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Disks: natural by-product of star formation
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Disks studied through gas & dust

Gas emission > geometry, Dust emission/absorption >
stellar mass, turbulence, mass, composition, disk
disk extent extent, lifetfimes
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“Protoplanetary” since they are “capable” of

forming planets
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Earliest phase of planet
formation: growth of small
dust grains into “pebbles”




Growth of small grains: easy!

« Very small ISM dust grains coupled to the collapsing gas

* Initial (rapid) growth: Brownian motion

Small dust grains
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Growth of small grains: easy!

» Large particles decouple from gas
+ Settling towards disk mid-plane
- Sweep up other particles - further growth




Grow of larger grains: it gets hard!

« Particles ~ few cm: sticking efficiencies drop
* V> 1 m/s: fragmentation or bouncing

+ Also: Radial drift problem (Weidenschilling 1977)

« Timescale ~ 103-10° yr

Small dust ~ sub-Keplerian
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From ISM Dust to Planetary Systems

Radial drift
Fragmentation

Size = um mm m km Mm

ISM Planets
Dust

o Particle-particle sticking
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Adapted from Chiang & Youdin (2009)



Observational Evidence for
Grain Growth in PPDs




Growth to few micron-sizes: IR evidence

Observations
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* IR spectroscopy of protoplanetary
disks

 E.g. 10 yumsilicate feature
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Long-wavelength observations to the rescue!

« At long wavelengths/warm

temperatures
» Raleigh-Jeans limit (hnu<< kT)
2k M,;T,
. F,~ = 1%k
max. grain size: b 02 ( ) d2
1 um 3
10 pum 3
_ 7 Sy« At mm/cm wavelengths:
; E I m _ - Dust opacity spectrum
v k() x VP
¥ of E
_lé. « Dust emission spectrum is also
a power law!
-zé- 1 1 1 1 1 FVOCI/a,WithOé:z—'—/B
10° 10! 10? 10° 10* 10°

A [pm]

12




Multiwavelength observations determine /3

* Even if absolute opacity / temperature cannot be determined

« Multiwavelength observations(*) determine dust opacity
spectrum

F,xv,witha =2+ [ ) 3 _ 1??;0(%1?53) ~f
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Multi-wavelength observations constrain 8 ;<1

Dust in the ISM However, disks show flatter
(diffuse and dark clouds) spectral index:
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What could make B # 5 5? (and B <1)

Grain Properties

Emission Properties

Grain Growth

Dust composition
very different from
ISM

Draine et al. (2006)
evaluated
candidate materials:
changes in
composition cannot
account for low S

Or dust grains have
a very “fluffy” grain
sfructure

- Natta et al. (2004)
showed 8 <1 for
large fluffy grains:
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Observational Evidence for
Grain Growth in PPDs
(from mm-wave obs.)




A summary of many “global” studies...
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Grain growth: both global and local

grain size [cm]

Radial variations of grain
size are expected
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Observational constraints on radial variations of /3

CARMA

observations
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See also: Guilloteau et al. (2011)
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Improved constraints can be obtained by ...

 Increasing wavelength coverage

4

SMA: 0.88mm CARMA: 1.3,27mm  VLA: 7Zmm, lem

* Increasing sensitivity of our observations

« Correct for atmospheric radio seeing with CARMA - bring forward
the C-PACS system (Pérez et al. 2010)

+ Take advantage of VLA upgrade - EVLA Residency program

« BTW: High angular resolution is a must (0.2" ~ 20-30 AU)
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Observational Constraints
of Grain Growth in

Protoplanetary Disks
Pérez et al. (2012)




Disks@EVLA Collaboratlon

I: Claire Chandler

- Determine prevalence of « Determine location of
grain growth to cm-sized large grains in disks

particles » Sub-sample imaged with ~0.2”

- 66 stars (ages ~ 1-10 Myr old) res. at /mm/1cm and 6cm

* Photometry (7mm-6cm) 2> 8
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Grain-growth and sub- structure in protoplanetary disks



Constraints in Radial Variations of Grain Growth
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Increased wavelength
coverage and sensitivity

AS 209 disk; Pérez et al. (2012)
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Constraints in Radial Variations of Grain Growth

» Simple disk model reproduces * Allow us to infer

our observations T (R) =k ,;xZ(R)
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Constraints in Radial Variations of Grain Growth
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B0 .88-8mm

ﬁ0.88—8mm

Similar constraints in many different disks
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K [cm2 gm'1]

From radial variations of dust opacity to a_ ., (R)

» Dust opacity depends on * Find a,,,o, tThat reproduces
particle-size distribution multi-wavelength emission:
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Limit to particle growth: radial drift of solids

« Compare with physical barriers to further growth:
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Slmﬂar Constramts in many different dlsks
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Some Future Work
with ALMA




Future work:

Transitional Disks

Planets! -
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The future with ALMA and VLA

Significant improvement
INn current constraints
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The future with ALMA and VLA

Dust trapping mechanismes:

Bl  Dust emission .
Azimuthal ° e.g. planet opening a gap
| dust trapping

, « expect asymmetries
1 @. | Birnstiel et al.
| (2013)

Prediction: grain growth
' should occur within

R asymmetries
A ¥ R PR
P Expect segregation of dust
§ : particle size: radially (Pinilla et
. al., 2012) and azimuthally
i (Birnstiel et al. 2013)
’ - 2D constraints on B (R)
. gt - 37
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The future with ALMA and VLA

ALMA observations at Observational test of particle
0.45 mm trapping with the VLA

Simulated datal!l
(no dust trapping)

SAO 206462

« 6hrs, CnB-config: 0.5"
« 8 hrs, BnA-config: 0.2"
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And the future is here!

ALMA observations at VLA observations at 9
0.45 mm mm
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Summary

Observational constraints of dust growth require multi-wavelength

observations:
+ High angular resolution and high SNR
- Future with new instruments like ALMA and VLA looks reck solid!

Protoplanetary disks have B <1 at mm/cm wavelengths
« Compelling evidence for grain growth in disks

Spatially resolved observational constraints inform us:
- Disentangle optical depth effects from grain growth
+ Main limitation for further particle growth - radial drift of solids

A way to overcome this problem: dust trapping of large particles
« Radially, azimuthally

These predictions can be currently tested with ALMA and VLA
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