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Introduction 
to 
Star
Formation

Alyssa Goodman
Harvard ITC Pizza Lunch, February 1, 2012

Disclaimer: This is a personal reflection, not a review: references are only examples & NOT meant as exemplary or exhaustive.
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Holistic 
Star Formation

holistic |hōˈlistik|
adjective chiefly Philosophy
characterized by comprehension of  the parts of  
something as intimately interconnected and 
explicable only by reference to the whole
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Larson’s 
Legacy
The evolution of the 
ideas about turbulent 
molecular clouds first 
proposed by Richard 
Larson in his 1981 paper.
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Slide set prepared by Alyssa Goodman, for Harvard Astronomy 201b, March 2011.
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~100% Correct, but Details have 
Taken 30 Years (so far)
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Sven Van Loo
 CfA
 Magnetic Fields in Star Formation

Wed, 15 Feb, 1:00
 Charlie Lada
 CfA
 Molecular Clouds

Wed, 22 Feb, 1:00
 Bob Fisher
 UMASS Dartmouth
 Turbulence

Wed, 29 Feb, 1:00
 Stella Offner
 ITC
 Stellar Feedback

Wed, March 7, 1:00
 Scott Kenyon
 CfA
 Protostellar Classification

Wed, March 21, 1:00
 Kaitlin Kratter
 ITC
 Protostellar Accretion Disks

Wed, March 28, 1:00
 James Jackson
 Boston University
 High Mass Star Formation

Wed, April 4, 1:00
 Phil Myers
 CfA
 The Initial Mass Function

Wed, April 11, 1:00
 Patrik Jonsson
 ITC
 Star Formation Prescriptions in Cosmological Simulations + chemistry...!

ay201b.wordpress.com
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www.flickr.com/photos/66496709@N00/6791649829/in/photostream
© Adam Block/Science Photo Library
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Star Formation 101

©Adison-Wesley 2004

leads to  Accretion Disks 

+ Jets to get rid of angular momentum
Why does this fail on large scales? (Hiearchical “initial conditions,” plus tff≈tcross≈tJeans.)

ay201b.wordpress.com/2011/04/12/course-notes/#some_thoughts_on_jeans_scales

Jeans Fragmentation 
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Star (and Planet, and Moon) Formation 201

Galaxy

Star Cluster

Molecular Cloud Complex Star-Forming “Globule” Circumstellar Disk Extrasolar System

?
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Image Credit: Jonathan Foster, CfA/COMPLETE Deep Megacam Image of West End of Perseus
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What forces matter most on what scales?

Gravity

Outflows/Winds
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Radiation

B-Fields

Warning to Theorists: 
This is a schematic, philosophical diagram, 

not data...or even necessarily true, yet.

Thermal Support
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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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What Observers Can “See”
(for stuff that’s really, really, close by)
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Broadband Emission (Dust) S + C + P
Spectra (Dust) P
Spectra (Gas) C C Z
Background Starlight (Extinction) C S P
Scattered Light ("Cloudshine") C S
Broadband Emission (Dust) S S +
Spectra (Dust) S S
Spectra (Gas) Z
Broadband Emission S
Spectra S Z
Astrometry
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(Clouds & Cores)

M
ag

n
et

ic
 F

ie
ld

s

V
el

oc
it

y

T
em

p
er

at
u

re

C
h

em
ic

al
 C

om
p

os
it

io
n

D
en

si
ty

 o
r 

M
as

s

Table 2: Reading Nature's Menu This table shows which tools are best for deteriming
particular physical quantities. Grey shows possible wavelengths, and darker grey emphasizes
the best wavelengths. Green means "yes," and yellow means "yes, but not usually very well."
Many subtleties cannot be shown here. For example: stellar mass determinations are always model-
dependent unless an orbit is known; some techniques give line-of-sight velocity, while others
give plane-of-the-sky; chemistry is always very model dependent, and so-on.

Notes: C=included in COMPLETE; S=included in Spitzer c2d; 
+=included in both COMPLETE & c2d;     Magnetic Fields: P=by 
polarimetry;  Z=(primarily by) Zeeman, at same wavelengths shown

Disks & Envelopes 
(spatially filtered 

obsv'ns.)

 

Handout
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A Plan?
Handout 

Open Issues
Handout 
Jargon

Biased Slideware 
(Examples from COMPLETE 

WWT Tour of W5

Handout 
Observations

+ Discussion of YSO SEDs)
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Don’t 
Forget
ADS
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Larson’s 
Legacy
The evolution of the 
ideas about turbulent 
molecular clouds first 
proposed by Richard 
Larson in his 1981 paper.
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(More recently, 0.38 has become ~0.5. Larson liked 0.38 because Kolmogorov (incompressible) 
turbulence would give 0.33. A higher value is consistent with compressible (e.g. “Burger’s” turbulence.)
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for exact virial equilibrium,                        , and points above would be on horizontal line2GM/Rs2=1

~Virial Equilibrium: Gravity Balanced by “Turbulent” Support
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n~R-1.1

For n~R-1 , and s~R0.5 , and  2GM/Rs2=1 (virial equilibrium)
any one relation follows automatically from the other two.

Note implication of “constant column density.”
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So, roughly speaking, Larson’s “Laws” show that a 
turbulent-like nature for the line width-size relation, plus virial 
equilibrium, gives the observed density-size relation.
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Magnetic Origin of Non-Thermal Motions?
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Table 2: Reading Nature's Menu This table shows which tools are best for deteriming
particular physical quantities. Grey shows possible wavelengths, and darker grey emphasizes
the best wavelengths. Green means "yes," and yellow means "yes, but not usually very well."
Many subtleties cannot be shown here. For example: stellar mass determinations are always model-
dependent unless an orbit is known; some techniques give line-of-sight velocity, while others
give plane-of-the-sky; chemistry is always very model dependent, and so-on.

Notes: C=included in COMPLETE; S=included in Spitzer c2d; 
+=included in both COMPLETE & c2d;     Magnetic Fields: P=by 
polarimetry;  Z=(primarily by) Zeeman, at same wavelengths shown

Disks & Envelopes 
(spatially filtered 

obsv'ns.)
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IMF from CMF ??

Alves, Lombardi & Lada 2007

Gas

Stars
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Gas BUT: Beautiful images 
like this do not reveal 
internal structure 
directly...

simulations >2D
observations
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Simulations of Bate 2009

Our Goal is to “Taste” Star Formation
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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. in prep.)

Optical image (Barnard 1927)

Perseus
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I will not do this to you...
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YELLOW = something I didn’t 
know about or appreciate 

before COMPLETE
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20 minutes from now...

★ “Column Temperature” 

★ 13CO poor tracer of column 
density, abundance not the 
problem

★ “lognormal” (but...) 

★ “Cloudshine”

★ GNICEST (and CS!)

★ virial theorem over-used? 

★ Dangers of p-p-v “observer” space 

★ Perils of CLUMPFIND

★ Benefits of Dendrograms

★ Value of Tasting Dust & b-T 

★ Spherical(!) Outflows

★ Cores in/out of Clusters NOT 
so Different

★ Coherent Cores are Real, and 
they Fragment (into filaments)!?

★ SLOW motion of cores & stars 
w.r.t. environs

★ Density “thresholds” are way 
more complicated than they look
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Column Temperature
And, the value of calibrating emission with extinction...

Schnee, Bethell & Goodman 2006
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Yes, Column 
Density 

Distribution 
is 

“lognormal” 
(but...)

Goodman, Pineda & Schnee 2009;  Pineda et al. 2008 
cf. 2MASS results of Alves, Kainulainen, Lada, Lombardi et al.  
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...Justin Bieber, and the IMF, can be lognormal too...

see Beaumont et al. 2011, and http://www.ifa.hawaii.edu/users/beaumont/histograms/index.html 

and so is any 
multiplicative random process.

So what 
does this 
mean??
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Background: to appear in Foster, Mandel, et al. 2011
Insets:

	


A happy surprise.

Foster & Goodman 2006, Calar Alto JHK
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Extinction Mapping
NICE, NICER, NICEST, GNICER, GNICEST (and CS!)

Foster et al. 2008; 
Beaumont et al. 2011 (for “CS”)
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Where and when does gravity matter?
And, is the virial theorem over-used? 

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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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. in prep.)

Optical image (Barnard 1927)
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“Keith” “Perseus”

Value of High-Dimensional Visualization and “Taste-Testing”...
p-p-v space, and more... 

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

3D Viz made with VolView

Perseus
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Where and when does gravity matter?
And, is the virial theorem over-used? 

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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Dendrograms
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 Hierarchical “Segmentation”
Rosolowsky, Pineda, Kauffmann & Goodman 2008

Tuesday, February 7, 2012



Dendrograms
1.20

1.10

1.00

0.90

0.80

0.70

0.60

0.50

0.40

0.30

0.20

0.10

0.00

80 70 60 50 40 30 20

in
te

ns
ity

 le
ve

l

local max

local max

local max

merge

merge

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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What would CLUMPFIND do?
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No hierarchy is allowed, all clumps go to the baseline.
(Williams, De Geus & Blitz 1994)
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from “The Perils of CLUMPFIND” by Pineda et al. 2009

“Crowded” 3D data
(very dangerous)

“Sparse” 2D data
(OK)

Look at what 
happens to 
the “CMF”!

CLUMPFIND
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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, Goodman et al. 2009

both lines derived from 13CO “observations”

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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Taste-Testing... Value of Tasting Dust & b-T

Shetty et al. 2009a, b; and see improved SED analysis method upcoming in Kelly et al. 2011(in prep.)

small amounts of 
noise cause large 
problems (and 
spurious b-T 

anticorrelation)
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Arce et al. 2010, 2011

Outflows
Bipolar & 
Spherical(!)
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Arce et al. 2011
(in press, on astro-ph)

Outflows
Bipolar & 
Spherical(!)

News Flash
Spherical shells from 
young-ish stars may 
stir molecular clouds 
(much) MORE than 
bipolar flows, and B-
stars may matter 
much.

Spherical(!) Outflows
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Cores in and out of clusters
NOT so different! 

Foster, Rosolowsky, Kauffmann, Pineda, Borkin, Caselli, Myers & Goodman 2009; using NH3 survey of Rosolowsky et al. 2008

(Once cores are “ungrouped”...)NOT so different!
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The transition to coherence has been observed directly, thanks 
to GBT, EVLA, and Jaime Pineda--who will tell you all about this 
on Wednesday!

Coherent Cores are Real, 
and they Fragment (into filaments)!?

Pineda et al. 2010, 2011

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

Text

Coherent Cores Do Exist...and they fragment?!
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R.A.

D
ec.

vLSR

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

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

 

Tuesday, February 7, 2012



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
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SLOW Motion
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Fragmentation in Coherent Cores?!
Thank you EVLA!
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Kirk et al. 2010

Is this as weird as 
it seems?

(See upcoming 
“Taste Test” by 

Harris, Offner, Kirk, 
et al.)

of cores with respect to clouds
of young stars with respect to cores

1 
km

 s
-1

SLOW Motion
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Jørgensen et al. 2008,



1 M pc-3

25 M pc-3

SCUBA core
YSO

2 pc 
in 2 Myr 

at 1 km s-1

of cores with respect to clouds
of young stars with respect to cores

SLOW Motion
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Density and Column Density Thresholds for Star Formation

Kauffmann 
et al. 2010a,b,c...

Heiderman 
et al. 2010

Johnstone 
et al. 2004

Way more complicated than they seem...
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YELLOW?
(What I’ve learned...)

★ “Column Temperature” 

★ 13CO poor tracer of column 
density, abundance not the 
problem

★ “lognormal” (but...) 

★ “Cloudshine”

★ GNICEST (and CS!)

★ virial theorem over-used? 

★ Dangers of p-p-v “observer” space 

★ Perils of CLUMPFIND

★ Benefits of Dendrograms

★ Value of Tasting Dust & b-T 

★ Spherical(!) Outflows

★ Cores in/out of Clusters NOT 
so Different

★ Coherent Cores are Real, and 
they Fragment (into filaments)!?

★ SLOW motion of cores & stars 
w.r.t. environs

★ Density “thresholds” are way 
more complicated than they look
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Lada (1987) proposed three classes:

I. YOUNG, mostly disk emission
II. Young “T-Tauri” star, still much disk
III.  Older “young” star, no disk

Later, sub-mm astronomers added 
“Class 0”, for sources detected 
“only in sub-mm” (very unphysical!)

(See also “first core,” and also be aware that there are 
other indicators of youth (line emission.)

YSO AGE/Morphology 
from SED Modelling
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Model	
  colors	
  from	
  Fig.	
  1	
  and	
  measured	
  IRAC	
  colors	
  for	
  S140	
  
(squares),	
  Cep	
  C	
  (crosses),	
  S171	
  (circles),	
  and	
  NGC	
  7129	
  (triangles)	
  
from	
  the	
  IRAC	
  Guaranteed	
  Time	
  Observer	
  (GTO)	
  embedded	
  
clusters	
  survey	
  (Megeath	
  et	
  al.	
  2004).	
  RepresentaKve	
  error	
  bars,	
  
including	
  average	
  photometric	
  uncertainKes	
  and	
  an	
  esKmated	
  
10%	
  uncertainty	
  in	
  the	
  absolute	
  flux	
  calibraKon,	
  are	
  shown.	
  The	
  

light	
  blue	
  square	
  delineates	
  the	
  approximate	
  domain	
  of	
  Class	
  II	
  
sources,	
  and	
  the	
  colored	
  lines	
  show	
  the	
  Class	
  I	
  models	
  as	
  in	
  Fig.	
  1.	
  
The	
  red	
  asterisk	
  marks	
  the	
  IRAC	
  colors	
  of	
  TW	
  Hya	
  (L.	
  Hartmann	
  et	
  

al.	
  2004,	
  in	
  preparaKon),	
  a	
  10	
  Myr	
  old	
  star	
  with	
  a	
  disk	
  (Muzerolle	
  
et	
  al.	
  2000).	
  ExKncKon	
  vectors	
  are	
  shown	
  for	
  Av	
  =	
  30	
  mag,	
  using	
  
the	
  two	
  extremes	
  of	
  the	
  six	
  vectors	
  calculated	
  by	
  Megeath	
  et	
  al.	
  
(2004).	
  The	
  vector	
  on	
  the	
  leY	
  is	
  for	
  a	
  flat-­‐spectrum	
  source	
  and	
  
Draine	
  &	
  Lee	
  (1984)	
  exKncKon	
  law,	
  while	
  the	
  vector	
  to	
  the	
  right	
  is	
  
for	
  a	
  Vega	
  spectrum	
  and	
  the	
  exKncKon	
  law	
  of	
  Mathis	
  (1990).

Allen et al. 2004 (early Spitzer modeling/results).

Protostellar “Ages”

Tuesday, February 7, 2012



Robitaille et al. 2006 
(later Spitzer modeling, 
grid of models).

Protostellar “Ages”

star	
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  disk	
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Figures 1 and 2 from 
A Correlation between Surface Densities of Young Stellar Objects and Gas in Eight Nearby Molecular Clouds
R. A. Gutermuth et al. 2011 ApJ 739 84 doi:10.1088/0004-637X/739/2/84

Cep OB3

Mon R2 Greyscale=Extinction; Red=YSOs

Kennicutt-Schmidt “Nearby”?
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Kennicutt-Schmidt “Nearby”?

Figure 10 & 15 from 
A Correlation between Surface Densities of Young Stellar Objects and Gas in Eight Nearby Molecular Clouds
R. A. Gutermuth et al. 2011 ApJ 739 84 doi:10.1088/0004-637X/739/2/84

K-S context
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