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Three Open Questions in Star Formation  
and 

How to Taste the Answers

Alyssa A. Goodman
Harvard-Smithsonian Center for Astrophysics

with João Alves, Héctor Arce, Frank Bertoldi, Michelle Borkin, Paola Caselli, David Collins, Jonathan Foster, Katherine 
Guenthner, Michael Halle, Doug Johnstone,  Jens Kauffmann, Helen Kirk, Elizabeth Lada, Kaisey Mandel, Phil Myers, Stella 
Offner, Jaime Pineda, Naomi Ridge, Carlos Román-Zúñiga, Erik Rosolowsky, Sana Sharma, Scott Schnee, & Rahul Shetty 
+ thanks to Douglas Alan, Chris Beaumont, Kevin Covey, Nick Holliman,  Gus Muench, Paolo Padoan, & Tom Robitaille

background simulation courtesy of Stella Offner
background image J. Zivick 2010 September 28, courtesy ALMA (ESO/NAOJ/NRAO)
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3 Open Questions

+ “tasty” approaches to answers

2. What do 
stars really 
do to clouds?

3. Is the origin of the 
IMF related (only) 
to the CMF?

1. At what 
scales does 
gravity 
matter?
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Image Credit: Jonathan Foster & Jaime Pineda CfA/COMPLETE Deep Megacam Mosaic of West End of Perseus
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~1 pc

Messy?“Holistic Physics”
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Warning to Theorists: 
This is a schematic, philosophical diagram, 

not data...or even necessarily true.

Thermal Support

1. At what scales does gravity matter?
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Simulation Synthetic Data

Nature

Observing System

Synthetic 
Observing 
System

Radiative 
Transfer 

(+Chemistry) 
Code(s)

Observed Data

Taste 
Tests

Enabled
Indirectly

Sample Taste Test

Fr
ac

tio
n 

of
 E

m
is

si
on

 in
 

Se
lf-

G
ra

vi
ta

tin
g 

St
ru

ct
ur

es

Scale (pc)

The Taste-Testing Process

Taste 
Test

(from a recipe)

Tuesday, October 12, 2010



Simulations of Bate 2009

Our Goal is to “Taste” Star Formation
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Messy?

1. At what scales does 
gravity matter?
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“Dendrogram”
of Orion

Figures from 
Rosolowsky et al. 2008

Large (100 pc) Scales: 
Does Gravity Define GMCs?
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Dendrogram = 
Tree diagram 

showing hierarchy

Cladogene)c
Tree

Dendrogram

Tree!
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Dendrogram

But how did we make this tree, and what does it mean?

1. position-position-velocity data from spectroscopy
2. “dendrogram” algorithm/decomposition
3. virial analysis

Dendrogram = 
Tree diagram 

showing hierarchy
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mm peak (Enoch et al. 2006)

sub-mm peak (Hatchell
et al. 2005, Kirk et al. 2006)

13CO (Ridge et al. 2006)

mid-IR IRAC composite 
from c2d data (Foster, 
Laakso, Ridge, et al.)

Optical image (Barnard 1927)

Perseus
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“Keith” “Perseus”

“Astronomical Medicine”

“z” is depth into head “z” is line-of-sight velocity

http://am.iic.harvard.edu/
Tuesday, October 12, 2010
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AstronomicalMedicine@

3D Viz made with VolView

Perseus
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Perseus

“L1448+”
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Dendrograms
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 Hierarchical “Segmentation”
Rosolowsky, Pineda, Kauffmann & Goodman 2008
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Dendrograms
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1-D: points; 2-D closed curves (contours); 3-D surfaces enclosing volumes
see 2D demo at http://am.iic.harvard.edu/index.cgi/DendroStar/applet
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http://am.iic.harvard.edu/index.cgi/DendroStar/applet
Dendrogram Algorithm by Erik Rosolwosky; Applet by Douglas Alan
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1. At what scales does gravity matter?

Yellow highlighting= “self-gravitating”

“Self-gravitating” here just means αvir (=5sv2R/GMlum) < 2
(à la Bertoldi & McKee 1992–BUT–see Shetty et al. 2010)

Rosolowsky et al. 2008 (ApJ) &
Goodman et al. 2009 (Nature) see PDF...
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Real and Simulated 13CO

Real

Simulated
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Taste-Testing “Gravity”
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Gravity-free HD Simulations from Padoan et al. 2006;
 L1448 analysis from Rosolowsky et al. 2008

both lines derived from 13CO “observations”
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data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolution of thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, we have developed a structure-identification algorithm that
abstracts the hierarchical structure of a 3D (p–p–v) data cube into
an easily visualized representation called a ‘dendrogram’10. Although
well developed in other data-intensive fields11,12, it is curious that the
application of treemethodologies so far in astrophysics has been rare,
and almost exclusively within the area of galaxy evolution, where
‘merger trees’ are being used with increasing frequency13.

Figure 3 and its legend explain the construction of dendrograms
schematically. The dendrogram quantifies how and where local max-
ima of emission merge with each other, and its implementation is
explained in Supplementary Methods. Critically, the dendrogram is
determined almost entirely by the data itself, and it has negligible
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter, aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. As aobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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Goodman et al. Nature, 2009

Taste-Testing “Gravity”
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“Modernist” Philosophy                  for non-Experts

 

 

 1. Quasi-Static 2. “Squished” 3. Competitive Accretion 

Static Squished Competitve 
Accretion

 

The 
“Coherence” 

Picture
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0.
1 

pc
“Islands of Calm in a Turbulent Sea”

Taste 
Test
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R.A.

D
ec.

vLSR

p-p-v structure of the B5 region in Perseus

many thanks to Jaime Pineda & Jens Kauffmann for this figure
COMPLETE data: 13CO from Ridge et al. 2006; NH3 from Pineda et al. 2010

weak 13CO
strong 13CO

weak NH3 strong NH3
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weak 13CO

strong 13CO

weak NH3
strong NH3

STRONG Evidence for Coherence in Dense Cores

GBT NH3 observations of the B5 core (Pineda et al. 2010)

greyscale shows NH3 velocity dispersion, 
arrows show gradient in dispersion

non-thermal line width 
constant in core, then 
jumps abruptly to 
turbulent values

NH3 .Benson & Myers 1989
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Messy?

1. At what scales does 
gravity matter?
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the GBT cannot 
resolve it.
We need EVLA or...
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“ALMA Our Savior”
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3 Open Questions

+ “tasty” approaches to answers

2. What do 
stars really 
do to clouds?

3. Is the origin of the 
IMF related (only) 
to the CMF?

1. At what 
scales does 
gravity 
matter?
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Motivation “Bipolar Flows”

“Shells” HOMEWRECKERS?

cf. Matzner & McKee...; Nakamura & Li 2007

cf. Quillen et al. 2005; Churchwell et al....; Beaumont & Williams 2009
Tuesday, October 12, 2010

http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/
http://hubblesite.org/gallery/album/entire/pr2003013a/large_web/


20 cm VLA from MAGPIS (Helfand et al. 2006) & MIR from Spitzer GLIMPSE (see Churchwell et al.)
3.6, 4.5, 8.0, 20cm (Luptonized, see Lupton et al. 2004)

image “height” is 1.6 degrees (e.g. 140 pc at 5 kpc)

radio SNR

warm dust cold dust

HII regions(+SNR)

Massive Star-
Forming Regions

What Stars can do to the ISM
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Evolution of an HII Region in a Turbulent Medium

from S.J. Arthur 2007

back mid-plane front

80,000 yr

209,000 yr

black =105 cm-3

white = 10 cm-3

black = 0 K
white = 104 K
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M17
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Tasting “M17”...

Synthetic [OIII], Ha and [NII] emission-line image from a 5123 numerical simulation: Mellema, Henney, Arthur & Vàzquez-Semadeni 2009
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IMF O:B:A:F populations would be: 1:50:300:750.

Field O:B:A:F populations: 1:4e3:2e4:1e5.

HII Regions

Shells
Cloud

Is it only O stars & HII regions that “matter” to the 
evolution and dynamics of molecular clouds?Oh no, this 

talk is way 
too long!
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see Schnee, Ridge, Goodman & Li 2005.

2 pc

r-Oph is a B*
(and it’s NOT in the “r-Oph” Cluster!)

Dust TemperatureColumn Density

“r-Oph”
Cluster

B star
r-Oph

B star
r-Oph

Tuesday, October 12, 2010



Ionized Gas in the Ophiuchus Smoke Shell
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More on shells in a minute... but first, let’s be more “conventional”....
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“Bipolar Flows”
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Bipolar Outflows in Perseus
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“CPOCs”
COMPLETE Perseus 
Outflow Candidates
Note: I did not make up that name!
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“CPOCs”
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Perseus
Bipolar
Outflows 
Arce et al. 2010a

Bottom line 
local influence significant, 

not.HOMEWRECKERS

Typically 20% binding energy in flows.
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“momentum,” as labeled

Per

Properties of Molecular Clouds 
as 
“Equivalent Momentum” 
(using Larson 1981)

(indiv.) b
ipolar fl

ows

Roughly true statement
Simulations show that ~kinetic energy 
observed must be injected every 
crossing time to maintain turbulence.
For reference: crossing time ~ 10 pc/2 km s-1=5 Myr; 
“flow time”=0.05 Myr, so 
flows per crossing time= 5Myr/0.05Myr =100

40 M
  km

 s -1

M
atzner &

 M
cKee (2000)

all current flows
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“Shells”
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COMPLETE Collaborators, 
2010:

Alyssa A. Goodman (CfA/IIC)

João Alves (Vienna)

Héctor Arce (Yale)

Chris Beaumont (UHawaii & CfA)

Michelle Borkin (Harvard SEAS/IIC)

Paola Caselli (Leeds, UK)

James DiFrancesco (HIA, Canada)

Jonathan Foster (B.U.)

Mark Heyer (UMASS/FCRAO)

Doug Johnstone (HIA, Canada)

Jens Kauffmann (JPL/Caltech)

Helen Kirk (CfA)

Di Li (JPL/Caltech)

Stella Offner (CfA)

Jaime Pineda (CfA, PhD Student)

Thomas Robitaille (CfA)

Erik Rosolowsky (UBC Okanagan)

Rahul Shetty (ITA Heidelberg)

Scott Schnee (HIA Victoria)

Mario Tafalla (OAN, Spain)

COordinated Molecular Probe Line Extinction Thermal 
Emission Survey of Star-Forming Regions=

Perseus

Tuesday, October 12, 2010



What B* HD 278942 Does to Perseus
Total Dust Column Density (0 to 15 mag AV) 

(Based on 60/100 microns)

Dust Column Temperature (25 to 45 K)
(Based on 60/100 microns)

* *

see Ridge et al. 2006a,b; Schnee et al. 2007, 2008; Shetty et al. 2010 cf. c2d Spitzer images Rebull et al. 2007.
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+ =

Cold Molecular Cloud, Warm Shell

Note: see Shetty et al. 2010 for “column temperature” discussion

Column 
Density

Column 
Temperature
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Ridge et al. 2006 

Shell is “behind,” but touching, Perseus Molecular Cloud

*
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 Perseus Shells in 13CO
~

10
  p

c

1 pc
1 pc

1 pc

3 pc

B5 IRAS03382+3145 

IRAS03390+3158 

NGC1333-SW

NGC1333-NW
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~1.5 pc~4.5 pc

~0.3 pc

Perseus Shells in Spitzer MIPS 24 mm
(Images from Spitzer c2d: Rebull et al. 2007)

IC348

IRAS 03382+3145

HD278942

DR-B1 Shell
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Perseus Outflows & Shells

Red Shifted CPOCs

Blue Shifted CPOCs

HH Objects

IRAS Sources

Known Outflow Sources

New outflows

Known outflows

Outflow extensions

~60 CPOCS
~10 shells

Arce et al. 2010 a,b

Many small known outflows
“Shells”
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Mass 800 M

IC348/Omicron Per HII region is not included, yet

B5-IRS4
IC348 Shells
IRAS03390+3158
IRAS03382+3145
HD278942
DR-B1 Shell
NGC1333-SW
NGC1333-NWMomentum

Energy 0.8 x 1047 erg

2200 M km s-1

Shells in Perseus

5x momentum & energy 
of bipolar flows (now) 
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HOMEWRECKERS?
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all current flows
Note theory gives ~10 to 1000 M km s-1 per B-star wind.

all current shells

(indiv.)s
hells

What “upshifts” are justified?....
IOTW, how do we go from a “snapshot” to cumulative effects?
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3 Open Questions

+ “tasty” approaches to answers

2. What do 
stars really 
do to clouds?

3. Is the origin of the 
IMF related (only) 
to the CMF?

1. At what 
scales does 
gravity 
matter?
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Hmmm....

“IMF” from the “CMF”?

Alves, Lombardi & Lada 2007

Gas

Stars
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The Meaning of the “CMF”

Have you heard about the 
‘Perils of CLUMPFIND’?
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http://iic.harvard.edu/sites/all/files/interactive.pdf; 
with many thanks to Mike Halle, Michelle Borkin, Jens Kauffmann & Douglas Alan
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“The Perils of CLUMPFIND” by Pineda, Rosolowsky & Goodman 2009
See also “On the fidelity of the core mass functions derived from dust column density data” by

Kainulainen, Lada, Rathborne & Alves 2009

“Crowded” 3D data
(very dangerous)

“Sparse” 2D data
(OK)

Look at what 
happens to 
the “CMF”!
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The Meaning of the “CMF”

Have you heard about the 
‘Perils of CLUMPFIND’?Yes, but what 

about 
‘getsources’?  
Or, better, 

‘dendrograms’?

Eck--none of it 
matters!  It’s all 
just a big mess, 

which always gives 
a lognormal!
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Kainulainen, Beuther, H
enning, &

 Plum
e 2009
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Goodman, Pineda & Schnee 2009

IMF:CMF
It could be nested, 
unrelated(?) 
lognormals...

lognormals, and more lognormals...
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3 Open Questions

+ “tasty” approaches to answers

2. What do 
stars really 
do to clouds?

3. Is the origin of the 
IMF related (only) 
to the CMF?

1. At what 
scales does 
gravity 
matter?
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EXTRA SLIDES
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Matching “Power Spectra” are not enough...

“Perseus-Matching” 
Sample Simulation 
from Padoan, Juvela, 

Kritsuk & Norman 2006
(Mach 6; Enzo; pure hydro)

Note:  Padoan et al. 2006 paper was intended to test the VCS method of Lazarian & Pogosyan 2000; 
cf. PCA methods of Brunt & Heyer 2002a,b

Taste 
Test
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Caveats/Worries about p-p-v (bijection)
... and the virial parameter

from Shetty, Collins, Kauffmann, Goodman, Rosolowsky 2010; 
see also recent work of Dib et al., Ostriker et al., Ballesteros-Paredes et al., Myers, and Smith, Clark & Bonnell

“Cores”

“Environs”

Tuesday, October 12, 2010


