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ABSTRACT

Observational and theoretical evidence suggests that high-energy Galactic cosmic rays are primarily
accelerated by supernova remnants. If also true for low-energy cosmic rays, the ionization rate near
a supernova remnant should be higher than in the general Galactic interstellar medium (ISM). We
have searched for H+

3 absorption features in 6 sight lines which pass through molecular material
near IC 443—a well-studied case of a supernova remnant interacting with its surrounding molecular
material—for the purpose of inferring the cosmic-ray ionization rate in the region. In 2 of the sight
lines (toward ALS 8828 and HD 254577) we find large H+

3 column densities, N(H+
3 ) ! 3" 1014 cm!2,

and deduce ionization rates of !2 ! 2" 10!15 s!1, about 5 times larger than inferred toward average
di!use molecular cloud sight lines. However, the 3" upper limits found for the other 4 sight lines are
consistent with typical Galactic values. This wide range of ionization rates is likely the result of particle
acceleration and propagation e!ects, which predict that the cosmic-ray spectrum and thus ionization
rate should vary in and around the remnant. While we cannot determine if the H+

3 absorption arises
in post-shock (interior) or pre-shock (exterior) gas, the large inferred ionization rates suggest that IC
443 is in fact accelerating a large population of low-energy cosmic rays. Still, it is unclear whether
this population can propagate far enough into the ISM to account for the ionization rate inferred in
di!use Galactic sight lines.

Subject headings: astrochemistry – cosmic rays – ISM: supernova remnants

1. INTRODUCTION

As cosmic rays propagate through the interstellar
medium (ISM) they interact with the ambient material.
These interactions include excitation and ionization of
atoms and molecules, spallation of nuclei, excitation of
nuclear states, and the production of neutral pions (#0)
which decay into gamma-rays. Evidence suggests that
Galactic cosmic rays are primarily accelerated by super-
nova remnants (SNRs) through the process of di!usive
shock acceleration (e.g. Drury 1983; Blandford & Eichler
1987), so interstellar clouds in close proximity to an SNR
should provide a prime “laboratory” for studying these

1 Some of the data presented herein were obtained at the W.M.
Keck Observatory, which is operated as a scientific partnership
among the California Institute of Technology, the University of
California and the National Aeronautics and Space Administra-
tion. The Observatory was made possible by the generous finan-
cial support of the W.M. Keck Foundation.

2 Based in part on data collected at Subaru Telescope, which
is operated by the National Astronomical Observatory of Japan.

3 Department of Astronomy, University of Illinois at Urbana-
Champaign, Urbana, IL 61801

4 Division of Geological and Planetary Sciences and Division
of Chemistry and Chemical Engineering, MS 150-21, California
Institute of Technology, Pasadena, CA 91125

5 Max-Planck-Institut für Astronomie, Königstuhl 17, Heidel-
berg D-69117, Germany

6 Subaru Telescope, 650 North A’ohoku Place, Hilo, HI 96720
7 Department of Astronomy and Astrophysics and Depart-

ment of Chemistry, University of Chicago, Chicago, IL 60637
8 Gemini Observatory, 670 North A’ohoku Place, Hilo, HI

96720
9 Department of Physics, University of Illinois at Urbana-

Champaign, Urbana, IL 61801
10 Department of Chemistry, University of Illinois at Urbana-

Champaign, Urbana, IL 61801

interactions. IC 443 represents such a case, as portions
of the SNR shock are known to be interacting with the
neighboring molecular clouds.
IC 443 is an intermediate age remnant (about 30,000

yr; Chevalier 1999) located in the Galactic anti-center
region (l, b) ! (189",+3") at a distance of about 1.5 kpc
in the Gem OB1 association (Welsh & Sallmen 2003),
and is a particularly well-studied SNR. Figure 1 shows
the red image of IC 443 taken during the Second Palo-
mar Observatory Sky Survey. The remnant is composed
of subshells A and B; shell A is to the NE—its cen-
ter at $ = 06h17m08.4s, % = +22"36#39.4## J2000.0 is
marked by the cross—while shell B is to the SW. Adopt-
ing a distance of 1.5 kpc, the radii of subshells A and
B are about 7 pc and 11 pc, respectively. Between the
subshells is a darker lane that runs across the remnant
from the NW to SE. This is a molecular cloud which
has been mapped in 12CO emission (Cornett et al. 1977;
Dickman et al. 1992; Zhang et al. 2009), and is known to
be in the foreground because it absorbs X-rays emitted
by the hot remnant interior (Troja et al. 2006). Aside
from this quiescent foreground cloud, observations of the
J = 1 # 0 line of 12CO also show shocked molec-
ular material coincident with IC 443 (DeNoyer 1979;
Huang et al. 1986; Dickman et al. 1992; Wang & Scoville
1992). These shocked molecular clumps first identified
by DeNoyer (1979) and Huang et al. (1986) in CO have
also been observed in several atomic and small molec-
ular species (e.g. White et al. 1987; Burton et al. 1988;
van Dishoeck et al. 1993; White 1994; Snell et al. 2005),
and are thought to be the result of the expanding SNR
interacting with the surrounding ISM. While many of the
shocked clumps are coincident with the quiescent gas, it
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Observational and theoretical evidence suggests that high-energy Galactic cosmic rays are primarily
accelerated by supernova remnants. If also true for low-energy cosmic rays, the ionization rate near
a supernova remnant should be higher than in the general Galactic interstellar medium (ISM). We
have searched for H+

3 absorption features in 6 sight lines which pass through molecular material
near IC 443—a well-studied case of a supernova remnant interacting with its surrounding molecular
material—for the purpose of inferring the cosmic-ray ionization rate in the region. In 2 of the sight
lines (toward ALS 8828 and HD 254577) we find large H+

3 column densities, N(H+
3 ) ! 3" 1014 cm!2,

and deduce ionization rates of !2 ! 2" 10!15 s!1, about 5 times larger than inferred toward average
di!use molecular cloud sight lines. However, the 3" upper limits found for the other 4 sight lines are
consistent with typical Galactic values. This wide range of ionization rates is likely the result of particle
acceleration and propagation e!ects, which predict that the cosmic-ray spectrum and thus ionization
rate should vary in and around the remnant. While we cannot determine if the H+

3 absorption arises
in post-shock (interior) or pre-shock (exterior) gas, the large inferred ionization rates suggest that IC
443 is in fact accelerating a large population of low-energy cosmic rays. Still, it is unclear whether
this population can propagate far enough into the ISM to account for the ionization rate inferred in
di!use Galactic sight lines.
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1. INTRODUCTION

As cosmic rays propagate through the interstellar
medium (ISM) they interact with the ambient material.
These interactions include excitation and ionization of
atoms and molecules, spallation of nuclei, excitation of
nuclear states, and the production of neutral pions (#0)
which decay into gamma-rays. Evidence suggests that
Galactic cosmic rays are primarily accelerated by super-
nova remnants (SNRs) through the process of di!usive
shock acceleration (e.g. Drury 1983; Blandford & Eichler
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interactions. IC 443 represents such a case, as portions
of the SNR shock are known to be interacting with the
neighboring molecular clouds.
IC 443 is an intermediate age remnant (about 30,000

yr; Chevalier 1999) located in the Galactic anti-center
region (l, b) ! (189",+3") at a distance of about 1.5 kpc
in the Gem OB1 association (Welsh & Sallmen 2003),
and is a particularly well-studied SNR. Figure 1 shows
the red image of IC 443 taken during the Second Palo-
mar Observatory Sky Survey. The remnant is composed
of subshells A and B; shell A is to the NE—its cen-
ter at $ = 06h17m08.4s, % = +22"36#39.4## J2000.0 is
marked by the cross—while shell B is to the SW. Adopt-
ing a distance of 1.5 kpc, the radii of subshells A and
B are about 7 pc and 11 pc, respectively. Between the
subshells is a darker lane that runs across the remnant
from the NW to SE. This is a molecular cloud which
has been mapped in 12CO emission (Cornett et al. 1977;
Dickman et al. 1992; Zhang et al. 2009), and is known to
be in the foreground because it absorbs X-rays emitted
by the hot remnant interior (Troja et al. 2006). Aside
from this quiescent foreground cloud, observations of the
J = 1 # 0 line of 12CO also show shocked molec-
ular material coincident with IC 443 (DeNoyer 1979;
Huang et al. 1986; Dickman et al. 1992; Wang & Scoville
1992). These shocked molecular clumps first identified
by DeNoyer (1979) and Huang et al. (1986) in CO have
also been observed in several atomic and small molec-
ular species (e.g. White et al. 1987; Burton et al. 1988;
van Dishoeck et al. 1993; White 1994; Snell et al. 2005),
and are thought to be the result of the expanding SNR
interacting with the surrounding ISM. While many of the
shocked clumps are coincident with the quiescent gas, it
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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.

3.1 Metal enrichment along the jets

Figs 3 and 4 show the map of best-fitting abundance values, com-
pared 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 east-
to-west profile uses the two large rectangular regions at each end
and the smaller rectangles along the jet; the north-to-south profile
compares the upper and lower pairs of large rectangular regions, and
the central region comprises the three small rectangles combined.

While the abundances in neighbouring regions are comparable,
there is a clear trend for higher abundances in the inner jets (the three
central regions of the east-to-west profile) and declining abundance

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 3.2! significance, but only at a 2.0!

level in comparison to the western regions. However, comparing
the inner jet to a combination of the extreme western and eastern
regions shows a 3.4! difference. The northern and southern regions,
combined in pairs, are less abundant at the 2.4–2.7! level or 3! ,
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".

3.2 Accuracy of the spectral maps and potential sources of bias

To test the accuracy of the maps, we defined regions covering spe-
cific 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 smoothing-
like effect of the mapping process. It also allows us to determine
how well the variation within map regions corresponds to the un-
certainty 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
to create the map being significantly larger than region A, which
contains only !900 net counts (0.7–7.0 keV). The abundance mea-
surements typically have larger uncertainties, and a greater vari-
ation in map pixel values, particularly in the highest-abundance
regions. The highest abundance of any spectral fit is found in re-
gion B. The region contains !1200 net counts, again suggesting that

C# 2010 The Authors, MNRAS 411, 1833–1842
Monthly Notices of the Royal Astronomical Society C# 2010 RAS
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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.

3.1 Metal enrichment along the jets

Figs 3 and 4 show the map of best-fitting abundance values, com-
pared 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 east-
to-west profile uses the two large rectangular regions at each end
and the smaller rectangles along the jet; the north-to-south profile
compares the upper and lower pairs of large rectangular regions, and
the central region comprises the three small rectangles combined.

While the abundances in neighbouring regions are comparable,
there is a clear trend for higher abundances in the inner jets (the three
central regions of the east-to-west profile) and declining abundance

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 3.2! significance, but only at a 2.0!

level in comparison to the western regions. However, comparing
the inner jet to a combination of the extreme western and eastern
regions shows a 3.4! difference. The northern and southern regions,
combined in pairs, are less abundant at the 2.4–2.7! level or 3! ,
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".

3.2 Accuracy of the spectral maps and potential sources of bias

To test the accuracy of the maps, we defined regions covering spe-
cific 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 smoothing-
like effect of the mapping process. It also allows us to determine
how well the variation within map regions corresponds to the un-
certainty 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
to create the map being significantly larger than region A, which
contains only !900 net counts (0.7–7.0 keV). The abundance mea-
surements typically have larger uncertainties, and a greater vari-
ation in map pixel values, particularly in the highest-abundance
regions. The highest abundance of any spectral fit is found in re-
gion B. The region contains !1200 net counts, again suggesting that
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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.

3.1 Metal enrichment along the jets

Figs 3 and 4 show the map of best-fitting abundance values, com-
pared 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 east-
to-west profile uses the two large rectangular regions at each end
and the smaller rectangles along the jet; the north-to-south profile
compares the upper and lower pairs of large rectangular regions, and
the central region comprises the three small rectangles combined.

While the abundances in neighbouring regions are comparable,
there is a clear trend for higher abundances in the inner jets (the three
central regions of the east-to-west profile) and declining abundance

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 3.2! significance, but only at a 2.0!

level in comparison to the western regions. However, comparing
the inner jet to a combination of the extreme western and eastern
regions shows a 3.4! difference. The northern and southern regions,
combined in pairs, are less abundant at the 2.4–2.7! level or 3! ,
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".

3.2 Accuracy of the spectral maps and potential sources of bias

To test the accuracy of the maps, we defined regions covering spe-
cific 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 smoothing-
like effect of the mapping process. It also allows us to determine
how well the variation within map regions corresponds to the un-
certainty 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
to create the map being significantly larger than region A, which
contains only !900 net counts (0.7–7.0 keV). The abundance mea-
surements typically have larger uncertainties, and a greater vari-
ation in map pixel values, particularly in the highest-abundance
regions. The highest abundance of any spectral fit is found in re-
gion B. The region contains !1200 net counts, again suggesting that
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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.

3.1 Metal enrichment along the jets

Figs 3 and 4 show the map of best-fitting abundance values, com-
pared 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 east-
to-west profile uses the two large rectangular regions at each end
and the smaller rectangles along the jet; the north-to-south profile
compares the upper and lower pairs of large rectangular regions, and
the central region comprises the three small rectangles combined.

While the abundances in neighbouring regions are comparable,
there is a clear trend for higher abundances in the inner jets (the three
central regions of the east-to-west profile) and declining abundance

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 3.2! significance, but only at a 2.0!

level in comparison to the western regions. However, comparing
the inner jet to a combination of the extreme western and eastern
regions shows a 3.4! difference. The northern and southern regions,
combined in pairs, are less abundant at the 2.4–2.7! level or 3! ,
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".

3.2 Accuracy of the spectral maps and potential sources of bias

To test the accuracy of the maps, we defined regions covering spe-
cific 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 smoothing-
like effect of the mapping process. It also allows us to determine
how well the variation within map regions corresponds to the un-
certainty 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
to create the map being significantly larger than region A, which
contains only !900 net counts (0.7–7.0 keV). The abundance mea-
surements typically have larger uncertainties, and a greater vari-
ation in map pixel values, particularly in the highest-abundance
regions. The highest abundance of any spectral fit is found in re-
gion B. The region contains !1200 net counts, again suggesting that
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3.4. Derivation of the Emissivity Spectral Index

Instead of assuming a constant value of ! to calculate the
temperature map as in x 3.2, one can alternatively calculate the
value of the emissivity spectral index at each point in the map
by choosing a constant value for the temperature. Using multi-
transition spectral line data, Tafalla et al. (2002) find that the

core L1544 has a constant gas temperature of approximately
10 K (with spatial resolution of !0.03 pc), so experiment-
ing here with calculations involving a constant dust tempera-
ture is justified. Because the emissivity spectral index appears
in the equations used to derive the temperature and mass of a
core, knowledge of its variability within a core is clearly valu-
able to the understanding of the physical properties of TMC-1C
and cores in general. The quantity ! depends on the dust grain
size distribution, the composition of the mantle, and the surface-
area-to-volume ratio of the dust particles, all of which can vary
throughout a core (Ossenkopf & Henning 1994).

The derived emissivity spectral index map for T " 10K at all
radii is shown in Figure 5. In the central 20 (!0.08 pc) of the
TMC-1C core, the value of ! takes values in the physically
plausible range 0:5 # ! # 2:0. To self-consistently determine
the column density, temperature, and emissivity spectral index
of the dust simultaneously, we would need at least one more
continuum map at another wavelength. For the remainder of
this paper we assume that ! has a constant value and that the
dust temperature in TMC-1C is not fixed, unless stated other-
wise, although we understand that both quantities are likely to
vary throughout the core.

3.5. Calculation of Mass

For optically thin emission, equation (1) can be rearranged to
convert a measurement of dust emission to mass, so that

M " !"mHNHd
2 " Skd

2

#kBk(Td)
; $8%

Fig. 4.—Column density derived from the 450 and 850 "m SCUBA maps
with the choice of ! " 1:5. The column density of particles is given by Nparticles "
NH /2:33, whereNH is derived as in x 3.3. [See the electronic edition of the Journal
for a color version of this figure.]

Fig. 5.—Emissivity spectral index (! ) of the dust as determined by the 450 and 850 "m SCUBA maps with the assumption that the dust temperature is constant at 10 K.
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L. Testi et al.: VLA observations of the ISOGAL l = +45 field. I. 83

Fig.A3. 3.6 and 6 cm maps of the extended source G045.066+0.138 (30), and the compact sources G045.070+0.132 (11) and
G045.072+0.132 (12); contour levels are −8, from 8 to 50 by 5 and from 50 to 300 by 50 mJy/beam at 3.6 cm, and −10, from
10 to 22 by 3, from 30 to 90 by 15, 120 and 150 mJy/beam at 6 cm. The filled ellipse represent the IRAS-PSC error box

Fig.A4. 3.6 and 6 cm maps of the extended source G045.134+0.145 (31), and the compact sources G045.118+0.143 (13),
G045.123+0.132 (15), G045.133+0.133 (16) and G045.130+0.131 (17); contour levels are −30, from 30 to 100 by 10 and from
200 to 1400 by 300 mJy/beam at 3.6 cm, and −10, from 10 to 22 by 3, from 30 to 90 by 15, 120, 150 and from 300 to 1500 by
300 mJy/beam at 6 cm. The filled ellipse represent the IRAS-PSC error box
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Appendix A: Maps of all the detected radio sources

In this appendix we present the contour plots of all the
sources detected in our survey. IRAS-PSC2 sources are
shown as ellipses corresponding to the 90% confidence on
the peak position. The positions of the peaks of the 20 cm

sources from Zoonematkermani et al. (1990) are shown
as crosses. Dashed ellipses show the deconvolved sizes of
the 20 cm NVSS survey sources (Condon et al. 1998). In
Figs. A1 and A2 the NVSS ellipses may fall partially (or
completely) outside the plotted area, thus we marked the
NVSS peak position with an empty square.
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Fig. 1. The densest part of the Polaris Flare region at some of the observed wavebands. Upper row: 160 µm from PACS, and 250 µm and 350 µm
from SPIRE. Lower row: false-colour image (where 160 µm is shown in blue, 250 µm is shown in green, and 350 µm is shown in red), column
density map (where red is <4, blue is 4–8, and yellow is >8 ! 1021 cm"2), and colour temperature map (where blue is 10–11 K and yellow is
12–13 K). The contour levels on the column density map start at 4 ! 1021 cm"2, and the interval between successive contours is 1.5 ! 1021 cm"2.
The same contours are repeated on the temperature map for ease of location. Five sources are seen above a column density of 4 ! 1021 cm"2.
These are labelled cores 1–5 (in order of increasing RA) on the last two panels and are discussed in the text. The loop (loop 1) discussed in the
text (containing cores 4 & 5) is clearly visible in all images. The reddest features on the false-colour image are the coldest, and the loop shows up
clearly as redder than the surroundings. Likewise in the temperature map, the loop shows up as blue, indicating that it is the coldest feature on the
map. The position of the IRAS source (IRAS 01432+8725) is marked with a star on the last two panels (adjacent to core 4).

values in the PACS wavelengths. Standard steps of the default
pipeline were applied for data reduction starting from (level 0)
raw data. Multi-resolution median transform (MMT) deglitching
and second order deglitching were also applied. Baselines were
subtracted from the level 1 data by high-pass filtering with a #1$
filter width, avoiding obvious sources, whilst the full leg length
was 2.5$ in the parallel mode.

The PACS data of this field include transients of unknown
origin after each calibration block, which seriously a!ected the
ensuing frames. We processed these observations using data-
masking and a narrower high-pass filter width than the image
size in order to mitigate the calibration block artifacts. In this
process, we may have removed spatial scales larger than the fil-
ter widths. The final PACS maps were created using the HIPE
“MADmap” mapping method projected to the 3.2 and 6.4 arc-
sec/pixel size for 70 and 160µm data, respectively.

3. Results
The Polaris Flare dark cloud region was observed at five wave-
lengths – 70, 160, 250, 350 and 500 µm. Figure 1 shows some
of the main results. Only the densest part of the mapped region
is shown. The area shown is just over half a degree square. The
upper row of Fig. 1 shows the data from three of the wavebands:
160 µm from PACS; and 250 µm and 350 µm from SPIRE. The

data have been smoothed to a common resolution of 24 arcsec,
the approximate resolution of the 350-µm data. The images have
also been re-gridded onto 10 ! 10 arcsec pixels.

The lower row of Fig. 1 shows some images derived from
the raw data: a false-colour image; a column density map; and
a colour temperature map. The contours on the column density
map are at 4, 5.5, and 7 ! 1021 cm"2. These are repeated on the
temperature map to assist in source location. The Polaris cloud
is clearly seen, and the raw data show a complex structure that
is broadly similar at all wavebands. There are a number of fil-
amentary structures seen in the data, with a few brighter cores
embedded in the cloud.

There is a filamentary loop seen in all images that is cen-
tred roughly at Galactic coordinates l = 123.67, b = +24.89 –
RA(2000) = 01h58m, Dec(2000) = 87$40%. We here label this
feature loop 1. This is the same curved filament as was seen by
Falgarone et al. (1998) in 13CO. They interpreted this as an edge
of a cloud core. However, in the continuum we see it is clearly a
loop with no filled centre. It was also detected in various transi-
tions by Grossman & Heithausen (1992).

There is also a filament with an apparent bifurcation at
roughly Galactic coordinates l = 123.48, b = +24.90 –
RA(2000) = 01h42m, Dec(2000) = 87$43%. A bright core region
is seen at the head of this bifurcation, which may be broken up
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FIG. 15.ÈPosition-velocity cuts of H I (contours) and CO (gray scale) in Filament 1 (upper panel) and Filament 2 (lower panel). See for theFig. 6
orientation of the cuts. The CO and H I centroid velocities di†er by up to 4 km s~1, with the CO blueshifted with respect to the H I. This is evidence that the
clouds have interacted with the wind, causing the expansion of the NCP loop. H I contours are at 4, 8, . . . , 20 K and CO contours are at 1, 2, 3 K. The CO
data have been smoothed with a conical Ðlter with interpolation radius 3@.

FIG. 16.ÈCentroid velocity o†sets in the Ðlaments as a function of
position. Filament 1 utilizes the left and bottom axes, and Filament 2
utilizes the right and top axes. The velocity o†sets axes show the LSR
velocity of the H I minus the LSR velocity of the CO at various ““ clump ÏÏ
positions along the Ðlaments (see Figs. and Note how the deviations6 15).
of the CO from the H I velocity are maximal toward the ““ middle ÏÏ of the
Ðlaments and minimal toward the ““ ends.ÏÏ The zero points of the compara-
ble (e.g., top and bottom) axes are o†set to align the curves, but the absol-
ute o†set and velocity scales are the same for both Ðlaments.

requires only that the line-of-sight component of the Ðeld be
compressed, as that is all that is measurable in the Zeeman
observations.

3. Increase in the number of ““ clumps ÏÏ toward high
latitude.ÈIt may be that there are simply more clumps
along the line of sight through the top of the Ðlament than
through the bottom. However, along the entire length of the
Ðlament the H I line shapes remain simple Gaussian cores
with broad wings. If there were more clumps along the line
of sight through the top of the Ðlament, we might expect
some departure from this simple shape. Furthermore, the
CO position-velocity diagrams along Ðlaments 1 and 2 (Fig.

do not show more molecular clumps at higher b.15)

4.2.4. IRAS Colors

In we found that in the tips of Ðlaments 1 and 2, the° 3.2,
mean IRAS temperature T (12/25) increases by about 15%
and mean color ratio R(12/25) increases by about 50%
above the mean quantities in the other parts of the Ðla-
ments. Previous authors have concluded that changes in
IRAS colors such as R(12/25) reÑect changes in the abun-
dance of small particles. et al. studied fourBoulanger (1990)
molecular clouds including Ursa Major and found that
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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.

3.1 Metal enrichment along the jets

Figs 3 and 4 show the map of best-fitting abundance values, com-
pared 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 east-
to-west profile uses the two large rectangular regions at each end
and the smaller rectangles along the jet; the north-to-south profile
compares the upper and lower pairs of large rectangular regions, and
the central region comprises the three small rectangles combined.

While the abundances in neighbouring regions are comparable,
there is a clear trend for higher abundances in the inner jets (the three
central regions of the east-to-west profile) and declining abundance

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 3.2! significance, but only at a 2.0!

level in comparison to the western regions. However, comparing
the inner jet to a combination of the extreme western and eastern
regions shows a 3.4! difference. The northern and southern regions,
combined in pairs, are less abundant at the 2.4–2.7! level or 3! ,
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".

3.2 Accuracy of the spectral maps and potential sources of bias

To test the accuracy of the maps, we defined regions covering spe-
cific 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 smoothing-
like effect of the mapping process. It also allows us to determine
how well the variation within map regions corresponds to the un-
certainty 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
to create the map being significantly larger than region A, which
contains only !900 net counts (0.7–7.0 keV). The abundance mea-
surements typically have larger uncertainties, and a greater vari-
ation in map pixel values, particularly in the highest-abundance
regions. The highest abundance of any spectral fit is found in re-
gion B. The region contains !1200 net counts, again suggesting that
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