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“Virtual 
Observatories”
21st century

3500 years of Observing
Galileo, 1600

Ptolemy in Alexandria, 100 AD

Stonehenge, 1500 BC

Observatory Tower, 
Lincolnshire, UK, c. 1300

Reber’s Radio 
Telescope, 1937

Long-distance 
remote-control/ 

“robotic”
telescopes

1990s

NASA/Explorer 7
(Space-based
Observing)

1959

“Virtual 
Observatories”
21st century

“The Internet”

The “Scientific Revolution”
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Gains in Student Interest and Understanding
(“Traditional Way” vs “WWT Way”)

“Cooler than ‘Call of Duty’”



View and compare 
images from across the 

electromagnetc spectrum 

Finder Scope links to 
Wikipedia, 

publications, and data, 
so you can learn more

Context globe 
shows where 
you’re looking.

Microsoft® Research
WorldWide Telescope

Control time to study how 
the night sky changes 

Context bar shows 
items of interest in 
current field of view

Seamlessly explore 
imagery from the best 

ground and space-based 
telescopes in the world

Much more than “just” 
the sky at night!  

3D features can  take 
you to other planets, 

stars & galaxies.  

worldwidetelescope.org

Expert led tours of 
the Universe
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Seamless Astronomy
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Evolution

1665 1895 2009 2013..230 yr... ...114 yr... ...4 yr...
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1665 1895 2009 2013..230 yr... ...114 yr... ...4 yr...

[demo]

Evolution
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Galileo Galilei
(1564-1642)

Notes for & re-productions of  Siderius Nuncius
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Historical Image Layer 
Extracted from ALL 

ADS holdings 
(astrometry.net & 

Zooniverse)

ADS-Seamless-astrometry.net-MSR-Zooniverse 
collaboration

Faceted Heat Map 
of Articles on the 

Sky

ADS-CDS-Seamless-MSR collaboration

Seamless Astronomy: ADS All Sky Survey
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Seamless Astronomy: ADS All Sky Survey



Prototype of Articles on the Sky (2010)

with thanks to CDS/Pierre Fernique/Thomas Boch

or...
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Reviving “Dead” Data
astrometry.net + flickr + WWT

astrometry.net

[published 1927]
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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 ζ2 ≈ 2× 10−15 s−1, about 5 times larger than inferred toward average
diffuse molecular cloud sight lines. However, the 3σ 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 effects, 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
diffuse 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 (π0)
which decay into gamma-rays. Evidence suggests that
Galactic cosmic rays are primarily accelerated by super-
nova remnants (SNRs) through the process of diffusive
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 α = 06h17m08.4s, δ = +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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Table 1
Candidate New and Extended Outflow Locations

Name R.A. Decl. Area Mass Momentum Kinetic Energy Driving Source
(J2000) (arcmin) (M!) (M! km s−1) (1042 erg) Candidate(s)

CPOC 1 03:23:21 30:52:10 19 × 12 0.05 0.19 6.93 L1448-IRS1
CPOC 2 03:23:54 30:48:10 16 × 7 0.36 0.88 21.68 L1448-IRS1
CPOC 3 03:24:30 30:50:00 10 × 5 0.02 0.08 2.93 L1448-IRS3
CPOC 4 03:24:54 30:43:10 4 × 4 0.01 0.04 2.10 Multiple in L1448
CPOC 5 03:25:39 30:28:20 7 × 5 0.02 0.05 1.32 SSTc2dJ032519.52+303424.2
CPOC 6 03:27:55 31:19:50 4 × 3 0.02 0.03 0.36 Multiple NGC 1333, near HH 338
CPOC 7 03:28:00 31:03:40 15 × 12 0.29 1.79 112.00 SSTc2dJ032834.49+310051.1
CPOC 8 03:28:32 30:28:20 8 × 11 0.11 0.28 7.17 Near HH 750 and HH 743, SSTc2dJ032835.03+302009.9 or

SSTc2dJ032906.05+303039.2
CPOC 9 03:28:28 31:13:20 8 × 8 0.26 0.56 12.63 SSTc2dJ032832.56+311105.1 or SSTc2dJ032837.09+311330.8
CPOC 10 03:28:27 31:23:20 8 × 8 0.24 0.42 7.50 SSTc2dJ032844.09+312052.7
CPOC 11 03:28:40 31:07:10 8 × 6 0.11 0.27 7.01 STTc2dJ032834.53+310705.5
CPOC 12 03:28:43 31:07:30 8 × 7 0.19 0.97 52.02 SSTc2dJ032843.24+311042.7
CPOC 13 03:28:50 31:27:10 6 × 8 0.31 0.80 21.00 Multiple in NGC 1333
CPOC 14 03:28:57 30:50:20 6 × 5 0.03 0.05 0.73 SSTc2dJ032850.62+304244.7 or SSTc2dJ032852.17+304505.5
CPOC 15 03:29:07 30:45:50 7 × 5 0.19 0.80 32.82 SSTc2dJ032850.62+304244.7 or SSTc2dJ032852.17+304505.5
CPOC 16 03:29:30 31:07:10 6 × 6 0.04 0.10 2.40 HH 18A, multiple in NGC 1333
CPOC 17 03:29:41 31:17:30 9 × 13 3.20 8.49 235.28 Near HH 497, HH 336, multiple in NGC 1333
CPOC 18 03:29:41 31:27:10 5 × 6 0.08 0.21 6.35 HH 764, multiple in NGC 1333
CPOC 19 03:29:27 31:34:00 9 × 7 0.19 0.59 19.31 IRAS 03262+3123
CPOC 20 03:30:06 31:27:10 5 × 4 0.04 0.08 1.73 Multiple NGC 1333
CPOC 21 03:30:11 31:14:00 8 × 5 0.05 0.13 3.45 HH 767, SSTc2dJ033024.08+311404.4
CPOC 22 03:30:40 30:37:00 6 × 11 0.30 1.07 39.24 Multiple in Per 6 aggregate
CPOC 23 03:30:56 31:21:10 6 × 6 0.01 0.05 3.56 Multiple in NGC 1333 or B1
CPOC 24 03:31:23 31:01:30 27 × 18 0.46 2.99 193.71 Multiple in B1 or B1-Ridge
CPOC 25 03:31:23 31:20:40 4 × 7 0.02 0.14 9.73 Multiple in NGC 1333 or B1
CPOC 26 03:31:40 30:54:40 6 × 4 0.09 0.27 8.26 IRAS 03292+3039 or others in B1 and B1-Ridge
CPOC 27 03:31:54 31:14:10 8 × 5 0.07 0.40 21.85 Multiple in NGC 133 or B1
CPOC 28 03:32:04 30:40:20 4 × 5 0.58 1.35 31.94 Multiple in B1-Ridge
CPOC 29 03:32:25 31:18:10 5 × 7 0.06 0.17 4.89 Multiple in B1
CPOC 30 03:32:37 31:02:50 3 × 6 0.04 0.13 3.57 Multiple in B1
CPOC 31 03:32:58 31:22:20 4 × 8 0.15 0.37 9.32 SSTc2dJ033312.84+312124.2 or SSTc2dJ033313.80+312005.3
CPOC 32 03:33:14 30:59:00 4 × 6 0.07 0.17 4.25 SSTc2dJ033346.92+305350.1 or Multiple in B1 core
CPOC 33 03:33:40 31:28:50 5 × 6 0.21 0.50 11.77 Multiple in B1
CPOC 34 03:33:58 31:16:10 6 × 4 0.14 0.25 4.58 SSTc2dJ033401.66+311439.8
CPOC 35 03:34:43 31:22:00 5 × 8 0.10 0.24 5.43 SSTc2dJ033430.78+311324.4 or SSTc2dJ033449.84+311550.3
CPOC 36 03:35:10 31:18:00 4 × 5 0.11 0.30 8.02 SSTc2dJ033430.78+311324.4 or SSTc2dJ033449.84+311550.3
CPOC 37 03:38:58 32:05:50 5 × 3 0.16 0.19 2.34 Unknown between IC 348 and B1
CPOC 38 03:39:05 32:08:40 5 × 4 0.04 0.06 0.90 Unknown between IC 348 and B1
CPOC 39 03:39:11 31:19:00 8 × 8 0.10 0.19 3.83 SSTc2dJ033915.81+312430.7 or SSTc2dJ034001.49+311017.3
CPOC 40 03:39:16 32:18:10 6 × 4 0.09 0.24 11.17 IRAS 03363+3207
CPOC 41 03:39:18 31:58:10 7 × 6 0.14 0.21 3.22 IRAS 03367+3147
CPOC 42 03:39:20 32:17:40 5 × 5 0.20 0.19 1.92 IRAS 03363+3207
CPOC 43 03:40:24 32:04:00 7 × 8 2.04 3.89 76.37 IRAS 03367+3147 or multiple west of IC 348
CPOC 44 03:42:12 31:51:50 5 × 5 0.09 0.18 3.44 Multiple east of IC 348
CPOC 45 03:44:34 31:58:20 4 × 6 0.54 0.73 10.04 Multiple in south edge of IC 348
CPOC 46 03:44:53 32:14:40 11 × 6 0.33 0.66 13.19 Multiple in north edge of IC 348
CPOC 47 03:44:58 32:32:00 11 × 9 0.20 0.41 8.69 Multiple in north edge of IC 348
CPOC 48 03:45:01 31:57:50 4 × 4 0.16 0.25 3.94 Multiple in south edge of IC 348
CPOC 49 03:45:04 32:00:30 5 × 5 0.03 0.09 3.40 Multiple in south edge of IC 348
CPOC 50 03:45:26 31:58:00 6 × 6 0.25 0.36 5.29 Multiple in south edge of IC 348
CPOC 51 03:45:53 32:34:00 7 × 7 0.27 0.32 4.09 B5-IRS1
CPOC 52 03:45:59 32:42:50 7 × 7 0.13 0.29 6.55 Unknown in B5
CPOC 53 03:46:54 32:36:20 6 × 5 0.07 0.10 1.24 B5-IRS3
CPOC 54 03:47:16 32:39:50 5 × 4 0.06 0.09 1.48 B5-IRS3
CPOC 55 03:47:17 33:01:40 15 × 15 3.97 7.55 147.19 B5-IRS4?
CPOC 56 03:47:60 32:38:40 20 × 13 3.76 6.73 124.04 Multiple in B5
CPOC 57 03:48:01 33:14:40 6 × 6 0.09 0.11 1.45 B5-IRS4?
CPOC 58 03:49:14 32:57:40 7 × 6 0.28 0.27 2.83 Unknown in B5
CPOC 59 03:49:18 33:04:40 5 × 7 0.20 0.25 3.37 B5-IRS1
CPOC 60 03:49:41 33:12:20 8 × 7 0.58 0.64 7.08 Unknown in B5
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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 3.2σ 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".

3.2 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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