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data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolutionof thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, 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 treemethodologies 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 max-
ima 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
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter,aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. Asaobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).

Int
en

sit
y l

ev
el

Local max

Local max

Local max

Merge

Merge

Le
af

Le
af

Le
af

Br
an

ch

Tru
nk

Test level

Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolutionof thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, 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 treemethodologies 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 max-
ima 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
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter,aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. Asaobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolutionof thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, 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 treemethodologies 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 max-
ima 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
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter,aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. Asaobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolutionof thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, 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 treemethodologies 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 max-
ima 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
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter,aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. Asaobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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(Goodman, et al. 2009)

data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolutionof thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, 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 treemethodologies 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 max-
ima 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
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter,aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. Asaobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolutionof thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, 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 treemethodologies 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 max-
ima 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
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter,aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. Asaobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolutionof thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, 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 treemethodologies 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 max-
ima 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
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter,aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. Asaobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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What is “turk”?

Who are these “turkers” anyway?

What kind of tasks do experimenters use it for?

What does it cost?

Online crowdsourcing 

Mostly American (although increasing Indian), well educated

Image or feature identification, tagging, categorization, surveys, etc.

Very little per participant... pennies to dollars for each worker.

(platform and data storage is provided)



“Expert” tasks

Large to very large experiments

Less controlled experiments

Motivated by interest/education, etc.

MECHANICAL TURK STYLE 
CROWDSOURCING

CITIZEN SCIENCE STYLE 
CROWDSOURCING

“Simple” tasks

Small to large experiments

More controlled experiments

Motivated by money



The multiscale analysis of the virial parameter allows us to
define objects that are potentially physically relevant to the star
formation process.We identify objects based on the criterion that
self-gravity makes a significant contribution to their internal en-
ergetics. If we define a threshold for significant self-gravity,
namely, ! ! 2, we find ‘‘interesting’’ objects on a variety of
scales. Applying this criterion to the virial parameter data shown
in Figure 9 results in the dendrogram shown in Figure 10 (left
panel ) where branches with ! ! 2 are shaded. Nearly all of
the left-hand branch of the dendrogram corresponds to a self-
gravitating object indicating the importance of self-gravity over
the entire L1448 region. There are also three distinct subbranches
inside L1448 that also show self-gravitation. Figure 11 shows the
locations and spatial extent of the four leaves that show evidence
of self-gravitation in the data cube (2, 3, 5, and 18). The central,
star-forming section of L1448 is contained in leaf 3. Also inter-
esting are the several branches for which there are large regions
with reliable measures of the virial parameter which are not self-
gravitating. Referring to Figure 9, these branches have ! 3 2.
Because of the minimal influence of self-gravity on these struc-
tures, we contend that these branches correspond to transient or
pressure-confined structures in the physical data.

5.5. The Dynamical State of the Turbulent Simulation

We have repeated the dendrogram analysis for the turbulent
simulation using the same algorithm parameters to establish
local maxima and contour the data. We adopt a 13CO-to-H2 con-
version factor of X2 " 10:9 based on analysis of the simulated
13CO data with respect to the simulated column density, using
the same analysis as was used in x 5.3. The dendrogram pre-
sented in Figure 12, which can be compared to the observed data
in Figure 9. The simulated and observed data cubes have sim-
ilar numbers of leaves ( local maxima) in their respective data
volumes (39 in the simulation vs. 26 in the observations). The
span of antenna temperatures are similar, although most of the
mergers in the simulated data cubes occur at higher levels than
in the observed data. The principal difference between the two
dendrograms is that far more of the simulated data cube cor-

responds to self-gravitating objects than do the actual observa-
tions. Regardless of the applicability of the dendrogram inter-
pretations, the analysis illustrates a stark difference in the data
cubes. The difference in dynamical states arises from amount
of mass in the two data cube. Scaling the total emission in each
data cube by the respective conversion factors shows there is
#4 times as much molecular mass in the simulation cube as
there is in the L1448 region, but this extra mass is spread over a
similar line width and spatial extent. As a result, self-gravity
would play a stronger role in the simulated data cube. The sim-
ulation does not include the effects of gravity, although our basic
analysis suggests that self-gravity would have a significant in-
fluence on the simulated region.

5.6. Interpretation of Dendrogram Properties

The previous section discusses the physical meaning of the
dendrograms under the assumption that the ‘‘bijection’’ para-
digm holds relating objects in observational and physical spaces.
Previously (x 4.1), we presented two other possibilities for relat-
ing the observed and physical domains, namely, the clipping and
extrapolation paradigms. We repeat the calculation of the virial
parameter in L1448 for these two possibilities and present the
results alongside the bijection results in Figure 10. The extremely
conservative clipping paradigm finds no self-gravitating structure
in the entirety of the L1448 cloud. Given that simple calculations
suggest that the region has a virial parameter of ! # 2 and the
presence of star-forming clumps at the smallest scales, we con-
clude that the clipping paradigm is overly conservative and the
small structures have more mass than are accorded to them. The
extrapolation paradigm finds more self-gravitating structure in
the map than the bijection, which is expected since the extrap-
olation corrects the luminosity by a larger factor than the radius
and the line width (see Fig. 5). However, it is interesting to note
that the same qualitative behavior is present in the extrapolated
results as are seen in the bijection analysis. In particular, the
analysis finds two dynamically distinct regions in L1448 corre-
sponding to the left- and right-hand branches of the dendrogram.
However, the extrapolation results assume that every object
should have a brightness profile that runs continuously from the
peak value to the zero brightness isosurface, and it may not be ap-
plicable in this case. For simplicity, we utilize the bijection scheme
for calculating the properties of object substructure, although

Fig. 8.—Relationship between integrated intensity for 13CO and the H2 col-
umn density implied by reddening in the near infrared. A line representing the
mean ratio between the two quantities is shown.

Fig. 9.—Dendrogram of the L1448 region with branches of the dendrogram
colored according to the virial parameter at each point. Virial parameter data are
suppressed where the errors are larger than 50%. Several of the leaves of the
dendrogram show evidence for self-gravitation as do larger structures in data.
Since physical properties are calculated for the isosurfaces corresponding to the
vertical branches of the figure, the horizontal branches of the dendrogram have no
data reported.
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The multiscale analysis of the virial parameter allows us to
define objects that are potentially physically relevant to the star
formation process.We identify objects based on the criterion that
self-gravity makes a significant contribution to their internal en-
ergetics. If we define a threshold for significant self-gravity,
namely, ! ! 2, we find ‘‘interesting’’ objects on a variety of
scales. Applying this criterion to the virial parameter data shown
in Figure 9 results in the dendrogram shown in Figure 10 (left
panel ) where branches with ! ! 2 are shaded. Nearly all of
the left-hand branch of the dendrogram corresponds to a self-
gravitating object indicating the importance of self-gravity over
the entire L1448 region. There are also three distinct subbranches
inside L1448 that also show self-gravitation. Figure 11 shows the
locations and spatial extent of the four leaves that show evidence
of self-gravitation in the data cube (2, 3, 5, and 18). The central,
star-forming section of L1448 is contained in leaf 3. Also inter-
esting are the several branches for which there are large regions
with reliable measures of the virial parameter which are not self-
gravitating. Referring to Figure 9, these branches have ! 3 2.
Because of the minimal influence of self-gravity on these struc-
tures, we contend that these branches correspond to transient or
pressure-confined structures in the physical data.

5.5. The Dynamical State of the Turbulent Simulation

We have repeated the dendrogram analysis for the turbulent
simulation using the same algorithm parameters to establish
local maxima and contour the data. We adopt a 13CO-to-H2 con-
version factor of X2 " 10:9 based on analysis of the simulated
13CO data with respect to the simulated column density, using
the same analysis as was used in x 5.3. The dendrogram pre-
sented in Figure 12, which can be compared to the observed data
in Figure 9. The simulated and observed data cubes have sim-
ilar numbers of leaves ( local maxima) in their respective data
volumes (39 in the simulation vs. 26 in the observations). The
span of antenna temperatures are similar, although most of the
mergers in the simulated data cubes occur at higher levels than
in the observed data. The principal difference between the two
dendrograms is that far more of the simulated data cube cor-

responds to self-gravitating objects than do the actual observa-
tions. Regardless of the applicability of the dendrogram inter-
pretations, the analysis illustrates a stark difference in the data
cubes. The difference in dynamical states arises from amount
of mass in the two data cube. Scaling the total emission in each
data cube by the respective conversion factors shows there is
#4 times as much molecular mass in the simulation cube as
there is in the L1448 region, but this extra mass is spread over a
similar line width and spatial extent. As a result, self-gravity
would play a stronger role in the simulated data cube. The sim-
ulation does not include the effects of gravity, although our basic
analysis suggests that self-gravity would have a significant in-
fluence on the simulated region.

5.6. Interpretation of Dendrogram Properties

The previous section discusses the physical meaning of the
dendrograms under the assumption that the ‘‘bijection’’ para-
digm holds relating objects in observational and physical spaces.
Previously (x 4.1), we presented two other possibilities for relat-
ing the observed and physical domains, namely, the clipping and
extrapolation paradigms. We repeat the calculation of the virial
parameter in L1448 for these two possibilities and present the
results alongside the bijection results in Figure 10. The extremely
conservative clipping paradigm finds no self-gravitating structure
in the entirety of the L1448 cloud. Given that simple calculations
suggest that the region has a virial parameter of ! # 2 and the
presence of star-forming clumps at the smallest scales, we con-
clude that the clipping paradigm is overly conservative and the
small structures have more mass than are accorded to them. The
extrapolation paradigm finds more self-gravitating structure in
the map than the bijection, which is expected since the extrap-
olation corrects the luminosity by a larger factor than the radius
and the line width (see Fig. 5). However, it is interesting to note
that the same qualitative behavior is present in the extrapolated
results as are seen in the bijection analysis. In particular, the
analysis finds two dynamically distinct regions in L1448 corre-
sponding to the left- and right-hand branches of the dendrogram.
However, the extrapolation results assume that every object
should have a brightness profile that runs continuously from the
peak value to the zero brightness isosurface, and it may not be ap-
plicable in this case. For simplicity, we utilize the bijection scheme
for calculating the properties of object substructure, although

Fig. 8.—Relationship between integrated intensity for 13CO and the H2 col-
umn density implied by reddening in the near infrared. A line representing the
mean ratio between the two quantities is shown.

Fig. 9.—Dendrogram of the L1448 region with branches of the dendrogram
colored according to the virial parameter at each point. Virial parameter data are
suppressed where the errors are larger than 50%. Several of the leaves of the
dendrogram show evidence for self-gravitation as do larger structures in data.
Since physical properties are calculated for the isosurfaces corresponding to the
vertical branches of the figure, the horizontal branches of the dendrogram have no
data reported.
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The multiscale analysis of the virial parameter allows us to
define objects that are potentially physically relevant to the star
formation process.We identify objects based on the criterion that
self-gravity makes a significant contribution to their internal en-
ergetics. If we define a threshold for significant self-gravity,
namely, ! ! 2, we find ‘‘interesting’’ objects on a variety of
scales. Applying this criterion to the virial parameter data shown
in Figure 9 results in the dendrogram shown in Figure 10 (left
panel ) where branches with ! ! 2 are shaded. Nearly all of
the left-hand branch of the dendrogram corresponds to a self-
gravitating object indicating the importance of self-gravity over
the entire L1448 region. There are also three distinct subbranches
inside L1448 that also show self-gravitation. Figure 11 shows the
locations and spatial extent of the four leaves that show evidence
of self-gravitation in the data cube (2, 3, 5, and 18). The central,
star-forming section of L1448 is contained in leaf 3. Also inter-
esting are the several branches for which there are large regions
with reliable measures of the virial parameter which are not self-
gravitating. Referring to Figure 9, these branches have ! 3 2.
Because of the minimal influence of self-gravity on these struc-
tures, we contend that these branches correspond to transient or
pressure-confined structures in the physical data.

5.5. The Dynamical State of the Turbulent Simulation

We have repeated the dendrogram analysis for the turbulent
simulation using the same algorithm parameters to establish
local maxima and contour the data. We adopt a 13CO-to-H2 con-
version factor of X2 " 10:9 based on analysis of the simulated
13CO data with respect to the simulated column density, using
the same analysis as was used in x 5.3. The dendrogram pre-
sented in Figure 12, which can be compared to the observed data
in Figure 9. The simulated and observed data cubes have sim-
ilar numbers of leaves ( local maxima) in their respective data
volumes (39 in the simulation vs. 26 in the observations). The
span of antenna temperatures are similar, although most of the
mergers in the simulated data cubes occur at higher levels than
in the observed data. The principal difference between the two
dendrograms is that far more of the simulated data cube cor-

responds to self-gravitating objects than do the actual observa-
tions. Regardless of the applicability of the dendrogram inter-
pretations, the analysis illustrates a stark difference in the data
cubes. The difference in dynamical states arises from amount
of mass in the two data cube. Scaling the total emission in each
data cube by the respective conversion factors shows there is
#4 times as much molecular mass in the simulation cube as
there is in the L1448 region, but this extra mass is spread over a
similar line width and spatial extent. As a result, self-gravity
would play a stronger role in the simulated data cube. The sim-
ulation does not include the effects of gravity, although our basic
analysis suggests that self-gravity would have a significant in-
fluence on the simulated region.

5.6. Interpretation of Dendrogram Properties

The previous section discusses the physical meaning of the
dendrograms under the assumption that the ‘‘bijection’’ para-
digm holds relating objects in observational and physical spaces.
Previously (x 4.1), we presented two other possibilities for relat-
ing the observed and physical domains, namely, the clipping and
extrapolation paradigms. We repeat the calculation of the virial
parameter in L1448 for these two possibilities and present the
results alongside the bijection results in Figure 10. The extremely
conservative clipping paradigm finds no self-gravitating structure
in the entirety of the L1448 cloud. Given that simple calculations
suggest that the region has a virial parameter of ! # 2 and the
presence of star-forming clumps at the smallest scales, we con-
clude that the clipping paradigm is overly conservative and the
small structures have more mass than are accorded to them. The
extrapolation paradigm finds more self-gravitating structure in
the map than the bijection, which is expected since the extrap-
olation corrects the luminosity by a larger factor than the radius
and the line width (see Fig. 5). However, it is interesting to note
that the same qualitative behavior is present in the extrapolated
results as are seen in the bijection analysis. In particular, the
analysis finds two dynamically distinct regions in L1448 corre-
sponding to the left- and right-hand branches of the dendrogram.
However, the extrapolation results assume that every object
should have a brightness profile that runs continuously from the
peak value to the zero brightness isosurface, and it may not be ap-
plicable in this case. For simplicity, we utilize the bijection scheme
for calculating the properties of object substructure, although

Fig. 8.—Relationship between integrated intensity for 13CO and the H2 col-
umn density implied by reddening in the near infrared. A line representing the
mean ratio between the two quantities is shown.

Fig. 9.—Dendrogram of the L1448 region with branches of the dendrogram
colored according to the virial parameter at each point. Virial parameter data are
suppressed where the errors are larger than 50%. Several of the leaves of the
dendrogram show evidence for self-gravitation as do larger structures in data.
Since physical properties are calculated for the isosurfaces corresponding to the
vertical branches of the figure, the horizontal branches of the dendrogram have no
data reported.
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The multiscale analysis of the virial parameter allows us to
define objects that are potentially physically relevant to the star
formation process.We identify objects based on the criterion that
self-gravity makes a significant contribution to their internal en-
ergetics. If we define a threshold for significant self-gravity,
namely, ! ! 2, we find ‘‘interesting’’ objects on a variety of
scales. Applying this criterion to the virial parameter data shown
in Figure 9 results in the dendrogram shown in Figure 10 (left
panel ) where branches with ! ! 2 are shaded. Nearly all of
the left-hand branch of the dendrogram corresponds to a self-
gravitating object indicating the importance of self-gravity over
the entire L1448 region. There are also three distinct subbranches
inside L1448 that also show self-gravitation. Figure 11 shows the
locations and spatial extent of the four leaves that show evidence
of self-gravitation in the data cube (2, 3, 5, and 18). The central,
star-forming section of L1448 is contained in leaf 3. Also inter-
esting are the several branches for which there are large regions
with reliable measures of the virial parameter which are not self-
gravitating. Referring to Figure 9, these branches have ! 3 2.
Because of the minimal influence of self-gravity on these struc-
tures, we contend that these branches correspond to transient or
pressure-confined structures in the physical data.

5.5. The Dynamical State of the Turbulent Simulation

We have repeated the dendrogram analysis for the turbulent
simulation using the same algorithm parameters to establish
local maxima and contour the data. We adopt a 13CO-to-H2 con-
version factor of X2 " 10:9 based on analysis of the simulated
13CO data with respect to the simulated column density, using
the same analysis as was used in x 5.3. The dendrogram pre-
sented in Figure 12, which can be compared to the observed data
in Figure 9. The simulated and observed data cubes have sim-
ilar numbers of leaves ( local maxima) in their respective data
volumes (39 in the simulation vs. 26 in the observations). The
span of antenna temperatures are similar, although most of the
mergers in the simulated data cubes occur at higher levels than
in the observed data. The principal difference between the two
dendrograms is that far more of the simulated data cube cor-

responds to self-gravitating objects than do the actual observa-
tions. Regardless of the applicability of the dendrogram inter-
pretations, the analysis illustrates a stark difference in the data
cubes. The difference in dynamical states arises from amount
of mass in the two data cube. Scaling the total emission in each
data cube by the respective conversion factors shows there is
#4 times as much molecular mass in the simulation cube as
there is in the L1448 region, but this extra mass is spread over a
similar line width and spatial extent. As a result, self-gravity
would play a stronger role in the simulated data cube. The sim-
ulation does not include the effects of gravity, although our basic
analysis suggests that self-gravity would have a significant in-
fluence on the simulated region.

5.6. Interpretation of Dendrogram Properties

The previous section discusses the physical meaning of the
dendrograms under the assumption that the ‘‘bijection’’ para-
digm holds relating objects in observational and physical spaces.
Previously (x 4.1), we presented two other possibilities for relat-
ing the observed and physical domains, namely, the clipping and
extrapolation paradigms. We repeat the calculation of the virial
parameter in L1448 for these two possibilities and present the
results alongside the bijection results in Figure 10. The extremely
conservative clipping paradigm finds no self-gravitating structure
in the entirety of the L1448 cloud. Given that simple calculations
suggest that the region has a virial parameter of ! # 2 and the
presence of star-forming clumps at the smallest scales, we con-
clude that the clipping paradigm is overly conservative and the
small structures have more mass than are accorded to them. The
extrapolation paradigm finds more self-gravitating structure in
the map than the bijection, which is expected since the extrap-
olation corrects the luminosity by a larger factor than the radius
and the line width (see Fig. 5). However, it is interesting to note
that the same qualitative behavior is present in the extrapolated
results as are seen in the bijection analysis. In particular, the
analysis finds two dynamically distinct regions in L1448 corre-
sponding to the left- and right-hand branches of the dendrogram.
However, the extrapolation results assume that every object
should have a brightness profile that runs continuously from the
peak value to the zero brightness isosurface, and it may not be ap-
plicable in this case. For simplicity, we utilize the bijection scheme
for calculating the properties of object substructure, although

Fig. 8.—Relationship between integrated intensity for 13CO and the H2 col-
umn density implied by reddening in the near infrared. A line representing the
mean ratio between the two quantities is shown.

Fig. 9.—Dendrogram of the L1448 region with branches of the dendrogram
colored according to the virial parameter at each point. Virial parameter data are
suppressed where the errors are larger than 50%. Several of the leaves of the
dendrogram show evidence for self-gravitation as do larger structures in data.
Since physical properties are calculated for the isosurfaces corresponding to the
vertical branches of the figure, the horizontal branches of the dendrogram have no
data reported.
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The multiscale analysis of the virial parameter allows us to
define objects that are potentially physically relevant to the star
formation process.We identify objects based on the criterion that
self-gravity makes a significant contribution to their internal en-
ergetics. If we define a threshold for significant self-gravity,
namely, ! ! 2, we find ‘‘interesting’’ objects on a variety of
scales. Applying this criterion to the virial parameter data shown
in Figure 9 results in the dendrogram shown in Figure 10 (left
panel ) where branches with ! ! 2 are shaded. Nearly all of
the left-hand branch of the dendrogram corresponds to a self-
gravitating object indicating the importance of self-gravity over
the entire L1448 region. There are also three distinct subbranches
inside L1448 that also show self-gravitation. Figure 11 shows the
locations and spatial extent of the four leaves that show evidence
of self-gravitation in the data cube (2, 3, 5, and 18). The central,
star-forming section of L1448 is contained in leaf 3. Also inter-
esting are the several branches for which there are large regions
with reliable measures of the virial parameter which are not self-
gravitating. Referring to Figure 9, these branches have ! 3 2.
Because of the minimal influence of self-gravity on these struc-
tures, we contend that these branches correspond to transient or
pressure-confined structures in the physical data.

5.5. The Dynamical State of the Turbulent Simulation

We have repeated the dendrogram analysis for the turbulent
simulation using the same algorithm parameters to establish
local maxima and contour the data. We adopt a 13CO-to-H2 con-
version factor of X2 " 10:9 based on analysis of the simulated
13CO data with respect to the simulated column density, using
the same analysis as was used in x 5.3. The dendrogram pre-
sented in Figure 12, which can be compared to the observed data
in Figure 9. The simulated and observed data cubes have sim-
ilar numbers of leaves ( local maxima) in their respective data
volumes (39 in the simulation vs. 26 in the observations). The
span of antenna temperatures are similar, although most of the
mergers in the simulated data cubes occur at higher levels than
in the observed data. The principal difference between the two
dendrograms is that far more of the simulated data cube cor-

responds to self-gravitating objects than do the actual observa-
tions. Regardless of the applicability of the dendrogram inter-
pretations, the analysis illustrates a stark difference in the data
cubes. The difference in dynamical states arises from amount
of mass in the two data cube. Scaling the total emission in each
data cube by the respective conversion factors shows there is
#4 times as much molecular mass in the simulation cube as
there is in the L1448 region, but this extra mass is spread over a
similar line width and spatial extent. As a result, self-gravity
would play a stronger role in the simulated data cube. The sim-
ulation does not include the effects of gravity, although our basic
analysis suggests that self-gravity would have a significant in-
fluence on the simulated region.

5.6. Interpretation of Dendrogram Properties

The previous section discusses the physical meaning of the
dendrograms under the assumption that the ‘‘bijection’’ para-
digm holds relating objects in observational and physical spaces.
Previously (x 4.1), we presented two other possibilities for relat-
ing the observed and physical domains, namely, the clipping and
extrapolation paradigms. We repeat the calculation of the virial
parameter in L1448 for these two possibilities and present the
results alongside the bijection results in Figure 10. The extremely
conservative clipping paradigm finds no self-gravitating structure
in the entirety of the L1448 cloud. Given that simple calculations
suggest that the region has a virial parameter of ! # 2 and the
presence of star-forming clumps at the smallest scales, we con-
clude that the clipping paradigm is overly conservative and the
small structures have more mass than are accorded to them. The
extrapolation paradigm finds more self-gravitating structure in
the map than the bijection, which is expected since the extrap-
olation corrects the luminosity by a larger factor than the radius
and the line width (see Fig. 5). However, it is interesting to note
that the same qualitative behavior is present in the extrapolated
results as are seen in the bijection analysis. In particular, the
analysis finds two dynamically distinct regions in L1448 corre-
sponding to the left- and right-hand branches of the dendrogram.
However, the extrapolation results assume that every object
should have a brightness profile that runs continuously from the
peak value to the zero brightness isosurface, and it may not be ap-
plicable in this case. For simplicity, we utilize the bijection scheme
for calculating the properties of object substructure, although

Fig. 8.—Relationship between integrated intensity for 13CO and the H2 col-
umn density implied by reddening in the near infrared. A line representing the
mean ratio between the two quantities is shown.

Fig. 9.—Dendrogram of the L1448 region with branches of the dendrogram
colored according to the virial parameter at each point. Virial parameter data are
suppressed where the errors are larger than 50%. Several of the leaves of the
dendrogram show evidence for self-gravitation as do larger structures in data.
Since physical properties are calculated for the isosurfaces corresponding to the
vertical branches of the figure, the horizontal branches of the dendrogram have no
data reported.
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The multiscale analysis of the virial parameter allows us to
define objects that are potentially physically relevant to the star
formation process.We identify objects based on the criterion that
self-gravity makes a significant contribution to their internal en-
ergetics. If we define a threshold for significant self-gravity,
namely, ! ! 2, we find ‘‘interesting’’ objects on a variety of
scales. Applying this criterion to the virial parameter data shown
in Figure 9 results in the dendrogram shown in Figure 10 (left
panel ) where branches with ! ! 2 are shaded. Nearly all of
the left-hand branch of the dendrogram corresponds to a self-
gravitating object indicating the importance of self-gravity over
the entire L1448 region. There are also three distinct subbranches
inside L1448 that also show self-gravitation. Figure 11 shows the
locations and spatial extent of the four leaves that show evidence
of self-gravitation in the data cube (2, 3, 5, and 18). The central,
star-forming section of L1448 is contained in leaf 3. Also inter-
esting are the several branches for which there are large regions
with reliable measures of the virial parameter which are not self-
gravitating. Referring to Figure 9, these branches have ! 3 2.
Because of the minimal influence of self-gravity on these struc-
tures, we contend that these branches correspond to transient or
pressure-confined structures in the physical data.

5.5. The Dynamical State of the Turbulent Simulation

We have repeated the dendrogram analysis for the turbulent
simulation using the same algorithm parameters to establish
local maxima and contour the data. We adopt a 13CO-to-H2 con-
version factor of X2 " 10:9 based on analysis of the simulated
13CO data with respect to the simulated column density, using
the same analysis as was used in x 5.3. The dendrogram pre-
sented in Figure 12, which can be compared to the observed data
in Figure 9. The simulated and observed data cubes have sim-
ilar numbers of leaves ( local maxima) in their respective data
volumes (39 in the simulation vs. 26 in the observations). The
span of antenna temperatures are similar, although most of the
mergers in the simulated data cubes occur at higher levels than
in the observed data. The principal difference between the two
dendrograms is that far more of the simulated data cube cor-

responds to self-gravitating objects than do the actual observa-
tions. Regardless of the applicability of the dendrogram inter-
pretations, the analysis illustrates a stark difference in the data
cubes. The difference in dynamical states arises from amount
of mass in the two data cube. Scaling the total emission in each
data cube by the respective conversion factors shows there is
#4 times as much molecular mass in the simulation cube as
there is in the L1448 region, but this extra mass is spread over a
similar line width and spatial extent. As a result, self-gravity
would play a stronger role in the simulated data cube. The sim-
ulation does not include the effects of gravity, although our basic
analysis suggests that self-gravity would have a significant in-
fluence on the simulated region.

5.6. Interpretation of Dendrogram Properties

The previous section discusses the physical meaning of the
dendrograms under the assumption that the ‘‘bijection’’ para-
digm holds relating objects in observational and physical spaces.
Previously (x 4.1), we presented two other possibilities for relat-
ing the observed and physical domains, namely, the clipping and
extrapolation paradigms. We repeat the calculation of the virial
parameter in L1448 for these two possibilities and present the
results alongside the bijection results in Figure 10. The extremely
conservative clipping paradigm finds no self-gravitating structure
in the entirety of the L1448 cloud. Given that simple calculations
suggest that the region has a virial parameter of ! # 2 and the
presence of star-forming clumps at the smallest scales, we con-
clude that the clipping paradigm is overly conservative and the
small structures have more mass than are accorded to them. The
extrapolation paradigm finds more self-gravitating structure in
the map than the bijection, which is expected since the extrap-
olation corrects the luminosity by a larger factor than the radius
and the line width (see Fig. 5). However, it is interesting to note
that the same qualitative behavior is present in the extrapolated
results as are seen in the bijection analysis. In particular, the
analysis finds two dynamically distinct regions in L1448 corre-
sponding to the left- and right-hand branches of the dendrogram.
However, the extrapolation results assume that every object
should have a brightness profile that runs continuously from the
peak value to the zero brightness isosurface, and it may not be ap-
plicable in this case. For simplicity, we utilize the bijection scheme
for calculating the properties of object substructure, although

Fig. 8.—Relationship between integrated intensity for 13CO and the H2 col-
umn density implied by reddening in the near infrared. A line representing the
mean ratio between the two quantities is shown.

Fig. 9.—Dendrogram of the L1448 region with branches of the dendrogram
colored according to the virial parameter at each point. Virial parameter data are
suppressed where the errors are larger than 50%. Several of the leaves of the
dendrogram show evidence for self-gravitation as do larger structures in data.
Since physical properties are calculated for the isosurfaces corresponding to the
vertical branches of the figure, the horizontal branches of the dendrogram have no
data reported.
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The multiscale analysis of the virial parameter allows us to
define objects that are potentially physically relevant to the star
formation process.We identify objects based on the criterion that
self-gravity makes a significant contribution to their internal en-
ergetics. If we define a threshold for significant self-gravity,
namely, ! ! 2, we find ‘‘interesting’’ objects on a variety of
scales. Applying this criterion to the virial parameter data shown
in Figure 9 results in the dendrogram shown in Figure 10 (left
panel ) where branches with ! ! 2 are shaded. Nearly all of
the left-hand branch of the dendrogram corresponds to a self-
gravitating object indicating the importance of self-gravity over
the entire L1448 region. There are also three distinct subbranches
inside L1448 that also show self-gravitation. Figure 11 shows the
locations and spatial extent of the four leaves that show evidence
of self-gravitation in the data cube (2, 3, 5, and 18). The central,
star-forming section of L1448 is contained in leaf 3. Also inter-
esting are the several branches for which there are large regions
with reliable measures of the virial parameter which are not self-
gravitating. Referring to Figure 9, these branches have ! 3 2.
Because of the minimal influence of self-gravity on these struc-
tures, we contend that these branches correspond to transient or
pressure-confined structures in the physical data.

5.5. The Dynamical State of the Turbulent Simulation

We have repeated the dendrogram analysis for the turbulent
simulation using the same algorithm parameters to establish
local maxima and contour the data. We adopt a 13CO-to-H2 con-
version factor of X2 " 10:9 based on analysis of the simulated
13CO data with respect to the simulated column density, using
the same analysis as was used in x 5.3. The dendrogram pre-
sented in Figure 12, which can be compared to the observed data
in Figure 9. The simulated and observed data cubes have sim-
ilar numbers of leaves ( local maxima) in their respective data
volumes (39 in the simulation vs. 26 in the observations). The
span of antenna temperatures are similar, although most of the
mergers in the simulated data cubes occur at higher levels than
in the observed data. The principal difference between the two
dendrograms is that far more of the simulated data cube cor-

responds to self-gravitating objects than do the actual observa-
tions. Regardless of the applicability of the dendrogram inter-
pretations, the analysis illustrates a stark difference in the data
cubes. The difference in dynamical states arises from amount
of mass in the two data cube. Scaling the total emission in each
data cube by the respective conversion factors shows there is
#4 times as much molecular mass in the simulation cube as
there is in the L1448 region, but this extra mass is spread over a
similar line width and spatial extent. As a result, self-gravity
would play a stronger role in the simulated data cube. The sim-
ulation does not include the effects of gravity, although our basic
analysis suggests that self-gravity would have a significant in-
fluence on the simulated region.

5.6. Interpretation of Dendrogram Properties

The previous section discusses the physical meaning of the
dendrograms under the assumption that the ‘‘bijection’’ para-
digm holds relating objects in observational and physical spaces.
Previously (x 4.1), we presented two other possibilities for relat-
ing the observed and physical domains, namely, the clipping and
extrapolation paradigms. We repeat the calculation of the virial
parameter in L1448 for these two possibilities and present the
results alongside the bijection results in Figure 10. The extremely
conservative clipping paradigm finds no self-gravitating structure
in the entirety of the L1448 cloud. Given that simple calculations
suggest that the region has a virial parameter of ! # 2 and the
presence of star-forming clumps at the smallest scales, we con-
clude that the clipping paradigm is overly conservative and the
small structures have more mass than are accorded to them. The
extrapolation paradigm finds more self-gravitating structure in
the map than the bijection, which is expected since the extrap-
olation corrects the luminosity by a larger factor than the radius
and the line width (see Fig. 5). However, it is interesting to note
that the same qualitative behavior is present in the extrapolated
results as are seen in the bijection analysis. In particular, the
analysis finds two dynamically distinct regions in L1448 corre-
sponding to the left- and right-hand branches of the dendrogram.
However, the extrapolation results assume that every object
should have a brightness profile that runs continuously from the
peak value to the zero brightness isosurface, and it may not be ap-
plicable in this case. For simplicity, we utilize the bijection scheme
for calculating the properties of object substructure, although

Fig. 8.—Relationship between integrated intensity for 13CO and the H2 col-
umn density implied by reddening in the near infrared. A line representing the
mean ratio between the two quantities is shown.

Fig. 9.—Dendrogram of the L1448 region with branches of the dendrogram
colored according to the virial parameter at each point. Virial parameter data are
suppressed where the errors are larger than 50%. Several of the leaves of the
dendrogram show evidence for self-gravitation as do larger structures in data.
Since physical properties are calculated for the isosurfaces corresponding to the
vertical branches of the figure, the horizontal branches of the dendrogram have no
data reported.
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data, CLUMPFIND typically finds features on a limited range of scales,
abovebut close to thephysical resolutionof thedata, and its results can
be overly dependent on input parameters. By tuning CLUMPFIND’s
two free parameters, the same molecular-line data set8 can be used to
show either that the frequency distribution of clumpmass is the same
as the initial mass function of stars or that it follows the much shal-
lower mass function associated with large-scale molecular clouds
(Supplementary Fig. 1).

Four years before the advent of CLUMPFIND, ‘structure trees’9

were proposed as a way to characterize clouds’ hierarchical structure

using 2Dmaps of column density.With this early 2Dwork as inspira-
tion, 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 treemethodologies 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 max-
ima 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
sensitivity to algorithm parameters. To make graphical presentation
possible on paper and 2D screens, we ‘flatten’ the dendrograms of 3D
data (see Fig. 3 and its legend), by sorting their ‘branches’ to not
cross, which eliminates dimensional information on the x axis while
preserving all information about connectivity and hierarchy.
Numbered ‘billiard ball’ labels in the figures let the reader match
features between a 2D map (Fig. 1), an interactive 3D map (Fig. 2a
online) and a sorted dendrogram (Fig. 2c).

A dendrogramof a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by iso-
surfaces, such as radius (R), velocity dispersion (sv) and luminosity
(L). The volumes can have any shape, and in other work14 we focus on
the significance of the especially elongated features seen in L1448
(Fig. 2a). The luminosity is an approximate proxy for mass, such
that Mlum5X13COL13CO, where X13CO5 8.03 1020 cm2K21 km21 s
(ref. 15; see Supplementary Methods and Supplementary Fig. 2).
The derived values for size, mass and velocity dispersion can then be
used to estimate the role of self-gravity at each point in the hierarchy,
via calculation of an ‘observed’ virial parameter,aobs5 5sv

2R/GMlum.
In principle, extended portions of the tree (Fig. 2, yellow highlighting)
where aobs, 2 (where gravitational energy is comparable to or larger
than kinetic energy) correspond to regions of p–p–v space where self-
gravity is significant. Asaobs only represents the ratio of kinetic energy
to gravitational energy at one point in time, and does not explicitly
capture external over-pressure and/or magnetic fields16, its measured
value should only be used as a guide to the longevity (boundedness) of
any particular feature.
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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ feature-
identification algorithms as applied to 13CO emission from the L1448
region of Perseus. a, 3D visualization of the surfaces indicated by colours in
the dendrogram shown in c. Purple illustrates the smallest scale self-
gravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct self-
gravitating leaves within them; and green corresponds to the surface in the
data cube containing all the significant emission. Dendrogram branches
corresponding to self-gravitating objects have been highlighted in yellow
over the range of Tmb (main-beam temperature) test-level values for which
the virial parameter is less than 2. The x–y locations of the four ‘self-
gravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations showposition–position–velocity (p–p–v) space.
RA, right ascension; dec., declination. For comparison with the ability of
dendrograms (c) to track hierarchical structure, d shows a pseudo-
dendrogram of the CLUMPFIND segmentation (b), with the same four
labels used in Fig. 1 and in a. As ‘clumps’ are not allowed to belong to larger
structures, each pseudo-branch in d is simply a series of lines connecting the
maximum emission value in each clump to the threshold value. A very large
number of clumps appears in b because of the sensitivity of CLUMPFIND to
noise and small-scale structure in the data. In the online PDF version, the 3D
cubes (a and b) can be rotated to any orientation, and surfaces can be turned
on and off (interaction requires Adobe Acrobat version 7.0.8 or higher). In
the printed version, the front face of each 3D cube (the ‘home’ view in the
interactive online version) corresponds exactly to the patch of sky shown in
Fig. 1, and velocity with respect to the Local Standard of Rest increases from
front (20.5 km s21) to back (8 km s21).
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Figure 3 | Schematic illustration of the dendrogram process. Shown is the
construction of a dendrogram from a hypothetical one-dimensional
emission profile (black). The dendrogram (blue) can be constructed by
‘dropping’ a test constant emission level (purple) from above in tiny steps
(exaggerated in size here, light lines) until all the local maxima and mergers
are found, and connected as shown. The intersection of a test level with the
emission is a set of points (for example the light purple dots) in one
dimension, a planar curve in two dimensions, and an isosurface in three
dimensions. The dendrogram of 3D data shown in Fig. 2c is the direct
analogue of the tree shown here, only constructed from ‘isosurface’ rather
than ‘point’ intersections. It has been sorted and flattened for representation
on a flat page, as fully representing dendrograms for 3D data cubes would
require four dimensions.
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The multiscale analysis of the virial parameter allows us to
define objects that are potentially physically relevant to the star
formation process.We identify objects based on the criterion that
self-gravity makes a significant contribution to their internal en-
ergetics. If we define a threshold for significant self-gravity,
namely, ! ! 2, we find ‘‘interesting’’ objects on a variety of
scales. Applying this criterion to the virial parameter data shown
in Figure 9 results in the dendrogram shown in Figure 10 (left
panel ) where branches with ! ! 2 are shaded. Nearly all of
the left-hand branch of the dendrogram corresponds to a self-
gravitating object indicating the importance of self-gravity over
the entire L1448 region. There are also three distinct subbranches
inside L1448 that also show self-gravitation. Figure 11 shows the
locations and spatial extent of the four leaves that show evidence
of self-gravitation in the data cube (2, 3, 5, and 18). The central,
star-forming section of L1448 is contained in leaf 3. Also inter-
esting are the several branches for which there are large regions
with reliable measures of the virial parameter which are not self-
gravitating. Referring to Figure 9, these branches have ! 3 2.
Because of the minimal influence of self-gravity on these struc-
tures, we contend that these branches correspond to transient or
pressure-confined structures in the physical data.

5.5. The Dynamical State of the Turbulent Simulation

We have repeated the dendrogram analysis for the turbulent
simulation using the same algorithm parameters to establish
local maxima and contour the data. We adopt a 13CO-to-H2 con-
version factor of X2 " 10:9 based on analysis of the simulated
13CO data with respect to the simulated column density, using
the same analysis as was used in x 5.3. The dendrogram pre-
sented in Figure 12, which can be compared to the observed data
in Figure 9. The simulated and observed data cubes have sim-
ilar numbers of leaves ( local maxima) in their respective data
volumes (39 in the simulation vs. 26 in the observations). The
span of antenna temperatures are similar, although most of the
mergers in the simulated data cubes occur at higher levels than
in the observed data. The principal difference between the two
dendrograms is that far more of the simulated data cube cor-

responds to self-gravitating objects than do the actual observa-
tions. Regardless of the applicability of the dendrogram inter-
pretations, the analysis illustrates a stark difference in the data
cubes. The difference in dynamical states arises from amount
of mass in the two data cube. Scaling the total emission in each
data cube by the respective conversion factors shows there is
#4 times as much molecular mass in the simulation cube as
there is in the L1448 region, but this extra mass is spread over a
similar line width and spatial extent. As a result, self-gravity
would play a stronger role in the simulated data cube. The sim-
ulation does not include the effects of gravity, although our basic
analysis suggests that self-gravity would have a significant in-
fluence on the simulated region.

5.6. Interpretation of Dendrogram Properties

The previous section discusses the physical meaning of the
dendrograms under the assumption that the ‘‘bijection’’ para-
digm holds relating objects in observational and physical spaces.
Previously (x 4.1), we presented two other possibilities for relat-
ing the observed and physical domains, namely, the clipping and
extrapolation paradigms. We repeat the calculation of the virial
parameter in L1448 for these two possibilities and present the
results alongside the bijection results in Figure 10. The extremely
conservative clipping paradigm finds no self-gravitating structure
in the entirety of the L1448 cloud. Given that simple calculations
suggest that the region has a virial parameter of ! # 2 and the
presence of star-forming clumps at the smallest scales, we con-
clude that the clipping paradigm is overly conservative and the
small structures have more mass than are accorded to them. The
extrapolation paradigm finds more self-gravitating structure in
the map than the bijection, which is expected since the extrap-
olation corrects the luminosity by a larger factor than the radius
and the line width (see Fig. 5). However, it is interesting to note
that the same qualitative behavior is present in the extrapolated
results as are seen in the bijection analysis. In particular, the
analysis finds two dynamically distinct regions in L1448 corre-
sponding to the left- and right-hand branches of the dendrogram.
However, the extrapolation results assume that every object
should have a brightness profile that runs continuously from the
peak value to the zero brightness isosurface, and it may not be ap-
plicable in this case. For simplicity, we utilize the bijection scheme
for calculating the properties of object substructure, although

Fig. 8.—Relationship between integrated intensity for 13CO and the H2 col-
umn density implied by reddening in the near infrared. A line representing the
mean ratio between the two quantities is shown.

Fig. 9.—Dendrogram of the L1448 region with branches of the dendrogram
colored according to the virial parameter at each point. Virial parameter data are
suppressed where the errors are larger than 50%. Several of the leaves of the
dendrogram show evidence for self-gravitation as do larger structures in data.
Since physical properties are calculated for the isosurfaces corresponding to the
vertical branches of the figure, the horizontal branches of the dendrogram have no
data reported.

DENDROGRAMS 1347No. 2, 2008



Glue Demo!



http://vimeo.com/user9091628/videos


for more information...

http://bit.ly/mturk_dotastronomy

Find us (i.e., Chris/Tom/Michelle/Alyssa) to play with 
and hack Glue this afternoon or in the future!


