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and that there is little evidence that the Milky Way actually
follows such a clean mathematical model. Scientists have
difﬁculty ﬁtting log spirals to nearby face-on spiral galaxies
such as M31, a fact that underlines the monumental challenge of
inferring a similar model for the Milky Way while embedded in
the Galactic disk (see Carraro 2015). As a result, the unreliability
of the various log-spiral models was taken into account when
establishing the bone criteria, outlined in Section 2.3 below; in
particular, we note the leniency of criterion 4, which permits the
ﬁlaments to lie as much as 10 km s−1 from the global ﬁt to any
Milky Way arm and still qualify as a bone.

Milky Way Bones: Ultra-dense, high aspect ratio Nessie

analogs that may form the “Skeleton” of the Milky Way.
Analogs must satisfy quantitative Bone criteria (Zucker+2015)

5
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Filaments: 70+ pc

2.3. Establishing “Bone” Criteria
After narrowing down our list to 10 ﬁlaments with kinematic
structure consistent with existing spiral arm models, we
develop a set of criteria for an object to be called a “bone”:
1. Largely continuous mid-infrared extinction feature
2. Parallel to the Galactic plane, to within 30°
3. Within 20 pc of the physical Galactic mid-plane, assuming a ﬂat galaxy
4. Within 10 km s−1 of the global-log spiral ﬁt to any Milky
Way arm
5. No abrupt shifts in velocity (of more than 3 km s−1 per
10 pc) within extinction feature
6. Projected aspect ratio 50:1.

6

filaments (aspect ratios >>10)
chosen through visual inspection
of Hi-GAL images. Confirmed
velocity contiguous through 13CO
GRS data (Wang+2015)

Figure 7. Top: position–position analysis of ﬁlament 5 as it compares to the larger feature, GMF20.0–17.9 (Ragan et al. 2014), of which ﬁlament 5 is a subset. In
green, we overlay the GRS 13CO integrated intensity contours that deﬁne GMF20.0–17.9, and we box the region corresponding to ﬁlament 5 in yellow. In red, we
show a path that connects the Ragan et al. (2014) IRDCs and traces ﬁlament 5. Bottom: position–velocity analysis of ﬁlament 5, as it compares to GMF20.0–17.9. We
show the results of extracting a slice (from a 13CO GRS FITS cube) along the red path in the top panel, which runs through the Ragan et al. (2014) IRDCs and our
ﬁlament 5. As seen inside the yellow boxed region in the bottom panel, the section of the path that corresponds to ﬁlament 5 is remarkably kinematically contiguous,
with velocities ranging between 45 and 49 km s−1. In contrast, Ragan et al. (2014) group the 37 km s−1 emission at x = 0 pc with the 50 km s−1 emission at
x = 115 pc and connect these two points with a straight line on a longitude–velocity diagram (green line in lower p–v panel).

visually, 10 of these candidates are within ≈10 km s−1 of the
Scutum–Centaurus and Norma Arms. We show these 10
candidates on a p–v diagram in Figure 2. In addition to showing
our bone candidates, we show several different predictions of
the positions of the Scutum–Centaurus and Norma Arms
toward the inner Galaxy in p–v space, from Dame & Thaddeus
(2011), Sanna et al. (2014), Shane (1972), and Vallée (2008).
The Shane (1972) ﬁt should be taken with reservation at low
longitudes, as the HI observations terminated at l = 22 ; the ﬁt
has been extrapolated to l = 0 by Sato et al. (2014), under the
assumption that it must pass through the origin in the absence
of non-circular motion. We also include Scutum–Centaurus
and Norma 4 kpc ﬁts from M. Reid & T. Dame (2015, in
preparation), derived from trigonometric parallax measurements of high-mass star-forming regions taken as part of the
BeSSeL survey (Reid et al. 2014). M. Reid & T. Dame (2015,
in preparation) produce ﬁts with (l, b, v ) loci that follow giant
molecular clouds that trace the arms, producing a rough logspiral approximation determined by trigonometric parallax
rather than an assumed Galactic rotation curve.
We emphasize that there is a signiﬁcant amount of
discrepancy between the various log-spiral models, particularly
between the Sanna et al. (2014) or M. Reid & T. Dame (2015, in
preparation) ﬁt to the Norma Arm and the Vallée (2008) ﬁt to the
same arm. Compared to the former models, the Vallée (2008) ﬁt
is inconsistent with CO observations and does not account for
Nessie Analog from Zucker+2015
expanding motion ﬁxed at l = 0 = -29.3 km s-1, obtained
from CO absorption spectra toward the Galactic center (Sanna
et al. 2014). In general, we also caution that the log-spiral ﬁts
should be used as rough guides to delineate major spiral features
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The names and coordinates for the 10 bone-candidate
ﬁlaments, along with their average LSR velocities, the number
of bone criteria they satisfy, and a “quality rating,” are listed in

lower density filaments
traced mainly by 13CO,
with typical aspect ratios
between 5:1-10:1
(Ragan+2014, AbreuVicente+2016)
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connecting dense BGPS N2H+/HCO+
sources in p-p-v space using Minimum
Spanning Tree algorithm. Must also
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Zucker+2015 criteria (Wang+2016)

Wang+2016

6
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Figure 7. Top: position–position analysis of ﬁlament 5 as it compares to the larger feature, GMF20.0–17.9 (Ragan et al. 2014), of which ﬁlament 5 is a subset. In
green, we overlay the GRS 13CO integrated intensity contours that deﬁne GMF20.0–17.9, and we box the region corresponding to ﬁlament 5 in yellow. In red, we
show a path that connects the Ragan et al. (2014) IRDCs and traces ﬁlament 5. Bottom: position–velocity analysis of ﬁlament 5, as it compares to GMF20.0–17.9. We
show the results of extracting a slice (from a 13CO GRS FITS cube) along the red path in the top panel, which runs through the Ragan et al. (2014) IRDCs and our
ﬁlament 5. As seen inside the yellow boxed region in the bottom panel, the section of the path that corresponds to ﬁlament 5 is remarkably kinematically contiguous,
with velocities ranging between 45 and 49 km s−1. In contrast, Ragan et al. (2014) group the 37 km s−1 emission at x = 0 pc with the 50 km s−1 emission at
x = 115 pc and connect these two points with a straight line on a longitude–velocity diagram (green line in lower p–v panel).
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toward the inner Galaxy in p–v space, from Dame & Thaddeus
(2011), Sanna et al. (2014), Shane (1972), and Vallée (2008).
The Shane (1972) ﬁt should be taken with reservation at low
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has been extrapolated to l = 0 by Sato et al. (2014), under the
assumption that it must pass through the origin in the absence
of non-circular motion. We also include Scutum–Centaurus
and Norma 4 kpc ﬁts from M. Reid & T. Dame (2015, in
preparation), derived from trigonometric parallax measurements of high-mass star-forming regions taken as part of the
BeSSeL survey (Reid et al. 2014). M. Reid & T. Dame (2015,
in preparation) produce ﬁts with (l, b, v ) loci that follow giant
molecular clouds that trace the arms, producing a rough logspiral approximation determined by trigonometric parallax
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and that there is little evidence that the Milky Way actually
follows such a clean mathematical model. Scientists have
difﬁculty ﬁtting log spirals to nearby face-on spiral galaxies
such as M31, a fact that underlines the monumental challenge of
inferring a similar model for the Milky Way while embedded in
the Galactic disk (see Carraro 2015). As a result, the unreliability
of the various log-spiral models was taken into account when
establishing the bone criteria, outlined in Section 2.3 below; in
particular, we note the leniency of criterion 4, which permits the
ﬁlaments to lie as much as 10 km s−1 from the global ﬁt to any
Milky Way arm and still qualify as a bone.
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analogs that may form the “Skeleton” of the Milky Way.
Analogs must satisfy quantitative Bone criteria (Zucker+2015)

2.3. Establishing “Bone” Criteria
After narrowing down our list to 10 ﬁlaments with kinematic
structure consistent with existing spiral arm models, we
develop a set of criteria for an object to be called a “bone”:
1. Largely continuous mid-infrared extinction feature
2. Parallel to the Galactic plane, to within 30°
3. Within 20 pc of the physical Galactic mid-plane, assuming a ﬂat galaxy
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Figure 7. Top: position–position analysis of ﬁlament 5 as it compares to the larger feature, GMF20.0–17.9 (Ragan et al. 2014), of which ﬁlament 5 is a subset. In
green, we overlay the GRS 13CO integrated intensity contours that deﬁne GMF20.0–17.9, and we box the region corresponding to ﬁlament 5 in yellow. In red, we
show a path that connects the Ragan et al. (2014) IRDCs and traces ﬁlament 5. Bottom: position–velocity analysis of ﬁlament 5, as it compares to GMF20.0–17.9. We
show the results of extracting a slice (from a 13CO GRS FITS cube) along the red path in the top panel, which runs through the Ragan et al. (2014) IRDCs and our
ﬁlament 5. As seen inside the yellow boxed region in the bottom panel, the section of the path that corresponds to ﬁlament 5 is remarkably kinematically contiguous,
with velocities ranging between 45 and 49 km s−1. In contrast, Ragan et al. (2014) group the 37 km s−1 emission at x = 0 pc with the 50 km s−1 emission at
x = 115 pc and connect these two points with a straight line on a longitude–velocity diagram (green line in lower p–v panel).

visually, 10 of these candidates are within ≈10 km s−1 of the
Scutum–Centaurus and Norma Arms. We show these 10
candidates on a p–v diagram in Figure 2. In addition to showing
our bone candidates, we show several different predictions of
the positions of the Scutum–Centaurus and Norma Arms
toward the inner Galaxy in p–v space, from Dame & Thaddeus
(2011), Sanna et al. (2014), Shane (1972), and Vallée (2008).
The Shane (1972) ﬁt should be taken with reservation at low
longitudes, as the HI observations terminated at l = 22 ; the ﬁt
has been extrapolated to l = 0 by Sato et al. (2014), under the
assumption that it must pass through the origin in the absence
of non-circular motion. We also include Scutum–Centaurus
and Norma 4 kpc ﬁts from M. Reid & T. Dame (2015, in
preparation), derived from trigonometric parallax measurements of high-mass star-forming regions taken as part of the
BeSSeL survey (Reid et al. 2014). M. Reid & T. Dame (2015,
in preparation) produce ﬁts with (l, b, v ) loci that follow giant
molecular clouds that trace the arms, producing a rough logspiral approximation determined by trigonometric parallax
rather than an assumed Galactic rotation curve.
We emphasize that there is a signiﬁcant amount of
discrepancy between the various log-spiral models, particularly
between the Sanna et al. (2014) or M. Reid & T. Dame (2015, in
preparation) ﬁt to the Norma Arm and the Vallée (2008) ﬁt to the
same arm. Compared to the former models, the Vallée (2008) ﬁt
is inconsistent with CO observations and does not account for
Nessie Analog from Zucker+2015
expanding motion ﬁxed at l = 0 = -29.3 km s-1, obtained
from CO absorption spectra toward the Galactic center (Sanna
et al. 2014). In general, we also caution that the log-spiral ﬁts
should be used as rough guides to delineate major spiral features
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The names and coordinates for the 10 bone-candidate
ﬁlaments, along with their average LSR velocities, the number
of bone criteria they satisfy, and a “quality rating,” are listed in

lower density filaments
traced mainly by 13CO,
with typical aspect ratios
between 5:1-10:1
(Ragan+2014, AbreuVicente+2016)
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2. Parallel to the Galactic plane, to within 30°
3. Within 20 pc of the physical Galactic mid-plane, assuming a ﬂat galaxy
4. Within 10 km s−1 of the global-log spiral ﬁt to any Milky
Way arm
5. No abrupt shifts in velocity (of more than 3 km s−1 per
10 pc) within extinction feature
6. Projected aspect ratio 50:1.
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We emphasize that there is a signiﬁcant amount of
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between the Sanna et al. (2014) or M. Reid & T. Dame (2015, in
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Way arm
5. No abrupt shifts in velocity (of more than 3 km s−1 per
10 pc) within extinction feature
6. Projected aspect ratio 50:1.
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“Bones” are most likely to trace structure in/of the Galaxy’s plane.

But what creates the Bones we observe?
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cf. simulation work by Moeckl & Burkert 2015, DuarteCabral & Dobbs 2016; + AREPO MHD simulation -ALMA
polarimetry comparison from Hull et al. 2016, more…

brand new
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Battersby, Goodman
2017

Fundamental?
As promised: B5, and a little more “glue”
“B5”
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“Nessie”
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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)

Goodman, Chen, Offner & Pineda 2016 in prep.
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Simulators are almost observing enough lines…

Smith, with Klessen, Glover, Hacar…

slide courtesy of Rowan Smith, from CfA-ITC talk, March 31, 2016
cf. Moeckl & Burkert 2015, work of Hacar et al…

some places are special
Capitoline Hill
Citadel→Piazza Venezia
500 BC →1540 AD

What are “special” places in ISM & how long do they last?
—galactic plane, Bones
—filaments’ influence may last into cores—how long, and when, simulators?

How do “influences” change what is special?
—magnetic fields, feedback, “collisions,” but when, how & where, simulators?

Sneak Preview of ALMA+AREPO B-field insights…

Hull, Mocz, Burkhart, Goodman, Girart, Cortes, Hernquist, Lai, Li, Springel 2016, Nature, under review.
Please do not distribute

0

JCMT

CARMA

ALMA
4600

0000

0000

Declination (J2000)

5000

Declination (J2000)

0

1700000

Material in Serpens

0

Hull, Mocz, Burkhart, Goodman, Girart, Cortes, Hernquist, Lai, Li, Springel 2016, Nature, under review.

4000

4400

4200

0000

+1 1603000

54s

51s

48s

+1 1604000

49.0s

18h29m45s

44,000RightAU
[=(J2000)
0.21 pc]
Ascension

48.0s

18h29m47.0s 48.3s

15,000
AU
[=(J2000)
0.08 pc]
Right
Ascension

48.2s

48.1s

48.0s 18h29m47.9s

3500 AU

Right Ascension (J2000)

1700000
4600

600000

5000

Declination (J2000)

Declination (J2000)

+Polarization

700000

4000

4400

4200

500000
+1 1603000
54s

51s

48s

Right Ascension (J2000)

18h29m45s

+1 1604000

49.0s

48.0s

Please do not distribute
Right Ascension (J2000)

s
18h29m47.0s 48.3

48.2s

48.1s

48.0s 18h29m47.9s

Right Ascension (J2000)

B=1

≫JCMT scales

JCMT/CARMA scales

ALMA scales

1 million AU [= 5 pc]

37350 AU [= 0.2 pc]

3000 AU

Please do not distribute

B=10

1 million AU [= 5 pc]

37350 AU [= 0.2 pc]

Please do not distribute

3000 AU

B=30

1 million AU [= 5 pc]

37350 AU [= 0.2 pc]

Please do not distribute

3000 AU

B=100

1 million AU [= 5 pc]

37350 AU [= 0.2 pc]

Please do not distribute

3000 AU

B=30

Declination (J2000)

1700000

CARMA

AREPO

5000

4000

+1 1603000

15,000
AU [= 0.08 pc]
Right Ascension (J2000)

49.0s

48.0s

18h29m47.0s

49.0s

48.0s

18h29m47.0s

37350 AU [= 0.2 pc]

Declination (J2000)

1700000

5000

4000

+1 1603000

Please do not distribute

B=30
ALMA

AREPO

Declination (J2000)

4600

4400

4200

+1 1604000
48.3s

48.2s

48.1s

48.0s 18h29m47.9s

3500 AU

Right Ascension (J2000)

Declination (J2000)

4600

4400

4200

+1 1604000
48.3s

s
48.2s do48.1
48.0s 18h29m47.9s
Please
not distribute

3000 AU

B=30

1 million AU [= 5 pc]

37350 AU [= 0.2 pc]

Please do not distribute

3000 AU

Filaments:
Fad or Fundamental?
Alyssa A. Goodman
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Ophiuchus, Barnard 1919

3D dust: http://argonaut.skymaps.info

Gaia 3D dust & glue

”
credit: Greg Green
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Linked-View Visualization
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Alyssa A. Goodman
Harvard-Smithsonian Center for Astrophysics & Radcliffe Institute
with Chris Beaumont, Michelle Borkin, Penny Qian & Tom Robitaille
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@astrofrog

glueviz.org
github.com/glue-viz
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Open Source Python, on GitHub
3D+

Linked Views of High-dimensional Data
John Tukey
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figure, by M. Borkin, reproduced from Goodman 2012, “Principles of High-Dimensional Data Visualization in Astronomy”

“High-Dimensional” Data

Data-dimensions-display

1D Columns = “Spectra”, “SEDs” or “Time Series” (x-y Graphs)
1D:
2D: Faces or Slices = “Images”
2D
3D: Volumes = “3D Renderings”, “2D Movies”
3D
4D
4D: Time Series of Volumes = “3D Movies”

History of the AG, 1860-2009

“Time Series”

100
WWI

WWII

1000
Outside Germany

80

Number of People

O

600
O

O

O

400
Members

O
O

200
O

O

O

Attendees
0
1860

Percent
Attending

1880

O

O

O

O

O

60

40

O
O

O

20

O

O

1900

1920

1940

Year

1960

1980

2000

0

Percentage (of Members Attending)

800

WWI

WWII

1000
Outside Germany

Number of People

800

600

400
Members

O
O

200
O

O

O

Attendees
0
1860

1880

O

O

O

O
O

O

O

1900

1920

1940

Year

History of the AG, 1860-2009
100
WWI

WWII

1000
Outside Germany

80

Number of People

O

600
O

O

O

400
Members

O
O

200
O

O

O

Attendees
0
1860

Percent
Attending

1880

O

O

O

O

O

60

40

O
O

O

20

O

O

1900

1920

1940

Year

1960

1980

2000

0

Percentage (of Members Attending)

800

Linked Views of High-dimensional Data (in Python)

Glue

glue

multidimensional data exploration

video by Tom Robitaille, lead glue developer
glue created by: C. Beaumont, M. Borkin, P. Qian,T. Robitaille, and A. Goodman, PI

Linked Views of High-dimensional Data (in Python)

Glue

glue

multidimensional data exploration

video by Chris Beaumont, glue developer
glue created by: C. Beaumont, M. Borkin, P. Qian,T. Robitaille, and A. Goodman, PI

“But wait, there’s more.. "

glue

multidimensional data exploration

“But wait, there’s more.. "

glue

“cuts” along arbitrary paths
flood-fill selection (2D, 3D)
export to d3po, plotly
custom viewers (e.g. GIS, WorldWide Telescope, Super Mario)
plot manipulation/customization (via Matplotlib)
flexible import/export
saved sessions (.glu)
Anaconda Navigator install/upgrade

Yes, please do go start adding code now, at github.com/glue-viz.

multidimensional data exploration
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a

using 2D maps of column density. With this early 2D work as inspiration, 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 tree methodologies 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 maxima 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

glue
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multidimensional data exploration

vz
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d3po/Authorea: Peek, Price-Whelan, Pepe, Beaumont, Borkin, Newton; PoF:
Goodman, Peek; WWT: Wong, Fay et al.; Astrometry.net: Hogg, Lang, Roweis et al.
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Alyssa A. Goodman
Harvard-Smithsonian Center for Astrophysics & Radcliffe Institute
with Chris Beaumont, Michelle Borkin, Penny Qian & Tom Robitaille

$
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Linked Views of High-dimensional Data (in Python)
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video by Penny Qian, wth Catherine Zucker, graduate students
glue created by: C. Beaumont, M. Borkin, P. Qian,T. Robitaille, and A. Goodman, PI
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How do cores cause the tail?

Chen, Burkhart & Goodman 2016, draft online.

How do cores cause the tail?

Chen, Burkhart & Goodman 2016, draft online.
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