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Motivation: Turbulence Influences 
Planet Formation and Evolution

Evolution of disk mass distribution

Allows solids to collect in pressure peaks

Changes rate and direction of planet migration
etc.C. Baruteau

Cieza & Williams
Slows solids settling to disk midplane
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Accretion rate measurements

UV continuum excess
Gullbring et al. (1998)

Rovibrational lines

Transonic turbulence to fit CO band head
Carr et al. (2004)

Millimeter observations

Fitting models to low-res CO spectra
Dutrey et al. (1998)

Overview of Efforts to Constrain 
Turbulence via Disk Observations



Why Spatially Resolved Molecular 
Spectroscopy?

High spectral (~10m/s) and spatial (~H) resolution
BOTH are critical for constraining turbulence

Layered disk structure provides potential 
for 3-D characterization of turbulence






Theoretical Predictions of 
Observational Signatures

Simon, Hughes, Flaherty et al. (2015)

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

• Variable β0, Σuv
• Grafted onto realistic 

temperature and 
density structure

• Radiative transfer, 
simulated observations






Theoretical Predictions of 
Observational Signatures

Simon, Hughes, Flaherty et al. (2015)

Spectral domain: absolute flux scale is a problem, but temperature and turbulence have 
different effects on line shape



Theoretical Predictions of 
Observational Signatures

Simon, Hughes, Flaherty et al. (2015)

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.  



For More Information: 
Visit Jacob Simon’s Poster!



Review of Results to Date: 
Pre-ALMA

Turbulence <0.1 cs (CO)Turbulence ~0.4 cs (CO)

Challenge is to disentangle turbulence from other 
broadening (rotational, thermal, τ, …)

Hughes et al. (2011)

Guilloteau et al. (2012)

Turbulence 0.4-0.5 cs
in DM Tau (CS)



Review of Results to Date: 
ALMA Era

Rosenfeld et al. (2013)

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

Flaherty, Hughes et al. (2015)

Low turbulence in HD 163296
<0.04cs (9-19m/s, α<10-3).  

Limited to radii >~30au, and 
constraints strongest at large 
vertical height

Constraint comes from four lines
of CO, 13CO, and C18O



Review of Results to Date: 
ALMA Era

Teague et al. (2016)

Vturb = 0.2-0.4 cs in the disk around TW Hya using 
three lines (CO, CN, CS).  

Should be considered an upper limit due to 
absolute flux calibration uncertainties



Review of Results to Date: 
ALMA Era

ALMA Partnership et al. (2015)

Well-separated, high-contrast rings indicate 
a high degree of settling that constrains α to 
be ~few times 10-4 (Pinte et al. 2016)

If rings are due to aggregate sintering outside 
of ice lines, then low turbulence (10-4<α<10-3) 
is implied (Okuzumi et al. 2016)



Why the Differences???



Temperature and Turbulence are 
Degenerate (to some extent)

Courtesy Kevin Flaherty

Blue = single-line fit
Red = multi-line fit
Dashed = Teague parametric
Dotted = Hughes 2011 (SMA)

Fits to TW Hya disk



Temperature and Turbulence are 
Degenerate (to some extent)

Simon, Hughes, Flaherty, et al. (2015)



Temperature and Turbulence are 
Degenerate (to some extent)

Sim
on, Hughes, Flaherty, et al. (2015)



Different Tracers (CO, CS, DCO+) 
and the Role of Optical Depth

Strengths:
• Different molecules probe 

different disk regions
• Heavier molecules have lower 

thermal linewidths
• Potential to characterize ions 

vs. neutrals

Weaknesses:
• Optically thin lines exhibit 

more degeneracy between 
temperature and turbulence

• Chemistry may not be as well 
understood



Methods: 2-D Parametric vs. 
line-of-sight spectrum

Parametric:
• Utilizes all 3-D data
• Consistently implements radiative transfer
BUT
• Assumes underlying disk structure; may 

bias results
• Cannot account for local variations

Line-of-sight spectrum:
• Sensitive to local variations in turbulence
• Model-independent
BUT
• Spatial domain cannot be used to 

distinguish between temp and turbulence
• Assumes single Tex and/or Tkin
• Keplerian shear makes it impractical in 

inclined disks or too close to star
• Radiative transfer not implemented

Teague et al. (2016)



Absolute Flux Calibration: 
How Bad is the Problem?

Courtesy Kevin Flaherty

Answer: It’s a problem… but the 
spatial domain helps!



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.

• It is 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!



Summary and Ongoing Work

We obtain consistently low limits on the 
amount of turbulence in the outer (100s of 
au) disk around HD 163296, using a variety 
of tracers that probe different vertical 
layers, via parametric modeling. 

Flaherty et al. in prep

Ongoing work: 
• Fitting TW Hya ALMA data, comparison of 

methods (vs. Teague et al.)
• Small sample with various stellar X-ray and 

FUV fluxes – is low turbulence common?



For More Information: 
Visit Kevin Flaherty’s Poster!  
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