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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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Alves, Lombardi & Lada 2007

Gas

Stars
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Image Credit: Foster et al. 2012, CfA/COMPLETE Deep Megacam Image of West End of Perseus
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“Modernist”                      Philosophy                

 

 

 1. Quasi-Static 2. “Squished” 3. Competitive Accretion 
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The 
“Coherence” 
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image courtesy of  Nimesh Patel (Sierra Nevada Optical Observatory from the 30-m)

Observatory

Also an “observatory”
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x-ray Chandra (PMS census, hot gas)
uv FUSE, GALEX (hot young stars, spectra, accretion measures)
optical HST + much glass-on-ground! (nebular imaging, 
spectroscopy of stars & gas, extinction mapping, B-field maps, 
stellar & jet motions)

near-IR primarily glass-on-ground (imaging & spectroscopy 
“through” dust, extinction mapping, B-field maps, AO disks, 
stellar & jet motions)

mid-IR Spitzer, WISE (dust imaging, young star SEDs, star 
formation rates)

far-IR IRAS, Spitzer, Herschel, SOFIA (dust imaging, SEDs, 
dust properties)

sub-mm Herschel, SMA, ALMA (gas kinematics & properties, dust 
imaging (including disks), young source counting)

mm FCRAO, Mopra, CfA mini, ALMA, CARMA, IRAM 30-m, PdB: (gas 
kinematics & properties,  young source counting, large-scale gas 
distribution, B-field via Zeeman and polarimetry)

cm GBT, VLA, JVLA, VLBA, Effelsberg (gas kinematics & 
properties, maser motions, B-field via Zeeman and polarimetry)
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But, we can (almost) never observe...

time scales >> human lifetime

three spatial dimensions
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So...

we count things “statistics”

“Bayesian statistics”we make up stories
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Click here to see all papers in this table, 
together in an ADS Private library

largest 
size 

scale 
traced  

(pc)

sample historic reference sample modern reference learn more even more

measuring galactic star formation rate 10000 1978 Smith, Biermann & Mezger 2010 Robitaille & Whitney 2009 Evans et al.

detection of HI  in ISM 5000 1951 Ewen & Purcell GALFA HI History

detection of CO in ISM 5000 1970 Wilson, Jefferts & Penzias 2001 Dame, Hartmann & Thaddeus cf. FCRAO & Mopra surveys

temperature mapping 5000 1976 Fazio et al. 2005 Schnee et al. 2012 Kelly et al.

CO as proxy for column density 500 1982 Frerking, Langer & Wilson 2009 Goodman et al.

“infrared dark clouds” 300 1998 Carey 2006 Rathborne, Jackson & Simon

optical/near-IR extinction mapping 100 1919 Barnard 2001 Alves, Lada & Lada

magnetic field strength 100 1988 Myers & Goodman 2010 Crutcher et al.

magnetic field morphology 100 1976 Vrba, Strom & Strom 2011 Chapman et al. 2012 Davidson et al.

spatial & kinematic structure of clouds 50 1975 Encrenaz, Falgarone & Lucas 2008 Goldsmith et al. 2009 Goodman et al.

bipolar outflows 10 1980 Snell, Loren & Plambeck 2010 Arce et al. 2007 Zhang et al.

spherical shells 10 1975 Castor, McCray & Weaver 2011 Arce et al.

“Cloudshine” (scattered light mapping) 10 1970 Matilla 2006 Foster & Goodman 2010 Steinacker et al.

young source/star censuses (multi-) 10 1978 Elias 2009 Evans et al.

long(er), skinni(er) filaments in dark clouds 10 1919 Barnard 2010 André et al.

astrochemistry, depletion 1 1999 Caselli et al. 2012 Fontani et al. 1997 Bergin & Langer

“Clump Mass Functions” (CMF) 1 1994 Williams, de Geus & Blitz 2007 Alves, Lombardi & Lada 1998 Motte, André & Neri 2009 Pineda, Rosolowsky & Goodman

dominance of clusters 1 1991 Lada et al. 2009 Gutermuth et al. 2003 Lada & Lada

evolutionary sequences (outflows) 1 1983 Bally & Lada 2006 Arce & Sargent astrobites, Plunkett

motion of “cores” 1 1975 Dickman 2010 Kirk et al.

photon-dominated regions 1 1977 Black & Dalgarno 2009 Visser, Van Dischoeck & Black 1995 Sternberg & Dalgarno 1978 Draine

(ultra) compact HII Regions 0.5 1989 Wood & Churchwell 2009 Urquhart et al.

“NH3” cores (starfull, starless) 0.1 1983 Myers & Benson 2008 Rosolowsky et al. 2009 Foster et al.

core kinematics (rotation) 0.1 1993 Goodman et al. 2012 Tobin et al.

core kinematics (infall) 0.1 1995 Myers et al. 2007 Joregensen et al. 1998 Tafalla et al.

core density profiles 0.1 2001 Alves, Lada & Lada 2011 Pineda et al. 2010 Schnee et al. 2012 Nielbock et al.

filament/core kinematics (coherence) 0.1 1998 Goodman et al. 2010 Pineda et al. 2011 Hacar & Tafalla

adaptive optics, multiplicity 0.01 1993 Ghez, Neugebauer & Matthews 2012 King et al.

(3D) motions of masers & young stars 0.01 1968 Lesh 2012 Rygl et al. 2004 Goodman & Arce

“hot” cores in massive-star forming regions 0.01 1988 Keto, Ho & Haschick 2009 Zhang et al.

SED-based “disk” evolution models 0.005 1987 Adams, Lada & Shu 2006 Robitaille et al. 2012 Offner et al.

interferometer “disks”, disk holes (lower-mass) 0.005 1991 Beckwith & Sargent 2009 Carrasco-González et al. 2002 Wilner et al.

prevalence of disks 0.005 1990 Beckwith et al. 2009 Evans et al.

accretion(?) “disks”around massive stars 0.001 1988 Keto, Ho & Haschick 2012 Beuther, Linz & Henning

VELLOs--First Cores 0.0001 2005 Kauffmann et al. 2011 Pineda et al. 1969 Larson

Pre-Stellar IMF (Luminosity-->Mass) 1E-08 2002 Muench et al. 2012 Da Rio et al. 1999 Luhman et al.

grain growth, reddening laws, ices 1E-18 1977 Cohen 2012 Foster et al.

What was I 
thinking?!
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Theor. Simulation

CountingImages Spect5a

CatalogingClassification

SEDs

“I hate dust.”
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Theor. Simulation

CountingImages Spect5a
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SEDs
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Images Spect5a+
Dame et al. 2001
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Larson’s 
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Slide set prepared by Alyssa Goodman, for Harvard Astronomy 201b, March 2011.

Images  +  Spect5a
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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.)

Each letter 
represents a 

molecular cloud, or 
part of a cloud
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s~R0.38“Line width - size”

Larson 1981
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~100% Correct, but Details have 
Taken 30 Years (so far)

Source/governors of  the supesonic motions?
magnetic fields, outflows/winds, SNe, galaxy-scale effects
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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
Images  +  Spect5a
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AstronomicalMedicine@

3D Viz made with VolView

Perseus

Images  +  Spect5a
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Outflows
Bipolar & Spherical
(!)

Snell, Loren & Plambeck 1980

Images  +  Spect5a

Tuesday, November 13, 2012

http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg
http://farm4.staticflickr.com/3132/3175344278_0487133fd6_z.jpg


Arce et al. 2010, 2011; simulation 
from Offner et al. 2011 

Outflows
Bipolar & Spherical
(!)

Images  +  Spect5a
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Momentum
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Arce et al. 2011

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.

Images  +  Spect5a
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SEDsSEDs

Theor. Simulation

CountingImages Spect5a

CatalogingClassification

SEDs
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Classification

Robitaille et al. 2006 (cf. Robitaille 2012)

Adams, Lada & Shu 1987

Arce & Sargent 2006 

How clean an evolutionary sequence can we really measure?  
How similar is one source to another? 

Episodicity of  accretion/outflow?

SEDs
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Larson 1969

First Hydrostatic Core? Pineda et al. 2011

SED
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A new
Bayesian 

“story” you 
should 

remember

Kelly, Shetty, et al. 2012

SEDs
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Crutcher et al. 2010

Spect5a Bayesian analysis of  Zeeman measurements of  B in ISM

10 mG

1 mG

0.1 mG

100 cm-3 106 cm-3104 cm-3

no increase

~flux fr
eez

ing
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Classification

Counting

Cataloging

Theor. Simulation

CountingImages Spect5a
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SEDs
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CountingCatalogingClassification

Evans et al. 2009 
cf. Elias 1978

The derived lifetime for the Class I phase is 0.54 Myr, considerably longer 
than some estimates. Similarly, the lifetime for the Class 0 SED class, 0.16 
Myr, with the notable exception of the Ophiuchus cloud, is longer than early 
estimates. If photometry is corrected for estimated extinction before 
calculating class indicators, the lifetimes drop to 0.44 Myr for Class I and to 
0.10 for Class 0. These lifetimes assume a continuous flow through the Class 
II phase and should be considered median lifetimes or half-lives. Star 
formation is highly concentrated to regions of high extinction, and the 
youngest objects are very strongly associated with dense cores. The great 
majority (90%) of young stars lie within loose clusters with at least 35 
members and a stellar density of 1 M⊙ pc−3.
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Larson’s 
“Suggestions”

1
9
8
1
M
N
R
A
S
.
1
9
4
.
.
8
0
9
L

Slide set prepared by Alyssa Goodman, for Harvard Astronomy 201b, March 2011.
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size (R)

for exact virial equilibrium,                        , and points above would be on horizontal line2GM/R2s2=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/R2s2=1 (virial equilibrium)
any one relation follows automatically from the other two

de
ns

ity

size (R)

“Density - size”
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So, roughly speaking, Larson’s “Suggestions” 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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Beaumont et al. 2012; cf. Lombardi, Alves & Lada 2010

similar N PDF,  big dispersion 
in cloud area, gives behavior 
like constant column density 

(n∝R-1; M∝A)
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Is there a transition to a “thermal” regime? 
Does gravity matter more there?

“Coherent Cores,” proposed in 1998
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Is there a transition to a “thermal” regime? 
Does gravity matter more there?

“Coherent Cores,” proposed in 1998
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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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Fragmentation in Coherent Cores?!

Pineda et al. 2011

best fit by 
isothermal 

cylinder
(cf. Ostriker 1964)
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Changes of Heart, rather than in Physics...
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What forces matter most on what scales?

Gravity

Outflows/Winds

“Turbulence”

Radiation

B-Fields

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

Thermal Support
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My best guess...
Gravity matters plenty in making GMCs.

Turbulent fragmentation (~no gravity 
necessary) is a good bet on intermediate 
scales (where density distribution is 
lognormal).

Gravity matters again on small scales, in 
clusters and coherent cores, and Jeans 
fragmentation applies here.

Magnetic fields slow things down, a little.
Goodman et al. 2009a,b
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Under Pressure

AlyssaGoodman, Chris Beaumont, Tom Dame, Chris Faesi, Stella Offner, Mark Reid & 
Tom Rice (Harvard-Smithsonian Center For Astrophysics) &
Joao Alves (U. Vienna), Bob Benjamin (U. Wisconsin), Erik Rosolowsky (U. British Columbia)
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