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.. is the planet forming material

s surface area for chemistry & means of transportation

.. affects temperature/ionization - MHD/chemistry

.. is by far the dominant opacity — observations
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Gives more citations or relevant
key words to look into. Will be

2 Dust Growth skipped in the talk.

1. Dust Dynamics

In depth

3. Dynamics + Growth

g R einetesimal Formation

Gives estimates, time scales, or

Follow — up talks rules-of-tump that are good for

i _ _ back-of-the-evelope
Observations — Myriam Benisty [FSqpSpsy

Structure Formation — Jaehan Bae

Quick Estimate
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Solids & Gas Evolve Differently
But Not Independently!

https://youtu.be/p_f6lIWWc9jQ
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Epstein Drag Regime:

if particle size = gas mean free path

a grain radius
V;y, Mean thermal speed
Cp drag coefficient

v dust-gas rel. velocity

pg 9asvolume density

Inner disk: Stokes drag can

become relevant:

if particle size > gas m.f.p.:

? _ CD 2 —
drag — Tﬂa PgV vV

In depth
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Stopping Time

Estimate the time scale of adapting to the gas speed:

More useful: Stokes number — the "aerodynamic size":

S5t — 1

t

oD

Epstein regime

psa

\' myVv

\'
| I:drag

Example at 1 au:

disk mid-plane

stop

| ap
.

pg Vih

1T um: 4 s
it g g0} 2

St 1: coupling faster than 1 orbit

St> 1: couplinglongerthan 1 orbit
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Solids Gas
Keplerian sub-Keplerian
velocity velocity
R 4ot Su— trifugal force
gravitational centrifuaal ke dravitational cen
force € forceg o force (_.7_)_)&
- — pressure force

B GM, 1dP  P-n(r) it
B 2 p dr Vegas = VK 1‘%()

typically ~ 0.1% slower than Kepler
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inward velocity [cm/s]

80 mph
10* | | | | 130 km/h
o @
=
10° |- O )
< 1.
J_I, Large grains (= pebbles = "St 2 a)
P I = drift to higher pressure
2.
i B Vg X St o particle size

Quick Estimate

10° | | | |
om0 107> « 107* 10°
grain size [cm]
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oszillator Large grains (St 2 a) sediment

Y

— 2
Vsettling = — £ 9, t

(e.g. Fromang & Nelson 2009 + refs. Inside)

In depth Quick Estimate



https://dx.doi.org/10.1051/0004-6361/200811220
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Turbulence mixes the solids in all directions!

O

This animation shows the
Vertical Shear Instability (VSI)
mixing a tracer fluid, a recently
(re-)discovered instability that
might drive turbulence in disks.

3 | | | | | |
time: 1055 years

see: Nelsonetal.2013
Stoll & Kley 2016 (this video)
and others

In depth
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Diffusion acts on the diffusion
time scale

length scale?

P
A Diffusion coefficient

which in our case works out to
T

t e =
diff a O

Quick Estimate
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Settling vs. Mixing shows sets

dust scale height of
a

hy.« =~ h
dust gas St + g

St
The value — also determines
a

radial and azimuthal trapping. Vertical: Fromang & Nelson 2009

Quick Estimate Radial: Dullemond et al. 2018
Azimuthal: Birnstiel et al. 2013, Lyra & Lin 2013
... and references therein

In depth
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Vertical Mixing & Drift




o 90 O

L)
()

&
OO
)

g .

0

DR

e
o OO0 O

L]
)

o ©
o

Vertical Mixing & Drift
Q,

LUDWIG-
MAXIMILIANS-
UNIVERSITAT
MUNCHEN

paxiw/pa|dnod ||[om

:sulelb |jlews

_ _ JusWipos
:sulelb abuej

LMU




LMU

LUDWIG-
MAXIMILIANS-
UNIVERSITAT
MUNCHEN

Vertical Mixing & Drift

s (G5
= s
Cgc©
ofl © o
o flE=

(qv]
1 i
ME i

well coupled/mixed

large grains:
drift up the pressure gradient I
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well coupled/mixed

s (G5
= s
Cgc©
ofl © o
o flE=

(qv]
1 i
OB o

large grains:
drift up the pressure gradient I
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large grains:

drift up the pressure gradient
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DUST GROWTH
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Mass Transfer—

Bouncing— ¢ -0

Movies courtesy of Blum group
e.g.Blumetal. 2014



LMU

LUDWIG-
MAXIMILIANS-

UNIVERSITAT Transport <> CO”iSiOhS

MUNCHEN

o

Changes Environments
Drives Collision Speeds

. . o
Size Sorting Z.
5.
Dust Transport RS
A T e
% Y
o

aerodynamics

Affects cross section & Charges Sets cross section
Aerodynamic properties Aerodynamic properties

Dust Composition / Structure Size Evolution

collision outcome
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Transport <> Collisions

Despite all these complications:

dust-to-gas ratio = Z_d

t

1

grow € Q

(size doubling time scale)
works surprisingly well

Quick Estimate

)y

g

This estimate assumes
turbulent velocities to
dominate. Derivation in

Brauer et al. 2008
Birnstiel et al. 2012

In Depth
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DUST GROWTH
_|_

DYNAMICS
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Size matters! = Size evolution matters!

fixed size evolving size

time =0 yr time =0 yr
103—; —— gas 103-; —— gas

R —— dust I —— dust
= 1024 C 1024
s £ 10%
(@)] ] (@) )
o 1 | - 1.
> 10 > 10
‘0 ] ‘0 ]
qc) 100 - 6 10° 4
© ] © ]
) j ) ]
& 1071 & 1071

10_2-§ 10—2_

1073 - ———— - — 1073 - ———— - —

109 101 102 109 10! 102
distance to the star [AU] distance to the star [AU]

Movies by J. Drgzkowska with DUSTPY code (Stammler & Birnstiel in prep.)
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Size matters! = Size evolution matters!

fixed size

time = 10° yr

103
101é

1011

surface density [g/cm?]

1072 \
10-3- —

—— Qas
—— dust

surface density [g/cm?]

101 102
distance to the star [AU]

evolving size

time = 10° yr

103
101;

1014

—— gQas
——— dust

Movies by J. Drgzkowska with DUSTPY code (Stammler & Birnstiel in prep.)

101 102
distance to the star [AU]
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A
m .
growth slower outside
)
N
» CMh —+—
@
O
+ £
= :
al
B | | [ 1 } t \ Z Y
um [l R (RSN PR i = e | 1
‘+‘;]IT+T1f+“+..A)
1 au 100 au

Birnstiel et al. 2012 DIStance from Star
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A
m : :
large particles drift faster
)
N
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@
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= Sl 1
- . |
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I FeSiag S B it DR o G i 1Y
1 au 100 au

Birnstiel et al. 2012 DIStance from Star
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A Dﬂﬁ: ||m|t tgrow = tdrift
m
)
N
v CIn +
@
O
e
- N
Q] "
al
x ] ! } } A A 28
pm -
R T O B TN T e 19

1 au 100 au
Birnstiel et al. 2012 DIStance from Star
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A
m

T =
)
N
» Ccm —+
Lo
O - 39k
= x| =« ___ragmentation limit
o %
all

HE drift limit

MM —
| | v

I
1 au 100 au

Birnstiel et al. 2012 DIStance from Star
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™ m o ragmentation limit

Particle size

drift limit

pm -

Birnstiel et al. 2012 DIStance from Star
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Dust Evolution in a Nutshell

»/m%

Particle size

Birnstiel et al. 2011, 2015

1 au

Distance from Star
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Dust Evolution in a Nutshell

»/m%

Particle size

Birnstiel et al. 2011, 2015

1 au

Distance from Star
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Dust Evolution in a Nutshell

»/m%

m
)
N
» Ccm
o
O
=
©
ol
um

Birnstiel et al. 2011, 2015

1 au

Distance from Star
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102
. 1.03 x 10° years
10
— 0 (:‘_'
- 10 |
= =
v 107 S
N E
Q =5 o
5 10 .
= A
S 1073 f
104
10—5!

r [AU]

Birnstiel et al. 2012
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10? g—r—rrrmm = .~-_->->-> - >%>9>9.. Lot — . .
T e — All particles drift onto the star

102 years

169
1 s i
1072

167> E

w+2 — No planetesimals are formed
107>
16™°
107’
167¢

©w® = There shouldn't be any planets

particle size [cm]

a-x(r,a)

r [AU]

Birnstiel et al. 2012
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10° ———rr - — 101 5o
| T ~otyears] | — st=1] [Mcc Some collisional pathways have been

° 1071 suggested:
= . -2y n . "
£ 10°F 107 - "lucky particles":
0 101 1075 5 .
3 1642 e.g. Windmark et al. 2012
L 1072 5 © . . .
£ i too inefficient
2. 1072 106 =

Birnstiel et al. 2012

T i
o O O
L oh L

- "porous growth":
e.g. Kataoka et al. 2013
inner disk only, porosity too high?

In Depth
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- ;{'ohansen et al. 2007 “\ g
L3 } Z
b ‘.h ' J..,. | s
N o
Wb B
[ WA =
A AN J s
Lg S ] N
N e 30 1
: s :
L \ 3 ‘ i -
: b ) \ ]
4 y 1 4 d
vy T W 1 OO VR ) . G m_u T [ -0,66
-0.66 0 0.66
radius [H]
Requires: - "large" particles

- dust overdensities (~3% instead of 1%)
see also: Youdin & Goodman 2005, Bai & Stone 2010 and others



https://ui.adsabs.harvard.edu/abs/2007Natur.448.1022J/abstract
https://ui.adsabs.harvard.edu/abs/2005ApJ...620..459Y/abstract
https://ui.adsabs.harvard.edu/abs/2010ApJ...722.1437B/abstract
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o
(@]
o
o

0.025

0.000

y(H)= azimuth in scale heights

—0.025

—0.050 -
—0.050 —0.025 0.000 0.025 0.050

x(H)= radius in scale heights

Requires: - "large" particles

- dust overdensities (~3% instead of 1%)
see also: Youdin & Goodman 2005, Johansen et al. 2007, Bai & Stone 2010 and others



https://www.nature.com/articles/s41550-019-0806-z.epdf?author_access_token=x8xN-u-EoJNG7fBIxyOUTNRgN0jAjWel9jnR3ZoTv0P0yJ7LjCkYYDLljFyR2nBIwOFlbUtM5vb_Szq1tddDdfm4yVTliCiL_q9jRGmXML_LXajnWqnysHVOgLkpOUpTEuT6-aah8-b9V1RYCjA33A==
https://ui.adsabs.harvard.edu/abs/2005ApJ...620..459Y/abstract
https://ui.adsabs.harvard.edu/abs/2007Natur.448.1022J/abstract
https://ui.adsabs.harvard.edu/abs/2010ApJ...722.1437B/abstract
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Nesvorny et al. 2019

1

| prograde

L | retrograde |

Cumulative Number
0.2 0.4 0.6 0.8

O

0 50 100 120
Binary inclination (deg)

— ——  Observations: Trans-Neptunian Objects
——— Simulation of Streaming Instability

NASA / JHUAPL / SwRI / Roman Tkachenko

Sl explains fraction of binary objects & their size range!


https://www.nature.com/articles/s41550-019-0806-z.epdf?author_access_token=x8xN-u-EoJNG7fBIxyOUTNRgN0jAjWel9jnR3ZoTv0P0yJ7LjCkYYDLljFyR2nBIwOFlbUtM5vb_Szq1tddDdfm4yVTliCiL_q9jRGmXML_LXajnWqnysHVOgLkpOUpTEuT6-aah8-b9V1RYCjA33A==
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Not all is good!

Recent issues:
the streaming instability might not
work if

external turbulence is present:

Auffinger & Laibe 2018
Umurhan et al. 2020

Gole et al. 2020
Klahr & Schreiber 2021

particles not of single sizes

Krapp etal. 2019
Zhu & Yang 2021
Paardekooper et al. 2020

In Depth



https://ui.adsabs.harvard.edu/abs/2018MNRAS.473..796A/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...895....4U/abstract
https://ui.adsabs.harvard.edu/abs/2020ApJ...904..132G/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...911....9K/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...878L..30K/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501..467Z/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499.4223P/abstract
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Growing planetesimals is hard Collapsing small dust is impossible
(bouncing, fragmentation, drift) (small grains coupled to gas)

Growing pebbles is easy Collapsing pebbles is easy
(up to one of the growth barriers) if dust is accumulated

Zonal Flows
Dust Evolution + Convective Overstability = Planetesimals
GSF Instability
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What causes the trapping?

mass-loss i
photoeva [
winds clear ce

overlapping gaps
clear central cavity

zonal flows

B-field concentrations
+ MHD winds

low-mass planet(s)

spiral wave shocks__ )" B

or additional p/anetN

See talk by Jaehan Bae

Andrews et al. 2020

infall (drives GI)

Ufrag t
\I/

«—
—

faster drift /\

(

collisions

slower drift =,
(traffic jam)  t3*°

A

spirals

d dust evolution near snowlines

—
—Q@


https://arxiv.org/pdf/2001.05007.pdf

)
Y

LUDWIG-

| MU | [iivems | |[Snow Lines: Complicated

MUNCHEN

i @%

-

dust temperature

hotter — Particles drift inward
(to higher pressure)

gaé: density

< " large grains
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i @%

-

dust temperature

hotter — Inside water snow line:
water sublimates

gaé: density

< " large grains
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i @%

-

dust temperature

hotter — Particles without water
break up easily

gaé: density

< " large grains
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i @%

3

dust temperature

hotter — smaller grains drift slower

— traffic jam

gaé: density

< " large grains small grains
denser — ' '
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i @%

3

dust temperature

hotter — smaller grains drift slower

— traffic jam

gaé: density

< " large grains small grains
denser — ' '
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dust temperature
< )

hotter —

|dea:
Birnstiel et al. 2010

Follow ups:

Banzatti et al. 2015
Drazkowska et al. 2017

Lichtenberg et al. 2020

... by microphysics like
opacities, evaporation,
recondensation, mixing, grain
growth & fragmentation,
shadowing, ...

Recent issues: depends on microphysics
Gundlach et al. 2018

Steinpilz et al. 2019

now lin r mpli
Sno es are complicated Musiolik & Wurm 2019

In Depth

gaé;density

denser —


https://dx.doi.org/10.1051/0004-6361/200913731
https://dx.doi.org/10.1088/2041-8205/815/1/L15
https://dx.doi.org/10.1051/0004-6361/201731491
https://ui.adsabs.harvard.edu/abs/2021Sci...371..365L/abstract
https://ui.adsabs.harvard.edu/abs/2018MNRAS.479.1273G/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...874...60S/abstract
https://ui.adsabs.harvard.edu/abs/2019ApJ...873...58M/abstract
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Summary

... faster in higher dust-to-gas ratio
... until they don't stick (but bounce/fragment)
... depending on microphysics

... slower

Dust Particles grow ...

in the outer disk

... drift faster if they are larger
... are diffused by turbulence

... form planetesimals if St & € large enough

Dust Particles ...

... now it's time for a reality check!
— QObservations



Outline — Part 2

1. Observations of dust grains
2. Evidence for dust growth

3. Evidence for dust trapping

4. Evidence tor dust dynamics



Dust observations

N e ”".. ® ¢ ®
| e | | | |
| | | | |
um mm cm m km
< >

observations

i [em? /g]

108 102 10t 100 10t 107

A [mm] Birnstiel et al. 2018



Dust observations

10-7

v Fy [erg cm=2 s-1]

L~

"B
// Distance in AU

} } } —>
4 1 10 100
©Dullemond

10.0 10040 1000.0
A [um]

Multi wavelength analysis:

* Probe different regions
* Probe different dust sizes
e Constrain dynamical processes




Evidence for grain growth

10-7 In the optically thin regime
310-8 F(V) X Mdust | BV(T) ) K(V)
£
G 10-9
5 ,3 —> Maximum
Em_w K(V) XV dust size

-1 . . 2
" 0.1 10.0 100.0 1000. BV S V

A [pm]

o If p<1(ora<3):
F (V) oC M dllSt 74 ﬁ \ large dust grains

Maximum
y—>
o« M dust * V dust size

® Spectral slope gives amax
e Alow spectral index could be due to high optical
depth regions 0 0oL 9 10

a max (mm)

In the optically thick regime F(v) < B,(T) -Disk Area Andrews et al. 2020




4 Flux density

Spectral index

H ® 0 nﬂ 0 u

Ansdell et al. 2016, 2018

© Tazzari

Tazzari et al. 2021a
Wavelength



4 Flux density

Spectral index

Ansdell et al. 2016, 2018

1.3 mm
: =

© Tazzari

Tazzari et al. 2021a
Wavelength



4 Flux density

Spectral index

lﬂ.ﬂﬂﬂ

J15450634-3417378 | J15450887-3417333 | Sz 69 Sz 71 (GW Lup) Sz 72 Sz73

5 s -

0.88 mm

' >
1
Ansdell et al. 2016, 2018

1.3 mm

l
) >

© Tazzari

Tazzari et al. 2021a

Wavelength



Evidence for grain growth
y
E [ Taurus . !
v __F % Ophiuchus T IEM - =
> :_-¢- Lupus _:
o f|E 30 :_ e _:
sli | t ¢ ¢ 4 :
-% S 25 — x * + X ]
INAL Sl
N ﬁ +* + E * g ]
1.5: + Ll | | Illlll:

[
o
[
[
o
N
=
o
[FF]

Fimm (MJy) [scaled at 140pc]

aust mass

Tazzari et al. 2021a

e Pebbles (mm) are found in disks

e Optically thin regions require grain growth

e Pebbles survive the fast inward drift and fragmentation
® Require the presence of dust traps

Res/Res, 0.9mm

__I'H'I'ITI'I'I T lllnll'l T oo m

3.0 s COMpACE, § = 2.5
B ==« cOMpact, g=3 4

" = = s cOmpact, g=3.5 7

2.5 — —— porous, q=2.5 =
N ——- porous, g =3 7

- B Re e porous, g=3.5 -

2.0 =
T e —
1.0 _ s
- Lupus discs '

E ~

0.5 —
0.0 _|_Lmu||_1_Lumll_1_uum|._1.1.Luml_|_|.Luml_x_|.Luul

107 1073 102 10! 10° 10 102
amax (€M)
A (cm)
0.30 0.15 0.10
1.80 | 1 I
1.60 F ——Mean slope (whole sample) 0.9 mm
et | Rl Mean slope (positive slope) $® 1.3 mm
1.40 b ~~~Radial drift prediction $ 3.1mm
1.20 I~ -
1.00 I~ -
0.80 I~ —
0.60 |~ —

100 200 300
v (GHz)

Tazzari et al. 2021b



Substructures in dust

Andrews et al. 2018



Evidence for dust trapping

1.0
0.8 1
0.6
0.4 1
0.2

eak
4

0.0

0.125 1
0.100 -
£ 0.075 A
0.050 -
0.025 -

102 5

My [Mg]

eak
5

IWOE HD 163296 Ring 2 (B100)

Ring 1 (B67)

50

=100

2.00

1.75 A

1.50 A

1.25 A

1.00 A

0.75 A

0.50 A

0.25 A

—— Model with Planetesimal Formation
Model without Planetesimal Formation .....ooroseeeeei
® HD 163296 Ring 2
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* Rings properties consistent with dust trapping
e Almost constant optical depth possibly
indicating planetesimal formation




Evidence for growth in dust traps

HD 163296 ALMA B3(I1l HD 163296 ALMA B6(I)

* Rings observed at various wavelengths
e Dust surface density and anmax constrained
e Traffic jam and dust traps can be identified

Normalized marginal probability
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Dust dynamics

Avenhaus et al. 2018 Andrews et al. 2018
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Scattered light Sub-millimeter continuum



Dust radial drift
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thermal continuum

spectral line emission

e Disk extents in CO and

continuum indicate

radial drift

e Require dust traps




Dust radial drift

SPHERE 1.245um B ALMA 863um

Kurtovic et al. in prep

Small grains only Dust filtration

b

Small and large grains
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e Most transition disks show
small dust grains within their
mm-cavities

e Can be used to constrain the
pressure gradient

De Juan Ovelar et al. 2013




Dust vertical settling

ALMA Band 6+7 no settling

* Symmetric gap widths indicate a
geometrically thin, settled, disk

e SED requires small dust grains at
high altitudes

Pinte et al. 2018
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Dust vertical settling
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Villenave et al. 2020

e Effective size-selective vertical settling
e Dust height ~ 1 au at 100 au
e Constrain low turbulence parameter




Conclusions

e What works?

e Dust grains grow and drift to regions of high pressure

e Pressure bumps are dust traps where grains grow

 What is missing?
e Direct observations of planetesimals in disks is not possible

e Dust grain sizes are still challenging to measure

e Porosity is poorly understood
e Connecting dust growth observed at various stages

e A global modelling of multiple dust tracers




Coherent understanding on disk evolution

Dust grains of
different sizes provide
complementary
tracers to understand
the dynamical
processes affecting
the disk evolution.

Boccaletti et al. 2020

HD135344B (ALMA)

HD135344B (SPHERE)

Dong etal. 2016 Stolker et al. 2016 Cazzoletti et al. 2018



