I Planetesimal Formation —
Snow line & "No-drift" mechanism

Highlights

- Various “runaway’ pile-up (instability) modes of pebbles/dust are reported.
- These occur around the snow line and beyond the snow line.

- Beyond the snow line, the “no-drift” mechanism can stop pebble drift,
leading to a runaway pile-up.
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| Initial planetesimal formation is a missing piece

| A smooth distribution | An annulus distribution
: ALMA observations &

planetesimal formation

Smooth or Annulus?

The classical view

>

The initial planetesimal distribution borns

smooth, or borns in an annulus?

N

Formation of the giant planets and their satellites o >
Primordial Heavv Bombardment Giant impacts between planetary embryos
' Tilting of Uranus' spin axis
Final assembly of terrestrial planets
Dynamical clearing of the inner regions of the systems
Differentiation of planets and satellites

Surface density

Migration of the giant planets
Differentiation of the primordial planetesimals
Dispersal of the nebular gas

Distance to star

Solar Nebula
(AT < 10 Ma)

e.g., Weidenschilling 1977 e.g., Marel et al. 2019

Delayed orbital rearrangement of the giant planets
Late Heavy Bombardment

rfimordial Solar Modern Solar ‘

o — Asteroid belt |
devleted Asteroid belt
eplete .
X 1/1000 implanted?
4.568 4.0—3.8 Secular geophysical evolution of planets and satellites Present (e . g oy g )

Secular collisional evolution and contamination of planetary bodies

ef S KR

Today Today

>1000km

modified from Turrini et al. (2014)
©Ryuki Hyodo



"_LAPLACE NEBULA

- P=PARTICLE
- . G=GAS .

I Pressure Bump

- edges of dead zones e
(e.g., Chatterjee & Tan 2014; Charnoz+2019) IR

T » RADIAL
FORCE ON GAS

- - . curved by planet gravity
Planetesmlal Formation (e.g., Pinilla+2012; Kanagawa+ 2015, 2016) ST

- etc. " GAS I ........
Whipple 1972 PRESSURE

— MOTION
OF PARTICLE
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A (local) elevated concentration of solids may

[ ] [ ] [ ] r —*
be a favorable condition for planetesimal I S oo I ine
formation, followed by streaming instability I
ilicate dus
Radial diffusion
and/ or gravitational lnStablllW e.g., Johansen et al. 2009 Stevenson & Lunine 1988 Aa/m)\ Recondensation Pebble-to-gas mass flux
Carrera et al. 2015 Ciesla & Cuzzi 2006 : S :5 .. LI S Fyg = M,/M,
Yang et al. 2017 Birnstiel et al. 2010 * Vertical diffusion - .‘:,:," « ‘ «
Saito & Sirono 2011 Dz o © ¢ “Ne¢ :
Ros & Johansen 2013 — Ga(s ;cgret)l on Radial drift due to the gas drag \
Morbidelli et al. 2015 Water vapor
Bitsch et al., 2015 4D | ¢ Icy pebbles
1TsChn et al.,
Estrada et al. 2016 Traffic-jam pile-up of silicate dust | Recycling pile-up of icy pebbles
[da & G‘%lllot 2016 — gravitational instability? — streaming instability?
Okuzumi et al. 2016 (formation of rocky planetesimal) | (formation of icy planetesimal)
Schoonenberg & Ormel 2017 .
Drazkowska & Alibert 2017 Water snow line .
Hyodo et al. 2019b Fig. of Hyodo et al. 2021c

| Others

- DUSt evolution (e.g., Wada et al, 2009; Okuzumi et al. 2012; Zhang et al. 2015)

Marel et al. 2019 = SGCUI&I’ GI (e.g., Ward 1976, 2000; Youdin 2011; Takahashi & Inutsuka 2014)
= Anti-cyclonic vortex (e.g., Barge & Sommeria 1995; Inaba & Barge 2006)
- “No-Drift” mechanism (e.g., Hyodo et al. 2021b)

- eftc.



Class I1
lifetime of ~few Myr

Snow Line Evolution P

Snow line migrates, depending on the build-

Times

Class |
lifetime of ~0.5 Myr

— Other Parameters — ——— \ \

. . > - ® -
Pebble-to-gas mass flux (F,,, = M,/M,) \

up and/or evolution stages of the disk.

Distance to star e.g. Oka et al. 2011 /
Bitsch et al., 2015
Morbidelli et al. 2016
Lichtenberg et al. 2021

_ hot gas,
water ice photon-dominated
chemistry
. COice line magnetothermal /
T=25K snow line silicate disk wind
Nonunitorm Turbulence i

T=1500 K /

X-ray ionization 7' _

A nonuniform turbulence structure may be ’ ‘l, s i —
ubiquitous. T

magnetospheric J‘

accretion, B ~ kG

- L
— Parameters — e &, Tow
. . EUV+X-rax %g T>103K
a,.. - a-parameter for disk gas accretion 5 9 deal MHD  Ohmic / Hall
- . . . LarUy % - MHD regime ambipolar damping
ap, - a-parameter for radial mixing s of MHD turbulence
aDZ - & Jarameter fOI’ Vertlcal Stlrrlng 100 AU 10 AU 1AU 0.1AU 0.1AU 1AU 10 AU 100 AU

©Philip Armitage



| Things around the Snow Line — Qualitative

Silicate dust
Radial dlffusmn
(X %) Recondensation Pebble-to-gas mass flux
A/\ Dust sticking = M / M

Q =0 =

Radial drift due to the gas drag \

o
Nertcal ' Yy 0
(ocaD .. .oo

e ’ . Gas accretion

(X Fec) Water vapor
0 # Icy pebbles
Traffic-jam pile-up of silicate dust | Recycling pile-up of icy pebbles Hyodo et al. 2021b
— gravitational instability? — streaming instability?

(formation of rocky planetesimal) | (formation of icy planetesimal)

Water snow line

- Pebbles (TS ~ (). 1) qUICkly drift due to gas dr ag (e.g., Garaud 2007; Lambrechts et al. 2014).
- Silicate dust (7, << 1) well couples to the gas and drift with the gas Brmstiel et al. 2010; Morbidelli et al. 2015)
— causing traffic-jam (e.g., Ida et al. 2016; Hyodo et al. 2019).

- Diffused water vapor outside the snow line re-condense onto i1cy pebbles.
(Schoonenberg & Ormel 2017; Drazkowska & Alibert 2017; Ros et al. 2019; Hyodo et al. 2019; Garate et al. 2020) See also

- Diffused silicate dust outside the snow line can stick to icy pebbles. Juevenson & Lunine 1988

Birnstiel et al. 2010
Saito & Sirono 2011

- Released silicate dust would initially have a small scale height (similar to pebbles?) Ros & Johansen 2013
and would be vertically stirred up as being away from the snow line?



| Aimes

Previous studies did not correctly include the back-reaction (dust-gas inertia).
Also, the dependence on the disk structures 1s unclear.

e Better understanding the consequences of pebble drift to the snow line.
(silicate dust or icy pebbles?, effects of back-reaction, and scale height, etc)

o It’s dependence on F,, = MP/Mg

e It’s dependence on the turbulent structures (.., op,, Op,)



A local 1D advection-diftusion simulation

Silicate dust

Radlal dlffusmn
{\oca/m\ Recondensation Pebble to-gas mass flux
Dust sticking = Mp /Mg

C <—@ 4—

Radial drift due to the gas drag

(]
uaD . . .. ...

Gas accretion
(¢ Ayeo) Water vapor

A adh o

Traffic-jam pile-up of silicate dust | Recycling pile-up of icy pebbles
— gravitational instability? — streaming instability?
(formation of rocky planetesimal) | (formation of icy planetesimal)

Icy pebbles

Hyodo et al. 2021¢, Fig.1
Water snow line

I Models I Parameters
- Three dist.inct non-dimensional parameters; _ Pebble-to-gas mass flux F., = M.IM
gas accretion « a,.. M, = 1075 Mgyr™)

radial and vertical diffusions « ap., ap, (ap, = ap,) 12

- The temperature profile 74 = 150 (r/3au)™

- A realistic scale height of dust (da, Guillot, Hyodo et al. 2021)
- Stokes number of pebbles 7, ~ 0.1

- The back-reaction (BR) of solids onto gas
(radial drift and diffusion) - Stokes number of silicate dust 7, << 0.1

- Recycling of silicate dust and water vapor, included - Initially, 50:50 rock-to-ice ratio.



A local 1D advection-diftusion simulation

We are looking at Z, & Zq
around the snow line.

Z, = pplpg
Zd Epd/pg

Silicate dust

Radial dlffusmn
(& %2 Recondensation Pebble-to-gas mass flux
:.o ..5 . os. K \/ X Dust sticking — M /M
e @O =0 e
Xap,) o © oo ®®
o * "% Gas accretion

( X aacc)

>

Traffic-jam pile-up of silicate dust

— gravitational instability?

(formation of rocky planetesimal)

INﬁdplane spatial density

Gas:

Pebble:

Silicate dust:

P =

Pp =

Pq =

gas surface density
— gas scale height

:I/\/ 2nH,

pebble surface density

l_ pebble scale height

\— silicate dust scale height

silicate dust surface density

Radial drift due to the gas drag
Water vapor

# Icy pebbles

Recycling pile-up of icy pebbles
— streaming instability?
(formation of icy planetesimal)

Water snow line

IPebble scale height

Stokes number

pebble-to-gas ratio (£ = p,/p)

coefficient for diffusion back-reaction (K=0,1,2)
Turbulence-regulated Hy, ~1/2 .
( ) / —— gas scale height
Ts,p
H p,tur — 1 + _ K H g
ap; (1 + z , ) Richardson number
KH-regulated H, /7 (0.5 here)

H,xu ~ Ri'"? z'" C Hg)H =[Rif? z'”

Larger one used
Hp = max {Hp,tura Hp,KH}



Silicate dust

Rad%al diffl;sion

x

{\/Dr\ Recondensation Pebble -to-gas mass flux
Dust sticking = M /M

I SnOW Line - *Vertlcgclgg‘.. 5" ::...

Gas accretion
( X aacc)

Cnritical Considerations >

Traffic-jam pile-up of silicate dust
— gravitational instability?
(formation of rocky planetesimal)

&0 =@ 4—

Radial drift due to the gas drag

Water vapor

# Icy pebbles

Recycling pile-up of icy pebbles

— streaming instability? .
(formation of icy planetesimal) Pp = 2 /\/2rH

Water snow line Pq = Zd/ 271'Hd

|Back-reaction |Scale height of silicate dust H,

Pp!Pg :
Radial drift (Drift-BR , A = pyl(py + pp) = 1 +£ .
( ) A Ida&Guillot 2016 Schoonenberg&Ormel 2017
| Stokes number : A
" A ( v 5 About Drift-BR pebbles| dust - gas
— / _— +
S K ~=
P 1 + AZTE d g Ida & Guillot 2016 v & g
i ~< & £ dust ebbles
gas velocity Schoonenreg&Ormel 2017 v v peles ”f) 5 | .
gas orbital < RSN = ’ B
gas pressure 0 L
frequency Hyodo et al. 2019 v v Z 9
; dust
5 Ida et al. 2021, v v -
" c-[a] _ laln(ﬂ) Hyodo et al. 2021 : | >
Keplerin orbital Qg 2 dlnr \ r *Including back-reaction onto the gas motion i snow line snow line
frequency does not qualitatively change the results. :
As pile-up occurs, drift velocity decreases. (see Garate et al. 2020)
e e e sttty _ Hyodo Ida, Charnoz 2019 . 1da, Guillot, Hyodo, et al. 2021
H H i Ff a coefficient to characterize cc as 8 o , .
D / ff usions (D / ff B R) the strength of the diffusion back-reaction About Difi-BR pebbles dust - ;. - ‘. A Teallstlc Hq1s dern./ed ‘
(K=1 or 2 as examples; Hyodo et al. 2019) Ida & Guillot 2016 : fo ' i -—bﬁﬁ using Monte-Carlo simulations.
E Hq¢=H, at the snow line o) (via a Lagrangian method)
D H2 QAK SChoonenreg&OrmeI 2017 v w. a simple diffusion model. —S) > Hg: a function of disk structure.
r — aDr g 8 —— 8 - (1 €.y Aaeer Apys aDz)
Hyodo et al. 2019 v v 7 pebbles 7 pebbles
_ 2 K Ida et al. 2021 :
D, = a'DZHg QA Hyodo et al. 2021 v Vi o >r >r
As pile-up occurs, the diffusivity decreases. *As long as K # 0, the results snow line

do not qualitatively change.

snow line



I An Example Result

Silicate dust
Radlal dlffusmn
X ap,
{.\/D\ Recondensation Pebble-to-gas mass flux
Dust sticking = M /M

Q <—@ 4—

Radial drift due to the gas drag

<5

Vertlcaldlf S
(ocaD .. .oo

Gas accretion
X
(o Gyee) Water vapor

# 9 Icy pebbles

Traffic-jam pile-up of silicate dust | Recycling pile-up of icy pebbles
— gravitational instability? — streaming instability?
(formation of rocky planetesimal) | (formation of icy planetesimal)

Water snow line

Uoee = 1 X 10—2, 0pr=0ip, = 1 x 10—3, Fp/e = 0.3 with K = 0 (Hyodo et al. 2019)

20 SRR R RN R RN R RN R RR RRRRRRRRE: T[T T T T T T T T T E 1
E g o 2 ;_sllcate dust-to-gas E “
15 ;— Silicate dust —g o § E ratio (p4/p) ' Stokes mumber . 8
& - S = o ®© = I = >
G 10 F""~=ua_. 4 2P = I . ”
o = = '6 o 1 B I pebble-to-gas _ (7))
— pebbles N water vapor - = s I - 0.01 g
N 5 (rock component) 3 = T = I q Y o)
E Qo 05F ! . ‘N
I : : I
0 :I......--_— ------------- —EL EE T me - 0 0.001
2 2.2 2.4 2.6 2.8 3 3.2 2 2.2 2.4 2.6 2.8 3 3.2
Distance to star [AU] Distance to star [AU]

Here, the resultant pile-up is a steady-state. . .
P P Y # By changing disk structures (,.., dp,., Op,) and Fpg,

a “runaway’’ pile-up occurs (a key point of this study).



I Another Topic...

“Before reaching the snow line,
the ‘No-drift” mode may occur.”

Hyodo, Ida, Guillot (2021c), A&A Letters

*This process does not require snow line, pressure bump, and/or pebble growth.



“No-drift” runaway pile-up —
A consequence ot drift back-reaction .

\/ H), decreases
" - (» Pebble-to-gas mass flux:
: O Foe =M,/M,

p/g

)
0o s IHP
..\

(» Icy pebbles

For high F, values, back-reaction can stop the inward drift of pebbles

a,... d-parameter for gas accretion
Q;q- a-parameter for vertical (radial) mixing

Case example settings

- Vertical layered gas disk (e.g., due to the disk wind) accretes onto the star ( « a,,..)

- The mner disk midplane 1s MRI-dead (&, = 04.,q)- The outer disk 1s MRI-active (@ ;0 = Qo)
- The scale height of pebbles (Hp) depends on the midplane turbulent stirring ( o< a,,:4)-

_ 3a'accH§QK _ 3aacc

| Pebble scale height ke momer | Pebble drift velocity
pebble-to-gas ratio (£ = Pr /pg) A= pg/ ( Pe + pp) Drift velocity decreases as pile-up proceeds (drift back-reaction)
Turbul lated H coefficient for diffusion back-reaction B 1/(1 N Z) —_— / . the “Noodrift” mode induced
urbulence-regulated M i cas scale height = A
B | : Vp = — > (ZTSAan - Vg )I
Hyw =1+ —— H, 1 + A2
ptur A mi (1 + K d Ts \_ as accretion velocit
mid Richardson number . Y
KH-regulated H, (0.5 here) /—— gas pressure
1/2 Zl/2 Hg /2 Zl/2 gas orbital 10In Pg 3
Hp,KH = Rl C’T E— H = Rl 7]1" frequency CT] = —— | _ Vacc _
(1 +Z)3/2 r (1 .|.Z)3/2 - 2 Olnr Ve = 0y
2 2
Larger one used n= Qg |- 10In P, (Hg) _C (Hg) 3 (
- Y A = — 5 @acclVK
Hp = max {Hp,tllra Hp,KH} i Keplerin orbitﬂ Qx 2 dlnr r r 2

frequency

1dIn P,
2 dlnr

= — < @yccNVK

2



“No-drift” runaway pile-up — Numerical

“No-drift” occurs
for “given” < “Analytical”

N

I Analytical — A critical value

Below which the “No-drift” mode occurs

2
(mid,crit _ (3F p/g) -1
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X
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p/g
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f (a)

Analytical

(a) t=3x10* yrs
t=1x10° yrs ]
t=3x10° yrs

critical
pplpg =1

|

2 4 6 8 10 12 14

Distance to star [au]

p/g=0.17

Analytical amig crit/ace

K=1, 0,0,=10, F

- (b)

Analytical

t=3x10% yrs
t=1x10° yrs ]
t=3x10° yrs 3
o
critical :

y Pplpg =11
E

2 4 6 8 10 12 14

Distance to star [au]

Hp decreases

O Pebble-to-gas mass flux:
Fo. = M,/M,

plg =

)
G X0 IHP
..\

O

Icy pebbles



“No-drift” runaway pile-up — Numerical

“No-drift” occurs

for “given” < “Analytical”

N

Omid/%ace

IAnaIyticaI — Acritical value

Below which the “No-drift” mode occurs

2
(mid,crit _ (3Fp/g) -1

= T
acclg »
Qace C,

Fos\( Cp \7°
~ 4. 10-3 [ Z»/e n (
7610 (0.1) (11/8

10InP,
~ 2 0lnr

@

0.01

10° |

107 |

1072

100 p

10 |

t=3x10% yrs
t=1x10° yrs ]
t=3x10° yrs 3

4 6 8 10 12

Distance to star [au]

F (b)

Analytical ayyiq erit/ Oace

H, decreases

O Pebble-to-gas mass flux:

F, p/g

= Mp/Mg

®e0
C X X
@ Q.

[a

t=3x10* yrs
t=1x10° yrs ]
t=3x10° yrs 3

........ t_=1x105 yrs |

t=3x10* yrs

t=3x10%"yre

6 8 10
Distance to star [au]

10 12 14
Distance to star [au]

Given

AR LR LAY LAY RALLLLALL) LALLRALS - |
X ’ t=3x10* yrs
t=1x10° yrs
t=3x105yrs

2 4 6 8 10 12 14

Distance to star [au]

(» Icy pebbles

No dependence on the

' architecture of the dead zone

Once the “no-drift” takes place
at a specific heliocentric distance,
runaway pile-up propagates outward!



“No-drift” runaway pile-up — Parameter map

I Analytical — Critical boundary1

Above which the “No-drift” mode occurs

Cy 7 (a'mid"'s)ll2 Cy

F critl = 5~ h =
p/g.cri 3 @aee p/g 3 ace

Qacc -1 @mid 172 Ts 172 C’7
~o1sx (%) (f5%) (55)
0.15x{10=2) \102) \o1) |18

|

Hp decreases

o

O Pebble-to-gas mass flux:

Fo. = M/M,

% 1n

..\

(» Icy pebbles

For high Fy/, values, back-reaction can stop the inward drift of pebbles

Steady-State
P/, < 1)

Hyodo et al. 2021b, A&A Letters

100
10 IAnaIyticaI — Critical boundary2

QCD Above which the “No-drift” mode occurs
1 ~

o
Q Fopoin = ot [P \pzer o1
p/gerit2 = "3 Qace | P/EKH T 24
0.1 |
=006><(“a°c) (
' 102

Z=1
) hp/g,KH’

0.01



Silicate dust

Ra dlal dlffusion

n /.\ Recondensation Pebble-to-gas mass flux
Dust sticking = M M,

il ¢ GO =@ <=

Gas accretio Radial drift due to the gas drag

I Resultant pile-up mode — D A

Traffic-jam pile-up of silicate dust | Recycling pile-up of icy pebbles
— gravitational instability? — streaming instability?
(formation of rocky planetesimal) | (formation of icy planetesimal)

Water snow line

Dependence on a,, ap,(ap,), and Fpe AVE e

OPbbltg mass flux:

Fye = M,IM,

’ Q9 4
n=a. <{Z=Reee |H,
G 0. Vv

(» Icy pebbles

S IhC ate du St For high Fy values, back-reaction can stop the inward drift of pebbles

“No-drift”

runaway pile-up

runaway pile-up Pebble

Pebble
runaway pile-up

runaway pile-up

Midplane solid-to-gas ratio

(pp/pg d/pg) 1 1 02
pPeb-RP
o(o 08,0.17)
51% 0.66,0.22) : 0(017027) $(0.52,0.22) '|01
; / \ | 51% 79% | 64%
2 | 0.
pebbles \ dust O 0] e’ 0(07741770777175),,0(0 10,0.08)—4(0.10,0.06) 9,0.75) Q(o 08,0.17) 0(0 03,0.08)—4(0.06,0.05) 10° ~
rock fraction LL sl 62% 4  43% | 53% 51% 68% 9  48% Q‘C_)
: : : 1
#0112 s0osgon eoozgee $Oo5s U 10
0.01 1 0'2
10% 102 102 10" 10° 10* 10° 10% 10" 10°
Hyodo Guillot, Ida et al. 2021
/aacc Z/aaCC o also Ida, Guillot, Hyodo, et al. 2021

- For ap,/a,.. < 1, a pile-up of silicate dust preferred.

- For apy, /. > 0.1 with £, > 0.3 a pile-up of pebbles preferred.

_For a,., = 1072, the “No-drift” mode widely appears.



» > 3 Snow lin
| Discussion I — s
° ° '
Evolving Protoplanetary Disks -
A case example " o
(A) SI/GI of icy pebbles
— icy planetesimals .
Ice:rock-mixed
ey Pebbl pebbles
rurslg\lx?;;/epcilllés-tup I unawzy piele'up Dead zone .0::. e
/ ap, /0. ~ 1
ap, /e <K 1 water snow line

_ 103
A, = 10 ,
1 ‘RPg Peb-RP 10
‘ 50%
| d (B)

$052022 b 10" No instability
3 64%

0%%

o | : > Dead zone 0e®%
S 0.1 £.75) ®(0.23,0.0 ~8(0.06,0.05) 100\ ® %

LL 68% i 48% é-o / ap, /aacc ~1
| - ap,/ . K 1 water snow line
10 '
i , (C) GI of silicate dust
0.01 4 AT | 3 2 2 aaaual 2 s 2 222l 1 PRE S R T 0 10- — rocky planeteSimalS
10 10 10 10 10 .o
o
Opz/%acc Dead zone $3¢ ‘.::s

o0 ®
/ ap, /0. ~ 1
water snow line

ap,/ Oy K 1

Fig.6 from Hyodo et al. 2021c, A&A

A diverse distribution of 1nitial planetesimals could be See also Tda ot al. 2021 A&A
originated from diverse paths of the disk evolution.
(i.e., snow line evolution & a,_., op,(Ap,), and Fpye)




| Discussion IT—
. e The water ice line can be "fossilized" by the rapid growth of Jupiter’s core —
S now llne ‘ ‘f() S Slllzed 77 The inward flow of icy pebbles halted.

:/ /\ \: | pebbles blocked
- by Jupiter Morbidelli+2016

# Depending on the size, pebbles can pass through Jupiter. see also Bitsch+ 2021

{ pressure
t bump

snow line }

The water ice line can be "fossilized" by the “no-drift” mechanism—
The inward flow of icy pebbles suppressed.

i “no-drift”

snow line §
front

> <
NAV

# A fraction of pebbles leaks inward by diffusion.

pebbles stopped
by the “no-drift” front Hyodo et al. 2021c



I Summary

Silicate dust
runaway pile-up

(formation of rocky planetesimal) | (formation of icy planetesimal)

Pebble
(14 b 29
No-drift Pebble runaway pile-up — Silicate dust
runaway pile-up runaway pile-up Radial diffusion _
D) Recondensation Pebble-to-gas mass flux
e ¥ ¥\ /"X Dust sticking Fy = M/,
Vertical diffusion 2 . &
_ ¢l @O 2@ €=
1 "7 Gas Bcgre S W\t Radial drift due to the gas drag \
-RP4# eb-RP 0 w ’ Icy pebbles
: o
, 50% Traffic-jam pile-up of silicate dust | Recycling pile-up of icy pebbles
, — gravitational instability? — streaming instability?
0.66,0.22)

17,0.27) 9(0.52,0.22)
79% 64%

Water snow line

O
3 0.1 $(0.41,0.15) ©(0.10,0.08)4(0.10,0.06) $(0.08,0.17) ©(0.03,0.08)4(0.06,0.05) H, decreases
L 5% 0 62% 4 43% 5% 0 68% 4 48% ey
- - @ Fo= M /M,
- - — L 4 o0 4
" - amid(r)=am0«0::\ "Hp

$(0.03,0.15)

0.18,0.12) @ 03,0.
: 52%

: 51%

(0.06,0.04) @(0.02,0.02)

50% = 54% o

(» Icy pebbles

For high Fy values, back-reaction can stop the inward drift of pebbles

0.01

10% 102 102 10" 10° 10* 10° 102 107 10°

aDz/ Cace O‘Dz/ a

Hyodo, Ida, Charnoz (2019b), A&A

Ida, Guillot, Hyodo, et al. (2021), A&A
aCC Hyodo, Guillot, Ida, et al. (2021b), A&A
Hyodo, Ida, Guillot (2021c), A&A Letters

via runaway pile-ups
that would lead to SI or/and GI.

- Rocky/icy planetesimal formation just inside/outside the snow line, possible.~
- The resultant modes (dust/pebbles/No-Drift) depend on Fp/ & disk structure (a,.., ap., p,)-

- Diverse planetesimal formation can be originated from diverse paths of disk evolution.






IA proper description of Hq 1s very important

Here “pile up” means “Runaway pile-up”
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with a simple diffusion model.

scale height

R i .’Pebbles

> T

snow line

4 Ida, Guillot, Hyodo, et al. 2021
gas_ Diff-BR included (K=1 or 2)

= Drift-BR for dust: included

20

(D]
-

(D]
= e

% ‘pebbl —

pebbles What about pebbles
. outsidethe SL?
— Hyodoetal.2021

snow line

Silicate dust

Pebble to- gas mass flux

«

Icy pebbles

Ha = (gjgo + hyjg.) H,

-1/2
_ Ts,d
She
Z
~ \1/2
b, ~ (12 4 2002 A%
Ve p/gd = 3 acc Hg/r
2 apr/a@ 1
w1+ 2 Dr/ acc

31+ (Crdlffa'Dr/a'acc) ( g/r) (AX + €)

AX = max{AZsupl, Afsnow 1da, Guillot, Hyodo, et al. 2021

IDependence of silicate dust pile-up upon Hgq

just 1inside the snow line
Case of F/s =0.3 and 7., =0.1 at 3 au
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