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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 jonization rate near
a supernova remnant should be higher than in the general Galactic interstellar medium (ISM). We
have searched for Hj absorption features in 6 sight lines which pass through molecular material
near 1C 443—a well-studied case of a supernova remnant interacting with its surrounding molecular
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Subject headings: astrochemistry — cosmic rays

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 (n°)
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 (¢ Blandford & Eichler

7), so interstellar oximity to an SNR
should provide a pr ying these
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among the California Institute of Technology, the University of
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tion. The Observatory was made possible by the generous finan-
cial support of the W.M. Keck Foundation
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shock (exterior) gas, the large inferred ionization rates suggest that 1C
in fact accelerating a large population of low-energy cosmic ray it i
population can propagate far enough into the ISM to account for the ionization rate inferred in

s unclear whether

ISM: supernova remnants

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 (1, b) ~ (189°,+3°) at a distance of about 1.5 kpc
in the Gem OBI 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 compos
of subshells A and B; shell A is to the NE—its c
ter at o = 06"17™08.4%, § = +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 pe, 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 '>CO 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). le
from this quiescent foreground cloud, observations of the
J =1 — 0 line of 2CO also show shocked molec
ular material coincident with IC 443 (DeNoyer 19
Huang et al. 1986; Dickman et al. 1992; Wang & Scoville
1992). These shocked molecular chumps 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. W] e many of the
shocked clumps are coincident with the quiescent gas, it
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ABSTRACT
Observational and theoretical evidence suggests that high-energy Galactic cosmic rays are primarily 6 w * 06 16 13.3409 +22 45 48.634 sdO 9 0
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 7 m . 06 17 54.3853 +22 24 32.928 BO.SII-III 30 0
have searched for HJ absorption features in 6 sight lines which pass through molecular material
near IC 443—a well—gtudied case of a supernova remnant interacting with its surrounding molecular 8 M v 06 18 00.3459 +22 39 29.995 BOIIIn 21 0
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 Hy column densities, N(Hy) ~ 3 x 10'* cm ™2, 9 IC443 SNR 0618 02.7 +2239 36 S 729 2
and deduce jonization rates of (2 ~ 2 x 1071% s71, about 5 times larger than inferred toward average 10 HD 254755 * 06 18 31.7741 +22 40 45.125 ogvP 33 0

diffuse 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 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 Hi 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 (7°)
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
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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.

Based in part on data collected at Subaru Telescope, which
is operated by the National Astronomical Observatory of Japan.
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6 Subaru Telescope, 650 North A’ohoku Place, Hilo, HI 96720
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9 Department of Physics, University of Illinois at Urbana-
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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 ([,b) ~ (189°,+3°) at a distance of about 1.5 kpc
in the Gem OBI1 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 @ = 06"17M08.4%, § = +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 2CO 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 2CO 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

[ I

0.2 0.4 0.6 0.8 1 1.2 1.4

Figure 3. Abundance map of the core of AWM 4, with GMRT 610-M]
contours overlaid. Rectangular regions were used to examine the variati
in abundance across and along the jet. The white cross marks the positi
of the radio core.
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1993ApJ...406..528G Dense cores in dark clouds. VIl - Velocity gradients

Goodman, A. A.; Benson, P. J.; Fuller, G. A.; Myers, P. C.

Astrophysical Journal, Part 1 (ISSN 0004-637X), vol. 406, no. 2, p. 528-547. Apr 1953
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Goodman, Alyssa A.; Barranco, Joseph A.; Wilner, David J.; Heyer, Mark H.

Astrophysical Journal v.504, p.223 Sep 1958

1995ApJ...448..748G Does Near-Infrared Polarimetry Reveal the Magnetic Field in Cold
Dark Clouds?

Goodman, Alyssa A.; Jones, Terry J.; Lada, Elizabeth A.; Myers, Philip C.

Astrophysical Journal v.448, p.748 Aug 1935

1992ApJ...399..108G The structure of magnetic fields in dark clouds - Infrared
polarimetry in B216-217

Goodman, Alyssa A.; Jones, Terry J.; Lada, Elizabeth A.; Myers, Philip C.

Astrophysical Journal, Part 1 (ISSN 0004-637X), vol. 383, no. 1, p. 108-113. Nov 1852
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Goodman, A. A.; Whittet, D. C. B.

Astrophysical Journal Letters v.455, p.L181 Dec 1835
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Goodman, A. A.

Polarimetry of the interstellar medium. Astronomical Society of the Pacific Conference Series; Vol. 87;
Proceedings of a conference held at Rensselaer Polytechnic Institute; Troy; New York; 4-7 June 1835; San
Francisco: Astronomical Society of the Pacific (ASP); Ic 1896; edited by Wayne G. Roberge and Doug C. B.
Whittet, p.325 n/a 1996

2004ApJ...608..831G PV Cephei: Young Star Caught Speeding?

Goodman, Alyssa A.; Arce, Héctor G.

The Astrophysical Journal, Volume 608, Issue 2, pp. 831-845. Jun 2004

1995ASPC...73...45G The future of magnetic field mapping in the Interstellar Medium
Goodman, Alyssa A.
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2004ASPC..323..171G The COMPLETE Survey of Star-Forming Regions on its Second
Birthday

Goodman. A. A.
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An astroreference consists of
coordinates, orientation and pixel
scale of an image, e.g.

astrometry.net

Hello, this is the blind astrometry solver. Your results are:

(RA, Dec) center:(290.237430258, 11.1399605323) degrees
(RA, Dec) center (H:M:S, D:M:S):(19:20:56.983, +11:08:23.858)
Orientation:89.92 deg E of N

Pixel scale:1.11 arcsec/pixel

Parity:Reverse ("Left-handed")
Field size :38.69 x 20.67 arcminutes

View in World Wide Telescope
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1’ / 38 kpc

in abundance across and along the jet. The white cross marks the position
of the radio core.
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Fig. 1. The densest part of the Polaris Flare region at some of the observed wavebands. Upper row: 160 um from PACS, and 250 ym and 350 ym
from SPIRE. Lower row: false-colour image (where 160 um is shown in blue, 250 ym is shown in green, and 350 um is shown in red), column
density map (where red is <4, blue is 4-8, and yellow is >8 x 10?! 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 x 10! cm™2, and the interval between successive contours is 1.5 x 10*! 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 x 10?! 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).



Filament 1

0 0.5 1 1.5 2 2.5 3
From (144.352, 36.467) to (141.022,34.217) (degrees)

0 0.5 1 1.5 2 2.5 3
From (142.951,36.834) to (140.551,34.330) (degrees)

Fi1G. 15—Position-velocity cuts of H 1 (contours) and CO (gray scale) in Filament 1 (upper panel) and Filament 2 (lower panel). See Fig. 6 for the
orientation of the cuts. The CO and H 1 centroid velocities differ by up to 4 km s !, 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 1 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 filter with interpolation radius 3'.



FI1G. 8.— The baseline design (modified three-mirror Paul-Baker)
for the LSST telescope.
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