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Dendrograms are not intrinsically a drop-in 
replacement for Clumpfind, cprops, or other 
segementation algorithms

junction threshold ti, any branch will be considered as a separate component if

(1) the integrated pixel intensity (above ti) of the branch is greater than a certain fraction δc

of the total intensity of the composite object.

(2) condition (1) is verified for at least one more branch at the same level i.

Note that ideally, condition (1) is both flux- and scale-invariant. However for faint, poorly
resolved objects, the efficiency of the deblending is limited mostly by seeing and sampling.
From the analysis of both small and extended galaxy images, a compromise value for the contrast
parameter δc ∼ 0.005 proved to be optimum. This should normally exclude to separate objects
with a difference in magnitude greater than ≈ 6.

Figure 3: A schematic diagram of the method used to deblend a composite object. The area
profile of the object (smooth curve) can be described in a tree-structured way (thick lines).
The decision to regard or not a branch as a distinct object is determined according to its
relative integrated intensity (tinted area). In that case above, the original object shall split into
two components A and B. Remaining pixels are assigned to their most credible “progenitors”
afterwards.

The outlying pixels with flux lower than the separation thresholds have to be reallocated to
the proper components of the merger. To do so, we have opted for a statistical approach: at
each faint pixel we compute the contribution which is expected from each sub-object using a
bivariate Gaussian fit to its profile, and turn it into a probability for that pixel to belong to the
sub-object. For instance, a faint pixel lying halfway between two close bright stars having the
same magnitude will be appended to one of these with equal probabilities. One big advantage
of this technique is that the morphology of any object is completely defined simply through its
list of pixels.

To test the effects of deblending on photometry and astrometry measurements, we made several
simulations of photographic images of double stars with different separations and magnitudes
under typical observational conditions (fig. 4). It is obvious that multiple isophotal techniques
fail when there is no saddle point present in profiles (i.e. for distance between stars < 2σ in the
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Fig. 1. Velocity integrated C18O(J=2–1) and 13CO(J=2–1) emission observed with APEX (left two panels) versus 13CO(J=1–0) and
12CO(J=1–0) emission observed with NANTEN (right two panels). The middle panel shows the APEX 13CO(J=2–1) convolved to
the resolution of NANTEN. The circle in the upper right corner corresponds to the beam FWHP (full width at half power).
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Fig. 2. Dendrogram of the clumps in the 13CO(J=2–1) emission
in the lower region. Colors of lines representing clumps are the
same as colors of regions showing clumps in Figures 4 and B.1–
B.3. Solid lines and filled regions (in Figures 4 and B.1–B.3)
show clumps 16D1–18, 16C1 and 16B1–3, dashed lines and dot-
ted regions (in Figures 4 and B.1–B.3) show clumps 16D19–35
(see beginning of §4 for the nomenclature definition).

Npxmin = 5 and dTleaf = Tcutoff = 3σnoise where σnoise is
the standard deviation of the noise in the data cube. The result-
ing dendrograms are seen in Figures 2 and 3. In the 13CO data,
we identified 51 clumps, which are listed in Tables 1 and 3. Some
of these clumps were also found in the C18O data (see Tables 2
and 4). Figure 4 shows an example radial velocity channel map
with the identified clumps. All radial velocity channel maps with
clumps are shown in the online appendix B.
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Fig. 3. Dendrogram of the clumps in the 13CO(J=2–1) emission
in the upper region. Colors of lines representing clumps are the
same as colors of regions showing clumps in Figures B.4–B.5.

4. Clump Sizes, Velocity Dispersions and Masses

Tables 1–4 list properties of clumps identified in 13CO(J=2–1)
and C18O(J=2–1) APEX observations. “Label” is the clump-
identifier based on the list given by Dawson et al. (2008a). The
first number and letter is identical to the list of Dawson et al.
(2008a), e.g. “16D”, then a number denoting the substructure
which we resolve is appended. “FWHMx” is the full width at half
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hierarchical structure of another quantity (temperature, intensity,
etc.) on the y-axis (Goodman et al. 2009).

It is possible to use the hierarchical version of CSAR to estimate the
shared contribution from the surrounding emission, thereby over-
coming any problems of the non-hierarchical version, which makes
no attempt to deblend sources or to trace the wings of emission
down into the surrounding cirrus. The assignment of clump in-
dices and merging of non-significant clumps proceeds as for the
non-hierarchical version except that colliding significant clumps
are now allowed to merge. The state of those clumps is recorded
at the point of collision. The black contours in Fig. 3 show the
clump boundaries at the point of merger. Moving down the inten-
sity scale, clumps A and B merge at the topmost black contour,
the combined clump containing them then merges with clump C at
the level of second highest black contour. In this manner a network
of merging clumps is traced. Each clump merger is a node in the
structure tree with the unblended non-hierarchical clumps forming
the upper-most branches of the tree.

CSAR was run on the column density map of the S1–S2 region
shown in Fig. 2. The results are shown in Figs 4 and 5. Fig. 4 shows
the dendrogram for those sources while Fig. 5 shows a map of the
sources extracted. Overplotted in Fig. 5 are column density contours
(with levels repeated from Fig. 2).

CSAR found a single clump hierarchy with two dominant branches
(northern and southern filaments), the connection between these is
shown by the lowest horizontal line at ∼6 × 1020 cm−2 in Fig. 4.
The clumps with indices below 77 are part of the B18 branch while
clumps with indices above 77 are part of the L1536 branch. For each
clump, we compute a position (RA, Dec.) from the mean centre of
the clump’s half-power contour above its merger column density.
The index of each clump is plotted at its position in Fig. 5. The border
of each clump is effectively an isocontour and this level is used as
that core’s background level. The level is calculated from the ring of
pixels immediately adjacent to each clump (the need to terminate a
clump’s growth with an unassigned pixel automatically means that
no clumps abut pixels from another clump). The integrated count
(either mass or flux density depending on the map type) of each

Figure 4. The full dendrogram for the S1–S2 N(H2) column density map
from Fig. 2. The vertical axis shows column density. Individual sources
are shown by the vertical lines; the height of each line shows the range of
column densities within that source. Horizontal lines connecting two sources
together denote that those sources have merged at that column density. The
horizontal axis is an arbitrary clump index which allows the structure tree
be plotted as a dendrogram (i.e. a tree diagram without crossed branches).

Figure 5. A re-projection of the clumps as shown in Fig. 4, but now plotted
over the S1–S2 N(H2) column density contours from Fig. 2. The numbers
show the arbitrary index from Fig. 4. It can be seen that, broadly, clumps
with indices 1–76 are coincident with the northern filament and cores with
indices 78+ are coincident with the southern filament. The dashed contour
encloses the features included in the dendrogram.

clump is then computed by subtracting the isocontour boundary
level from each pixel in the clump and summing the remainder.

The size for all CSAR sources has been taken as the deconvolved
effective radius of a circle with the same area as the source. Fig. 6
shows column density maps extracted from Fig. 2 for a sample four
CSAR cores with approximately the same effective radius. The two
cores on the left (cores 47 and 20) are coincident with the scatter of
blue-triangles in Fig. 7. They have masses in excess of 2 M$ and
show evidence for being cooler at their centres (see Fig. 2). The two
cores on the right (cores 38 and 105) have approximately the same
deconvolved size, ∼0.06 pc, as the first two, but have masses less
than 2 M$.

The two higher-mass cores have SIMBAD entries and are coin-
cident with objects 35 and 31 from the H13CO+ survey of Onishi
et al. (2002). Core 47 has a Herschel mass of 5.4 M$ and a ra-
dius of 0.06 pc while the H13CO+ core is it coincident with has
a virial mass of 1.5 M$ and a radius of 0.04 pc. Virial masses
scale with R2 (cf. Larson 1981), so scaling the Onishi et al. (2002)
virial mass for Core 47 to the Herschel radius gives a mass of
3.4 M$. Core 20 and the H13CO+ core it is coincident with have
the same radius, 0.06 pc, but core 20 has a mass of 2.1 M$ and
the H13CO+ core has a virial mass of 0.6 M$. Thus, the Herschel
mass for each core is higher than the virial mass computed from
H13CO+ as would be expected if both cores were gravitationally
bound.

Conversely, the lower-mass core 38 is coincident with object 31
from the CO survey of Onishi et al. (1996) and core 105 is not coin-
cident with any extended structure in the SIMBAD data base.2 The
mass and size of CO object 31 are significantly higher than for the

2 Core 105 is coincident with the star 2MASS J04325387+2248375.
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But dendrograms can be leveraged as a data 
description supporting segmentation.
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Summary of Project: 
On this and, at the most, two additional pages, please supplement the summary by providing a concise description 
of the proposed activities.  Maximum 3 pages. 

In this project we aim to answer four questions with the project outline that follows.  (1) What 
physics is most important in shaping the properties of observed star-forming molecular clouds? 
(2) Can we use statistical analysis of simulations to extract fundamental properties of star-
forming clouds that cannot be directly measured (turbulent Mach number, scale of turbulent 
energy injection, mean gas temperature, and magnetic field strength)? (3) How much computer 
time can be saved through implementing Gaussian process emulators in place of computationally 
expensive simulation parameter studies? (4) How can current techniques in experimental design 
be adapted for searching expanding parameter spaces with multiple distance measures? 
Research Team:  The project joins statistical and astrophysical expertise to the benefit of both 
fields.  Co-PI Rosolowsky is an expert in observations of star forming clouds and the comparison 
of those observations to simulation outputs (Rosolowsky et al. 1999, 2008; Goodman et al., 
2008; Rosolowsky, 2011).  Co-PI Loeppky is an expert at designing computationally inexpensive 
emulators to simulation codes and using these emulators to predict code outputs (Loeppky et al. 
2009).  The UBC expertise suggests a novel way to study the star formation process using 
computer simulations.  The UBC team, however, lacks experience running these simulation 
codes. Thus, we have engaged leading international researchers who run astrophysical 
simulations. Dr. Offner (Harvard) is an expert at simulations of star forming clouds using 
adaptive mesh refinement techniques and generating simulated observations for comparison with 
telescope data (Offner et al., 2009, 2010).  Ms. Burkhart (Wisconsin) is a finishing doctoral 
student specializing in characterizing magnetized turbulence using simulations (Burkhart et al., 
2010).  We have specifically engaged with junior researchers who represent major research 
teams at Harvard (Group Leader: Alyssa Goodman) and U. Wisconsin (Group Leader: Alex 
Lazarian).  The senior group leaders have agreed to support our collaboration with their expertise 
and group resources, but the work plan emphasizes the role of the junior researchers Burkhart 
and Offner 

 
The figure above summarizes the problem at hand.  The two panels on the left show maps of gas 
in two different star forming regions.  The similar structures seen in this gas governs where and 
how many stars will be produced from the region.  The two right-hand panels show simulations 
of star forming regions, in an attempt to mimic the structure seen in the left-hand panels.  The 
first simulation by Offner et al. (2008) emphasizes the role of gravitation and turbulence.  This 
simulation captures the hierarchical structure of actual clouds well, but not the internal gas 
motions (Rosolowsky 2011).  The second simulation by Padoan et al. (2006) emphasizes the 
influence of magnetic fields and turbulence while neglecting gravity.  This simulation does not 

IC 348 NGC 1333 Offner+ (S2) Padoan+ (S1)

Common noise levels adopted across PPV data
Rosolowsky+ (2012) Proc. IEEE
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Genus vs. Intensity curve



Dendrogram provide a flexible representation of  
all the salient features in the data.

Can we make a better catalog of molecular gas 
in the Milky Way using a method that can be 

applied to extragalactic clouds too?



NGC 253 in CO
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Every point on a dendrogram is an isosurface.
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The moments over these contours give us 
properties.
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FIG. 6.ÈVariation of measured velocity dispersion, and e†ectivep
v
,

size, The thin solid line shows the mean value within logarithmic bins ofr
e
.

and the error bars reÑect the dispersion of values about the mean inr
e
,

each bin. The thick solid line shows the power-law Ðt to the clouds with
pc. The slope of the power law is similar to that found by Solomonr

e
[ 9

et al. (1987). The horizontal dashed line shows the velocity dispersion to
which the measured values are accurate to within 15%.

CS, HCN), and these often follow the conventional scaling
law (Myers 1983). Such regions are not readily identiÐed by
12CO or 13CO emission. Previous CO studies that have
identiÐed a sizeÈline width scaling law have been limited to
large, self-gravitating cloud complexes with masses greater
than 104 (Solomon et al. 1987 ; Scoville et al. 1987). TheM

_near constant velocity dispersion with size for the small
cloud or clump population may reÑect a di†erent dynami-
cal state than the larger giant molecular cloud complexes
(see ° 3.2).

3.2. Equilibrium of Molecular Regions
3.2.1. Survey Clouds

To evaluate the role of self-gravity in the equilibrium of
the identiÐed molecular regions, we determine the magni-
tude of the virial mass with respect to the measured mass of
the object derived from the CO luminosity. Following Ber-
toldi & McKee (1992), the virial mass, is calculatedMvir,from the measured cloud parameters,

Mvir \ a3
a1 a2

5p
v
2 r

e
G

, (15)

where is the one-dimensional velocity dis-p
v
\ dv/(8 ln 2)1@2

persion. The constants and measure the e†ects of aa1 a2nonuniform density distribution and clump axial ratio,
respectively, on the gravitational potential, and is a sta-a3tistical correction to account for the projection of an ellip-
soidal cloud. These constants are evaluated using the
functional forms described in Bertoldi & McKee (1992) and
with the assumption of uniform density clouds The(a1 \ 1).
value of this combination of constants is D1. The(a3/a1a2)
gravitational parameter,

a
G

\ Mvir
MCO

, (16)

provides a measure of the kinetic to gravitational energy
density ratio. In the outer Galaxy catalog for which there
are only 12CO observations, is derived assuming aMCOCO-to- conversion factor. Figure 7 shows the variationH2of with The vertical line denotes the detection limita

G
L CO.

for at a distance of 10 kpc. The derived values of theL COgravitational parameter are anticorrelated with the CO
luminosity. A bisector Ðt to the data yields the relationship

a
G

\ 53L CO~0.49B0.01 , (17)

with a correlation coefficient of [0.76. This expression is
parameterized in terms of mass assuming a constant CO-to-

conversion factor,H2

a
G

\A M
o

MCO

B0.49
, (18)

where and corresponds to the mass atM
o
\ 1.3 ] 104 M

_which This relationship could be due to the selec-a
G

\ 1.
tion e†ect that excludes narrow-line regions from the cloud
catalog (see ° 2.2). The minimum value of the gravitational
parameter, is estimated by solving for in equation (7)a

G
min, r

eand inserting the result into equation (8) such that

a
G
min \ 103p

vmin3@2 ST T~1@2L CO~1@2 , (19)

where is the minimum velocity dispersion recovered.p
vminFor ST T \ 1.4 K and km s~1,p

v
\ 0.43

a
G
min \ 25L CO~1@2 (20)

and is shown as the thick line in Figure 7. The functional
form of provides a reasonable approximation to thea

G
min

lower envelope of points within the plane. Therefore,a
G
-L COa population of clouds with narrow-line widths, low lumi-

nosities, and smaller values of could exist within the ISMa
Gbut is not recovered in this decomposition. Given that there

are not many points at this limit for a given value of L CO,
there may not be a signiÐcant fraction of clouds with these

FIG. 7.ÈVariation of the gravitational parameter, with CO lumi-a
G
,

nosity. The dotted vertical line denotes the detection limit of at aL COdistance of 10 kpc. The thick solid line shows the minimum value of toa
Gwhich the decomposition is sensitive as a result of the observational selec-

tion e†ect that excludes narrow-line clouds.
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FIG. 15.— The dendrogram of the Orion-Monoceros region. Branches of the dendrogram corresponding to self-gravitating structures are highlighted in red.
Regions where the quality of the data prohibit accurate estimation of the virial parameter are shown in gray. The GMCs within the data cube are identified as
the largest scale objects that are self-gravitating but not bound to each other. Regions of the dendrogram corresponding to specific objects are labeled and the
sections of the dendrogram corresponding to GMCs are shaded in yellow.
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FIG. 16.— Map of emission for the Orion-Monoceros region contained
within a Tmb = 0.4 K contour. The three constituent GMCs in the complex
have been identified using the dendrogram analysis and their boundaries are
indicated in red. The regions are labeled according to their designations in
Wilson et al. (2005).
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FIG. 16.— Map of emission for the Orion-Monoceros region contained
within a Tmb = 0.4 K contour. The three constituent GMCs in the complex
have been identified using the dendrogram analysis and their boundaries are
indicated in red. The regions are labeled according to their designations in
Wilson et al. (2005).
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Identifying GMCs in blended 
data using self-gravitation

Use extrapolation to 0 K to 
establish properties.

Rosolowsky et al. (2008)

CHAFF



Dense gas is found where there is gravity

= location of NH3 core
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Bound structures in the OGS

Kinematic distances to non-local regions.



BU-FCRAO Galactic Ring Survey

Jackson+ (2006)

13CO (1-0)

45” Resolution
vs.
8.4’ for CfA Telescope
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Fig. 6.— TOP: Velocities of BGPS clumps (black circles) overlaid on the CO 1-0 l-v

diagram of the Milky Way from Dame et al. (2001). BOTTOM PANELS: (LEFT) vlsr of

N2H+ 3− 2 vs. HCO+ 3− 2 for 1611 BGPS clumps with single component detections in

both lines. (RIGHT) vlsr of 13CO 1-0 vs. HCO+ 3− 2 for 1681 GRS sources that overlap

BGPS molecular detections.

Dense gas spectroscopy of high column sources

Shirley+BGPS (submitted)

3126 HCO+ (3-2) or N2H+ (3-2) detections
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Figure 4. Morphological matching for example object G035.524−00.274. The millimeter source to the lower right of the marked contour is a separate Bolocat object. (a)
Synthetic 8 µm image calculated via Equation (7). (b) BGPS postage-stamp image, showing the restricted region used for the morphological matching (see the text).
(c) Smoothed GLIMPSE map against which the synthetic images are compared. (d) Prior DPDFs from the morphological matching (black) and molecular gas
distribution (blue dot-dashed), and the posterior DPDF (red), including the kinematic distance likelihood (see the text). The gray dotted line represents ffore extracted
from the model cube along (!, b), and the green dashed line marks the tangent distance.
(A color version of this figure is available in the online journal.)

To include the Ring but exclude bar-related gas, we disallowed
the two hashed regions in Figure 5. The upper region is bounded
by vLSR = (3.33 km s−1)×!(◦) + 15 km s−1, and includes
the higher-velocity gas inside the Ring. The lower region
excludes the 3 kpc expanding arm, and is bounded by vLSR =
(2.22 km s−1)×!(◦) − 16.7 km s−1. Both regions are defined
only for ! ! 21◦. The upper hashed region does not extend past
this point because the Molecular Ring feature extends to the
tangent velocity at larger longitudes; the lower region is limited
because the 3 kpc arm has its tangency here (Dame & Thaddeus
2008). There is likely overlap between Ring objects with nearly
circular motions and objects in bar-related streaming orbits at
21◦ ! ! ! 30◦, so kinematic distance estimates in this range,
including those derived here, should be used with caution.

Black circles mark the locations of the BGPS molecular cloud
clumps for which a DPDFemaf was computed, and the histogram
summarizes their longitude distribution. Stars mark the masers
used for distance comparison (see Section 5.3.1).

5.1.2. Mid-infrared Selection Criteria

Automated classification of dust-continuum-identified
molecular cloud clumps as EMAFs was achieved using the

mid-infrared contrast computed from the smoothed GLIMPSE
images at the location of the BGPS source. The peak contrast
was defined as

C = 1 − Imin

〈IMIR〉
, (11)

where the intensity values were measured from the processed
postage-stamp images described in Section 4.2 for each Bolocat
object. Due to the varied sizes and shapes of EMAFs, stan-
dardized intensities were measured in a 40′′ aperture around the
location of peak BGPS flux density (pink circles in Figure 3).
The value of Imin is the minimum intensity within the aperture
measured from the smoothed star-subtracted GLIMPSE image
(Figure 3(c)), and 〈IMIR〉 is the mean of the IMIR postage-stamp
image within 2′ of the peak of millimeter flux density (cyan cir-
cle in Figure 3(d)). A preliminary contrast threshold of C " 0.01
was implemented in the automated source selection to minimize
the number of spurious matches caused by unrelated variation in
the GLIMPSE 8 µm mosaics. This threshold also rejects BGPS
sources that are mid-infrared bright, as those objects have neg-
ative contrast.

All molecular cloud clumps meeting the above selection
criteria were examined by eye to ensure their suitability for
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Distance Probability Density Functions (DPDFs)

Ellsworth-Bowers+BGPS (2013)

Bonus finding: 10% of IRDCs at far distance.











Low virial parameter predicts for dense gas.
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Dendrograms:

1) offer new statistical representations of the 
molecular ISM.
2) provide a channel for a physically-motivated 
decomposition of blended emission.
3) offer agile navigation of complicated emission 
structure.


