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Figure 2 | Comparison of the ‘dendrogram’ and ‘CLUMPFIND’ featureidentification 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 selfgravitating structures in the region corresponding to the leaves of the
dendrogram; pink shows the smallest surfaces that contain distinct selfgravitating 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 ‘selfgravitating’ leaves labelled with billiard balls are the same as those shown in
Fig. 1. The 3D visualizations show position–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 pseudodendrogram 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).

data, CLUMPFIND typically finds features on a limited range of scales,
above but close to the physical resolution of the data, 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 clump mass is the same
as the initial mass function of stars or that it follows the much shallower 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

Local max
Test level
Local max

Leaf

Self-gravitating
leaves

6

Leaf

c 8

Merge
Local max
Merge

Branch

Click to rotate

Trunk

x (RA)

Leaf

vz

x (RA)

using 2D maps of column density. With this early 2D work as inspiration, we have developed a structure-identification algorithm that
abstracts the hierarchical structure of a 3D (p–p–v) data cube into
an easily visualized representation called a ‘dendrogram’10. Although
well developed in other data-intensive fields11,12, it is curious that the
application of tree methodologies so far in astrophysics has been rare,
and almost exclusively within the area of galaxy evolution, where
‘merger trees’ are being used with increasing frequency13.
Figure 3 and its legend explain the construction of dendrograms
schematically. The dendrogram quantifies how and where local maxima of emission merge with each other, and its implementation is
explained in Supplementary Methods. Critically, the dendrogram is
determined almost entirely by the data itself, and it has negligible
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 dendrogram of a spectral-line data cube allows for the estimation
of key physical properties associated with volumes bounded by isosurfaces, 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 Mlum 5 X13COL13CO, where X13CO 5 8.0 3 1020 cm2 K21 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, aobs 5 5sv2R/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 selfgravity is significant. As aobs 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 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 most notable feature in the abundance map (Fig. 1, middle
panel) is a general roughly solar abundance region in the centre
of the map, which is asymmetric and clumpy, indicating uneven
enrichment of the ICM. Regions of supersolar abundance extend
along the jets to the radius of the western knot and the base of the
eastern lobe, with some extension to the north. The solar abundance
region is somewhat more extended south of the jets, but is less
consistent, with patches of both high and low abundance. At larger
radii, the abundances decline, but there is considerable variation
from ∼0.4 Z" regions in the east and west to solar abundances in
the north and south.
The correlation between the supersolar abundance region and
the radio jets suggests that enriched material is being entrained
outwards from the core of NGC 6051. A branch or clump of high
abundances also extends north or north-east from the central galaxy.
This may indicate a trail of material left behind the galaxy, since
the bending of the radio jets suggests that NGC 6051 is moving
south. Alternatively, it could indicate that the entrainment of gas
to the east is less closely confined around the jet than is the case
on the west. Neither the highest abundance features nor the larger
near-solar region correlates with the stellar structure of NGC 6051.
The high-abundance feature extends roughly across the minor-axis
of the galaxy, but is more extended that the D25 ellipse.
A comparison of the maps with galaxies in the field of view shows
no clear correlations. IC 4588, an early-type galaxy at redshift 0.051,
falls at the western edge of the large, cool, low-abundance region
to the south-east of the eastern radio lobe (region 1 in Fig. 1). It is
possible that the cool material is associated with the galaxy, perhaps
as part of a galaxy group. Koranyi & Geller (2002) find a small
number of galaxies at approximately the same recession velocity.
However, there is no clear surface brightness structure in the region
and there are insufficient counts to allow us to identify any additional
spectral components. An apparent radio source coincident with IC
4588 is seen in the 610-MHz contours, but a comparison with the
available GMRT and VLA maps at other frequencies suggests that
while there is a source at this position, its apparent extension is the
result of a noise feature.

Literature
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images

IMAGE
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Figure 3. Abundance map of the core of AWM 4, with GMRT 610-MHz
contours overlaid. Rectangular regions were used to examine the variation
in abundance across and along the jet. The white cross marks the position
of the radio core.

outside that area. The abundance of the westernmost region is lower
than the abundances in the inner jet at 90 per cent significance.
Combining regions of similar metallicity, we find that the inner
part of the jets (regions 3–5 of the east-to-west profile or region 3
of the north-to-south profile) is more enriched than the regions at
the eastern end of the jet at 3.2σ significance, but only at a 2.0σ
level in comparison to the western regions. However, comparing
the inner jet to a combination of the extreme western and eastern
regions shows a 3.4σ difference. The northern and southern regions,
combined in pairs, are less abundant at the 2.4–2.7σ level or 3σ ,
if all four are simultaneously fitted. In general, we conclude that
the high-abundance region is more extended from east to west than
from north to south, following the jet, and that its abundance is
significantly greater than its surroundings, by ∼0.4 Z" .

3.1 Metal enrichment along the jets

3.2 Accuracy of the spectral maps and potential sources of bias

Figs 3 and 4 show the map of best-fitting abundance values, compared to the 610 MHz radio structure and the 90 per cent upper and
lower bound maps. The central abundance feature, which correlates
with the jets is clear in all three maps. Maps of the fitted statistic
show variation across the field, but do not appear correlated with
the temperature or abundance maps. This suggests that the apparent
features are not the product of poor spectral fits in particular regions.
We test this conclusion more thoroughly in Section 3.2.
To examine the high abundances associated with the radio jets,
we placed a number of rectangular regions along and across the
jet, shown in Fig. 3. Smaller regions are used in the inner part of
the jet to allow us to look for any central abundance peak, larger
regions outside to minimize the uncertainties on abundance. Spectra
were extracted from these regions and fitted with an absorbed APEC
model. The resulting abundances are shown in Fig. 5. The eastto-west profile uses the two large rectangular regions at each end

To test the accuracy of the maps, we defined regions covering specific temperature and abundance features, extracted spectra from
these regions and fitted them. The regions contain between ∼660
and ∼2900 net counts in the 0.7–7.0 keV band. While the spectral
extraction and fitting process is identical in mapping and normal
spectral analysis, these regions were not constrained to contain a
fixed number of counts, so should provide a test of the smoothinglike effect of the mapping process. It also allows us to determine
how well the variation within map regions corresponds to the uncertainty on the normal spectral fit. Fig. 6 shows comparisons of
the range of temperatures and abundances found in the map regions
with the values derived from the spectral fits.
In general, the maps appear to provide an accurate estimate of
both the temperature and abundance. One spectral fit, for region A,
finds a significantly higher temperature than the map suggests. This
appears to be a smoothing issue, the spectral extraction regions used
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consistent, with patches of both high and low abundance. At larger
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outwards from the core of NGC 6051. A branch or clump of high
abundances also extends north or north-east from the central galaxy.
This may indicate a trail of material left behind the galaxy, since
the bending of the radio jets suggests that NGC 6051 is moving
south. Alternatively, it could indicate that the entrainment of gas
to the east is less closely confined around the jet than is the case
on the west. Neither the highest abundance features nor the larger
near-solar region correlates with the stellar structure of NGC 6051.
The high-abundance feature extends roughly across the minor-axis
of the galaxy, but is more extended that the D25 ellipse.
A comparison of the maps with galaxies in the field of view shows
no clear correlations. IC 4588, an early-type galaxy at redshift 0.051,
falls at the western edge of the large, cool, low-abundance region
to the south-east of the eastern radio lobe (region 1 in Fig. 1). It is
possible that the cool material is associated with the galaxy, perhaps
as part of a galaxy group. Koranyi & Geller (2002) find a small
number of galaxies at approximately the same recession velocity.
However, there is no clear surface brightness structure in the region
and there are insufficient counts to allow us to identify any additional
spectral components. An apparent radio source coincident with IC
4588 is seen in the 610-MHz contours, but a comparison with the
available GMRT and VLA maps at other frequencies suggests that
while there is a source at this position, its apparent extension is the
result of a noise feature.

Figure 3. Abundance map of the core of AWM 4, with GMRT 610-MHz
contours overlaid. Rectangular regions were used to examine the variation
in abundance across and along the jet. The white cross marks the position
of the radio core.

outside that area. The abundance of the westernmost region is lower
than the abundances in the inner jet at 90 per cent significance.
Combining regions of similar metallicity, we find that the inner
part of the jets (regions 3–5 of the east-to-west profile or region 3
of the north-to-south profile) is more enriched than the regions at
the eastern end of the jet at 3.2σ significance, but only at a 2.0σ
level in comparison to the western regions. However, comparing
the inner jet to a combination of the extreme western and eastern
regions shows a 3.4σ difference. The northern and southern regions,
combined in pairs, are less abundant at the 2.4–2.7σ level or 3σ ,
if all four are simultaneously fitted. In general, we conclude that
the high-abundance region is more extended from east to west than
from north to south, following the jet, and that its abundance is
significantly greater than its surroundings, by ∼0.4 Z" .

3.1 Metal enrichment along the jets

3.2 Accuracy of the spectral maps and potential sources of bias

Figs 3 and 4 show the map of best-fitting abundance values, compared to the 610 MHz radio structure and the 90 per cent upper and
lower bound maps. The central abundance feature, which correlates
with the jets is clear in all three maps. Maps of the fitted statistic
show variation across the field, but do not appear correlated with
the temperature or abundance maps. This suggests that the apparent
features are not the product of poor spectral fits in particular regions.
We test this conclusion more thoroughly in Section 3.2.
To examine the high abundances associated with the radio jets,
we placed a number of rectangular regions along and across the
jet, shown in Fig. 3. Smaller regions are used in the inner part of
the jet to allow us to look for any central abundance peak, larger

To test the accuracy of the maps, we defined regions covering specific temperature and abundance features, extracted spectra from
these regions and fitted them. The regions contain between ∼660
and ∼2900 net counts in the 0.7–7.0 keV band. While the spectral
extraction and fitting process is identical in mapping and normal
spectral analysis, these regions were not constrained to contain a
fixed number of counts, so should provide a test of the smoothinglike effect of the mapping process. It also allows us to determine
how well the variation within map regions corresponds to the uncertainty on the normal spectral fit. Fig. 6 shows comparisons of
the range of temperatures and abundances found in the map regions
with the values derived from the spectral fits.

Cool Tools 2011.1
Online Astronomy Research Tools from the CfA
Come have COFFEE

& BAGELS
from 10-11 AM in PHILLIPS on TUESDAY, 11/22
ADS Labs, options for valuable Data
Citations, the ADS All-Sky Survey, cool
new SED and Data-Mining
Tools,WorldWide Telescope, and More!
Learn more about

...and you might even find out why a Lego Eiffel Tower is on this poster.

