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Schneider et al. 2015

Fig 9

Fig 6

Fig 8

more centrally 
condensed filaments 

give more star 
formation 

arguments rage about 
the meaning of column 

density probability 
distribution functions 

“N-pdfs”
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...Fragmenting FILAMENTS & Fibers

“B5” “Nessie”

up to 100 pc+ lengths0.01 to 10 pc scales
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Alves, Lombardi & Lada 2007

“Star formATION”



OBSERVATIONs

Dust

“Stars”

Gas

Spectral Line Observations



“Blobs” to “Filaments” 

1989

representative images, not to scale

2007

2014

2015
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Simulations of Bate 2009

Maybe the theorists were first?
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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

A complicated Recipe



Herschel (thermal) dust emission in Perseus

Cloudshine (NIR scattering) image, Foster et al. 2013 



Can we see in 3D?

Spectral Line Observations



Spectral-line Mapping

We wish we could measure…
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But we can measure…

vz only from  
“spectral-line 

maps”

This is called  
“p-p-v” or  
“position-

position-velocity” 
space.



 

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



13CO (Ridge et al. 2006)Perseus



AstronomicalMedicine@

3D Viz made with VolView

Perseus



Can we see in 3D?

Spectral Line Observations

but…Chemistry, Projection, Opacity (see Beaumont et al. 2013) 



Beaumont et al. 2013

Projection



“PPP” to “PPV”

Beaumont et al. 2013

Observer 
Space 
“PPV”

Real 
space 
“PPP”

“Destruction” of Real Structures “Creation” of Unreal Structures



OK—so why then do I 

care so much about B5?

1989

representative images, not to scale

2007

2014

2015



Alyssa Goodman & Hope Chen, 
Harvard-Smithsonian Center for Astrophysics 

+ 
Jaime Pineda

Stella Offner, 

what if filaments 

cross “core” boundaries?



CoherenT Cores 

Islands of Calm in turbulent Seas(?) 

 

30-year story: Myers & Benson 1983, Goodman et al. 1998, Pineda et al. 2010, 2011, 2014
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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

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
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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



But then...

Pineda et al. 2011

VLA (Jaime) found sub-structure

gold contour 
shows 

“coherent” core



but maybe it’s different?

isothermal, 
hydrostatic filaments, 
not turbulent ones?

Pineda et al. 2011



But 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)

Goodman, Chen, Offner & Pineda 2014 in prep. Herschel data from Gould Belt Survey
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10,000 au

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

Filament Fragmentation→Star formation?
We now also know that b5 is forming a bound cluster

“filament fragmentation  
on scales of ~5,000 AU  

offers a viable pathway to the 
formation of multiple systems”



Filaments offer pre-existing density enhancement. 

Collapse is rapid enough that aboriginal filament is not erased, even 
within a “coherent core.” 

In B5, small bound cluster will form c. 40K years from now.



Filaments offer pre-existing density enhancement. 
Collapse is rapid enough that aboriginal filament is not erased, even within a “coherent core.” 
In B5, small bound cluster will form c. 40K years from now.

Now, we (all!) need to try FIVe, from Hacar et al. 
2013, to study “coherent” core-filament relation.

N2H+ on C18O

N2H+ on  
1.2 mm continuum



Comparing Scales

B5 (Pineda et al.)Taurus (Hacar et al.)



B5-ish Simulation (no Magnetic field)

Offner (priv. comm.) 2014



B5-ish? Simulation (With Magnetic field)

Chen & Ostriker 2014



To the same scale...

B5 (Pineda et al.)+Zapata et. al. 2013MHD (Chen & Ostriker 2014)



Compact & diffuse C18O (2-1) emission 
Compact & diffuse NH3 (1, 1) emission 

3D rendering using Python YT

R.A. (J2000)Dec. (J2000)

Ve
loc

ity
 (k

m/
s)

There are at least three different components 
in the position-position-velocity space.

And potentially, many more…

Gaussian fitted C18O (2-1) peaks  
with components found using FIVE algorithm (Hacar et al. 2013)

The LATEST on B5: IRAM line-mapping of “fibers” within

courtesy of Hope Chen
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Star Cluster
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Nessie 



Once upon a time (2012), in an 
enchanted castle (in Bavaria)  

...at a conference about  
“The Early Phases of Star Foration” 



Andi Burkert asked a question:  
Is Nessie “parallel to the Galactic Plane”? 

No one knew. 



“Is Nessie Parallel to the Galactic Plane?”

Yes but why not at Zero of Latitude (b=0)?



Where are we, really?
“IAU Milky Way”, est. 1959

True Milky Way, modern

Sun is  
~75 light years 

“above” the  
IAU Milky Way  

Plane

Galactic  
Center is  

~20 light years 
offset from the  

IAU Milky Way  
Center 

+ =
The Galactic Plane is not quite 

where you’d think it is  
when you look at the sky

[Blaauw et al. 1959]
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In the plane!  And at distance of spiral arm!
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no tilt of plane

with tilt...eerily precisely...
How do we know 
the velocities? 



Figure 1

Emission

Extinction

Bottom panel: Red=column density from Herschel, green=70 micron data from Herschel, and blue= 8 micron data 
image courtesy of Cara Battersby



A full 3D skeleton?

(flipped) image of IC342 from Jarrett et al. 2012;   WISE Enhanced Resolution Galaxy Atlas simulations courtesy Clare Dobbs

state of the art 
simulation 2013



Smith et al. 2014, using AREPO (hydro+chemisry, imposed spiral potential, no B-fields, no local (self-)gravity, no feedback)

100 pc

 
2014 Simulation



+20 pc

-20 pc

100 pc

Smith et al. 2014, using AREPO (hydro+chemistry, imposed potential, no B-fields, no local (self-)gravity, no feedback)

 
2014 Simulation



But wait—there’s more!

“We present the first evidence of additional 
bones in the Milky Way Galaxy, arguing that 
Nessie is not a curiosity but one of several 
filaments that could potentially trace 
Galactic structure.”





Skeleton STEp 1: Where “should” the Bones be?



Skeleton step 2: Adding Velocity Information 

glue
multidimensional data exploration

glueviz.org

http://glueviz.org


6 out of 10 Bone candidates Look Excellent in “3D” 
(Position-Position-Velocity space)

Blue image in the background shows CO position-velocity diagram based on Dame et al. 2001



for 

aficionados 

ONLy...

Rice+15 GMCs:

Zucker+15 Bones

Wang+15 Filaments

Ragan+14 Filaments

Nessie

Figure (in prep) courtesy of Catherine Zucker, using Reid, Dame et al. 2015 arm traces (BeSSeL + Bayes)



Video courtesy of Chris Beaumont, Lead Glue Architect

glue
multidimensional data exploration

WorldWide	
  
TelescopeTOMORROW, at



WorldWide	
  
Telescope
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“Galactic Plane”

“Galactic Plane”

the Milky Way



Figure 3 A data-motivated cartoon model of the Milky Way with iso-
velocity contours (color) overlain. Yellow iso-latitude contours show 
the latitude of the Galactic mid-plane, assuming a height of 25 pc for 
the Sun, and an offset of 7 pc for SgrA*. Nessie’s advantageous 
position is marked by a rainbow, along the Scutum-Centaurus arm.  
Position of “Filament 5,” discussed below, is marked with a 
“5.” (Figure adapted from Goodman et al. 2014.)

“5”

Ragan et al. 
GMFs



A Rotating (Spiral) Galaxy Observed from its Outskirts...







velocity 
along line 
of sight

distance
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The Astrophysical Journal, 777:173 (20pp), 2013 November 10 doi:10.1088/0004-637X/777/2/173, 2013.  
QUANTIFYING OBSERVATIONAL PROJECTION EFFECTS USING MOLECULAR CLOUD SIMULATIONS

Christopher N. Beaumont1,2, Stella S. R. Offner3,5, Rahul Shetty4, Simon C. O. Glover4, and Alyssa A. Goodman2

Tastemaker 1: Chemistry

“Real” “13CO” T=const 
X=const



Beaumont et al. 2013

Tastemaker 2: Projection



Tastemaker 2: Projection

Beaumont et al. 2013

Observer 
Space 
“PPV”

Real 
space 
“PPP”

“Destruction” of Real Structures “Creation” of Unreal Structures

“PPP” to “PPV”



Beaumont et al. 2013

Tastemaker 3: Opacity
bad goodbad good
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bad good

Defining “Match Quality”, q= 0.5 1.0

1. extract features “R” from ppp dendrogram  
2. extract features “O” from ppv dendrogram  
3. project features R to ppv, find best matches to “O” 
4. measure overlap of best match, assign 0<q<1 quality



Match Quality

13CO(1-0)

12CO(1-0)

12CO (3-2)

“S11” “O1”
no g, yes B, yes chemistry/uv yes g, no B, no chemistry

badgood

movies include a noise model, in both cases

Beaumont, Offner, Shetty, Glover & Goodman 2013


