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Motivation: Turbulence Influences
Planet Formation and Evolution

Evolution of disk mass distribution
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Overview of Efforts to Constrain
Turbulence via Disk Observatlons
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Millimeter observations
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Spectroscopy?

Disk Layers:

Warm molecular layer
CO Freeze-out

Radiation Chemistry (PDR)

Why Spatially Resolved Molecular

Emitting areas of Molecules:
CO rotational ladder
(surface of warm maolecular layer)

CO isotopologues
(throughout warm molecular layer)

Deuterated species
(midplane)







Theoretical Predictions of
Observational Signatures

e Shearing box
simulations at 10, 30,
and 100au

e Variable B,, 2,

* Grafted onto realistic
temperature and
density structure

e Radiative transfer,
simulated observations
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Simon, Hughes, Flaherty et al. (2015)
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Theoretical Predictions of
Observational Signatures
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Spatial domain: Unlike temperature, turbulence broadens spatially.
Detectable in 3 hours with ALMA!

Keep in mind: ALMA data are 3-D position-position-velocity cubes. Parametric approach
utilizes all three dimensions simultaneously, increasing the strength of the signal.

Simon, Hughes, Flaherty et al. (2015)



For More Information
Visit Jacob Simon’s Poster!

What Drives Accretion in Protoplanetary Disks?

Jacob B. Simon'2, Xue-Ning Bai®, Kevin M. Flaherty!, A Meredith Hughes*
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Review of Results to Date:

Pre ALI\/IA

Hughes et al. (2011)

o oE- " - T
HD 163296 E
SMA CO(3-2) ., E TWHya i
20 - 9 E_ SMA CO(3-2) |
H -2
Y ofF :
R N 1 I SR 3 E
0 ] E
i 1 of N,
2 4 ; 8 , 1lo § 2.Io 215 3.0 35
Visa (km/s) Vise (km/s)
':;'- 3 46 1~ 47 ° 47 45 @B8f 48 49 - 4_9 5.0 5.0 . -‘{%," 5.1 5.-.‘ 5.2 521" 53 : 2.3 2 2 5 .5 . 6 6 7 7 8 .8 8 2. 29 30
el el lalsmivialhblalelvlels] f4.5] ] 7] o] d] e 9] e I @] ]S glw]a]
30-3 30-3
aa (") da (%)

(krm.s™ ‘)

dVy

0.05

Turbulence ~O.4 C, (CO)

~ Turbulence 0.4-0.5 C,

,Guilloteau et al. (2012)
?IHII +

T

- in DM Tau (CS)

1
20 40 ) &0 80
Ty (K)

Turbulence <0.1 c, (CO)

Challenge is to disentangle turbulence from other
broadening (rotational, thermal, T, ...)



Review of Results to Date:
ALMA Era
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Rosenfeld et al. (2013) assume constant turbulent linewidth 10 m/s, de Gregorio-
Monsalvo et al. (2013) find best fit at 100 m/s




Review of Results to Date:
ALMA Era
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Review of Results to Date:
ALMA Era
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Review of Results to Date:
ALMA Era

a

Well-separated, high-contrast rings indicate
a high degree of settling that constrains a to
be ~few times 10 (Pinte et al. 2016)

4

a

If rings are due to aggregate sintering outside
of ice lines, then low turbulence (10%<a<1073)
is implied (Okuzumi et al. 2016)

4

ALMA Partnership et al. (2015)






Temperature and Turbulence are
Degenerate (to some extent)

100} Fitsto TW Hya disk
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Temperature and Turbulence are
Degenerate (to some extent)

Peak-to-Trough Ratio 1.75

No turbulence
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Temperature and Turbulence are

Degenerate (to some extent)
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Different Tracers (CO, CS, DCO+)
and the Role of Optical Depth

Emitting areas of Molecules:
CO rotational ladder
Disk Lavers: (surface of warm molecular layer)

Radiation Chemistry (PDR) CO isotopologues
Warm molecular layer (throughout warm malecular layer)

CO Freeze-out Deuterated species
(midplane)
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Methods: 2-D Parametric vs.
line-of-sight spectrum
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Absolute Flux Calibration:
How Bad is the Problem?

Answer: It’s a problem... but the
spatial domain helps!
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Bottom Line: What to Look For In
Evaluating a Result

| « Parametric approach has strengths over
| line-of-sight (spatial dimension,
radiative transfer), but only if residuals
are small. Systematic uncertainties
affect both approaches.

=] * Itis easy to fit an anomalously large
turbulent linewidth to compensate for
some other parameter that fits poorly.
If you're adequately fitting the data
without turbulence, then you don’t
need turbulence!
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Summary and Ongoing Work
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Visit Kevin Flaherty’s Poster!

A 3D View of Turbulence in Protoplanetary Disks

Kewvin M. Flsherty, AM Hughes, S.C. Rose, JB. Simon, C. G, KA. Rosenteld, S M. Andrews, A. Kospal, D.J. Wilner, E. Chiang, P. Armitage, X. Bai
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Disentangling Turbulence and...

Temperature Amplitude Calibration
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