диск уходит к 1 
М лет


๏ Протопланета с массой  2 
MJ “застряла” на 80 AU


๏ Планета разбухает и 
сбрасывает газо-пылевую 
оболочку к 2.2 M лет


๏ Вторичный диск появляется 
и уходит за ~ 0.2 Myr



Tsukagoshi +19

- 1.3 mm dust continuum (ALMA) 
- 12 sigma excess at 51.5 AU 
-Half widths of the excess ~0.5 AU 
radial, ~2AU azimuthal 

-Sits right on the edge of the disc, 
not in a gap

The first Directly Imaged ALMA planet ???

Planet (?)



HD 100546, звезда типа Herbig Ae 

 Калссическая теория: планеты открывают щели в дисках

 В этом источнике все наоборот: Планета сидит внутри кольца пыли и газа

 Разрушение планеты предсказывает именно это

t = (5� 15) Myr, M ⇡ 2M�, L = 25L� Ṁ = 10�7M� yr�1

Perez+20



Заключения
๏ Разрушения планет можно наблюдать напрямую:


๏ Либо очень близко к звезде (Фуоры)


๏ Либо в старых системах без первичных дисков

๏ Наблюдения ALMA и др. требуют эпизодической аккреции, скорее всего 
из за разрушения планет, на всех временах и пространственных маштабах

๏ Можем ли мы отличить вторичные диски от первичных? (Химия/
затмения…?)

Class 0/I Class II/III



Пылевые щели в дисках: скорее всего планеты

Радиальная позиция щели не коррелирует с тем где 
ожидается конденсация основных молекулярных 
составляющих диска 

Long+18

• Pinte+20. Все 8 DSHARP планет-
кандидатов обнаруженных по локальным 
возмужениям в молекулярных линиях CO 
либо совпадают с щелями, или же лежат 
на спиралях


•

Perez+18
Некоторые подтверждены в H  emission (e.g., in PDS 70; Keppler +19)α



TW Hydra: the most well studied protoplanetary disc

• 3 suspected planets in gaps at 1, 24, and 41 AU  

• 10	Myr	old	—	yet	accreting	

•	Dust	disc	~	100	times	more	massive	than	average	for	Class	II	

Andrews et al 16 D ⇡ 60 pc

Closest to Earth disc!

M⇤ ⇡ 0.8M�



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

1D viscous disc 
+ dust + planet 

Paradoxes: 
- The planet migrates 
too rapidly 

- Opens a deep gap 
- A bright rim is 
expected behind the 
planet 

- Planet’s image is too 
large for a CPD, too 
small for a vortex

MNRAS, 2020



A disrupted Gravitational Instability planet



A phenomenological Dust Source model
- Fits             qualitatively 
- Explains why the T+19 
blob is at the edge of the 
disc 

- Explains the size and 
orientation of the blob 

-

⌃dust(R)


