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At what scales does gravity truly play the 
key role in the story of star formation?

Star Formation Unbound



Star Formation Unbound

“[I will now propose 
heresy…] Suppose molecular 

clouds are not bound.” 
—Neal Evans, Olympian Symposium, 

May 29, 2018



The story I told in 1998



Zhao et al. 2017

The story I want to think about today…
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Abstract: Urban expansion has become a widespread trend in developing countries. Road networks 
are an extremely important factor driving the expansion of urban land and require further study. 
To investigate the relationship between road networks and urban expansion, we selected Beijing, 
New York, London, and Chicago as study areas. First, we obtained urban land use vector data 
through image interpretation using a remote sensing (RS) and geographic information systems 
(GIS) platform and then used overlay analysis to extract information on urban expansion. A road 
network density map was generated using the density analysis tool. Finally, we conducted a spatial 
statistical analysis between road networks and urban expansion and then systematically analyzed 
their distribution features. In addition, the Urban Expansion-Road Network Density Model was 
established based on regression analysis. The results indicate that (1) the road network density 
thresholds of Beijing, New York, London, and Chicago are 18.9 km/km2, 37.8 km/km2, 57.0 km/km2, 
and 64.7 km/km2, respectively, and urban expansion has an inverted U-curve relationship with road 
networks when the road network density does not exceed the threshold; (2) the calculated turning 
points for urban expansion indicate that urban expansion initially accelerates with increasing road 
network density but then decreases after the turning point is reached; and (3) when the road density 
exceeds the threshold, urban areas cease to expand. The correlation between urban expansion and 
road network features provides an important reference for the future development of global cities. 
Understanding road network density offers some predictive capabilities for urban land expansion, 
facilitates the avoidance of irregular expansion, and provides new ideas for addressing the inefficient 
utilization of land. 
Keywords: geography; regression analysis; urban expansion; road networks

Zhao et al. 2017
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Alves, Lombardi & Lada 2007

 
The Story

Today: what’s (really) happening here?



Image Credit: Jonathan Foster & Jaime Pineda CfA/COMPLETE Deep Megacam Mosaic of West End of Perseus

Radiation

“Turbulence” 
(Random Kinetic Energy)

Magnetic Fields Gravity

Outflows  
& Winds

Chemical & Phase 
Transformations

Thermal  
Pressure

~1 pc



“Inefficient star formation through turbulence, magnetic fields and feedback” (Federrath 2015)

Gravity++



Stella Offner says… 
“In terms of your analogy of migration to cities I have work in 
progress with Kaitlin Kratter, Rachel Smullen (U of AZ grad student) 
and Aaron Lee (post-doc with me here), where we track the 
formation and evolution of cores in MHD simulations using 
dendrograms.  Basically, we're finding that some cities have very 
volatile population growth while others carry on quietly with no 
rapid migration from the outside.”



“Taste-Testing”



The Story We See



Ophiuchus

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Many Cores in Ophiuchus

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Ophiuchus 
(on Barnard’s photographic plates, early 20th century)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Ophiuchus 
(in an amateur astronomer’s picture, early 21st century)

Credit: Tom O’Donoghue

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Ophiuchus 
(in far-infrared images taken by Herschel Space Observatory)

R/G/B = 500/350/250 µm

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



R/G/B = 500/350/250 µm

Ophiuchus 
(in Hα observed as part of the SHASSA)

Hα emission (tracing hot gas)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



R/G/B = 500/350/250 µm

Ophiuchus 
(in Hα observed as part of the SHASSA)

Hα emission (tracing hot gas)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



R/G/B = 500/350/250 µm

Ophiuchus 
(in Hα and far-infrared)

Hα emission (tracing hot gas)

a “bubble”

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Bubbles in Perseus  
(Spitzer MIPS 24 µm)

Arce et al. (2011)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Arce et al. 2011

Bubbles 
in 
Perseus

Measuring 
“Feedback”



Rosen et al. 2018, in prep
Offner & Chabon 2017 
Lee, Hull & Offner 2017

Simulating 
“Feedback”

Mcore=150 M☉ 

Rcore=0.1 pc 

ρ(r)∝r -3/2 

σ1D=1.2 km s-1 

αvir ~ 1 
𝝙xmin=20 AU 

tff=0.04 Myr

Mcore = {4,6,8} M☉
μɸ = {1.5, 2.5, 5, 18, ∞}
αvir = {2, 0}, T = 10 K



R/G/B = 500/350/250 µm

Ophiuchus 
(in Hα and far-infrared)

Hα emission (tracing hot gas)

a “bubble”

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



R/G/B = 500/350/250 µm

Ophiuchus 
(in Hα / far-infrared / X-ray)

Hα emission (tracing hot gas)

a “bubble”

X-ray (energetic starlight)Pi
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 slide sequence courtesy of Hope Chen, from his PhD defense talk 



R/G/B = 500/350/250 µm

Hα emission (tracing hot gas)

a “bubble”

Ophiuchus 
(in Hα / far-infrared / 13CO J=1-0)

13CO emission (tracing gas in the cloud)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



(A Six-Pack Sampler of Surprises) 

“Bones” 
(Spitzer+++)

Droplets 
(GBT)

B5 
(Haystack, 
GBT,VLA,  
Herschel) 

B-field map 
(ALMA &  
AREPO)

PDF 
Anatomy 
(Herschel) 

Perseus 
in 3-D 

(PanSTARRS +  
Gaia+FCRAO)

The Story We See



The Physical Properties of Observed (and 
Synthetic!) Large-Scale Galactic Filaments
Catherine Zucker (Harvard-Smithsonian Center for Astrophysics) 
with… 
Cara Battersby (University of  Connecticut) 
Alyssa Goodman (Harvard-Smithsonian Center for Astrophysics) 
Rowan Smith (Jodrell Bank Centre for Astrophysics) 

“Bones” 
(Spitzer+++)

Last week in Japan…



edge-on

top-down

end-on

A “numerical experiment” 
(from Alig & Burkert, in prep 2018)

Last week in Germany…



edge-on

guide & caveats, from Andi Burkert

x
y

z



“Taste-Testing”



glue
multidimensional data exploration

Tomorrow  
(is about how— 

today is about why).

Slide courtesy of Catherine Zucker,  
from Zucker, Smith & Goodman 2018, in prep



(A Six-Pack Sampler of Surprises) 

“Bones” 
(Spitzer+++)

Droplets 
(GBT)

B-field map 
(ALMA &  
AREPO)

PDF 
Anatomy 
(Herschel) 

Perseus 
in 3-D 

(PanSTARRS +  
Gaia+FCRAO)

The Story We See

B5 
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The story I told in 1998



what if filaments continuE across “core” boundaries?!

blue =VLA ammonia (high-density gas); green=GBT ammonia (lower-res high-density gas); red=Herschel 250 micron continuum (dust)

Herschel data from Gould Belt SurveyGoodman, Chen, Offner & Pineda 2018 in prep.

B5 
(Haystack, 
GBT,VLA,  
Herschel) 
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Coherent  
Core

 
Filament



B5-ish Simulation (no Magnetic field)

Offner (priv. comm.)



B5/Glue (New IRAM 30-m data) glue
multidimensional data exploration

 glueviz.orgGoodman, Chen, Offner & Pineda 2018 in prep.

Tomorrow  
(is about how— 

today is about why).

http://glueviz.org
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low high

Probability Distribution Function  
(N-PDF)

Ophiuchus  
(column density from Herschel observations)

PDF 
Anatomy 
(Herschel) 

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Ophiuchus  
(column density from Herschel observations)

low high

Dendrogram

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Ophiuchus  
(column density from Herschel observations)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Simulation  
(mimicking column density derived from dust emission)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



low

high
Simulation  

(Collins et al. 2012)
Observation  
(Ophiuchus)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Are the dense structures “cores”? Are they gravitationally bound? 

Chen, Burkhart, Goodman & Collins 2017



Hull, Mocz, Burkhart, Goodman, Girart, Cortes, Hernquist, Springel, Li & Lai 2017.

What, really, is a “dense core?”



(A Six-Pack Sampler of Surprises) 

“Bones” 
(Spitzer+++)

Droplets 
(GBT)

B-field map 
(ALMA &  
AREPO)

PDF 
Anatomy 
(Herschel) 

Perseus 
in 3-D 

(PanSTARRS +  
Gaia+FCRAO)

The Story We See

B5 
(Haystack, 
GBT,VLA,  
Herschel) 



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

Position-Velocity structure of the B5 region in Perseus



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

Position-Velocity structure of the B5 region in Perseus



weak 13CO

strong 13CO

weak NH3
strong NH3

STRONG Evidence for ”Velocity 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

 



But then...

Pineda et al. 2011

we found sub-structure

gold contour 
shows 

“coherent” core



Pineda, Offner, Parker, Arce, Goodman, Caselli, Fuller, Bourke & Corder 2015

and sub-sub Structure

We now also know that b5 is (RAPIDLY) forming a bound cluster



isothermal, 
hydrostatic filaments, 
not turbulent ones?

Pineda et al. 2011

but maybe it’s different?



what if filaments continuE across “core” boundaries?!

blue =VLA ammonia (high-density gas); green=GBT ammonia (lower-res high-density gas); red=Herschel 250 micron continuum (dust)

Herschel data from Gould Belt SurveyGoodman, Chen, Offner & Pineda 2018 in prep.
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Coherent Core

NH3 Vel. Disp.NH3 Brightness

“droplets”

Friesen et al. (2017; GAS)  
Chen et al. 2018

 slide sequence courtesy of Hope Chen, from his PhD defense talk 

Droplets 
(GBT)



Ophiuchus & Taurus

Dense Cores: Fuller & Myers (1992)/Goodman et al. (1993)  
B5 Core: Pineda et al. (2010)

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



At what scales does gravity truly play the 
key role in the story of star formation?

Star Formation Unbound



Virial Theorem  
2ΩK = −(ΩG + ΩP)
dispersing                  confining

ΩG
ΩP

ΩK

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Ophiuchus & Taurus

Virial Theorem  
2ΩK = −(ΩG + ΩP)
dispersing                  confining

 slide sequence courtesy of Hope Chen, from his PhD defense talk 



Ophiuchus & Taurus

 slide sequence courtesy of Hope Chen, from his PhD defense talk 

Virial Theorem  
2ΩK = −(ΩG + ΩP)
dispersing                  confining
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Photo credit: C. Hull

B-field map 
(ALMA &  
AREPO)

ALMA
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3000 AU37350 AU [= 0.2 pc]1 million AU [= 5 pc]

B=1 AREPO

Hull+2017a



B=10

3000 AU37350 AU [= 0.2 pc]1 million AU [= 5 pc]

Hull+2017a



B=30

3000 AU37350 AU [= 0.2 pc]1 million AU [= 5 pc]

Hull+2017a



B=100

3000 AU37350 AU [= 0.2 pc]1 million AU [= 5 pc]

Hull+2017a
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Perseus 
in 3-D 

(PanSTARRS +  
Gaia+FCRAO)



Perseus in True 3D (actually 4D)

Zucker et al. 2018



At what scales does gravity truly play the 
key role in the story of star formation?

Star Formation Unbound



✓gravity✘gravity

✓stellar feedback
✓magnetic forces
✓thermal pressure
✓ (galactic) shear



Hot off the press! Chen et al. 2019…Unbound droplets & star formation in bound clumps!



Hot off the press! Chen et al. 2019…Unbound droplets & star formation in bound clumps!



Hot off the press! Chen et al. 2019…Unbound droplets & star formation in bound clumps!


