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Abstract The giant molecular clouds (MCs) found in the Milky Way and similar
galaxies play a crucial role in the evolution of these systems. The supernova explosions that mark the death of massive stars in these regions often lead to interactions
between the supernova remnants (SNRs) and the clouds. These interactions have a
profound effect on our understanding of SNRs. Shocks in SNRs should be capable
of accelerating particles to cosmic ray (CR) energies with efficiencies high enough
to power Galactic CRs. X-ray and γ-ray studies have established the presence of
relativistic electrons and protons in some SNRs and provided strong evidence for diffusive shock acceleration as the primary acceleration mechanism, including strongly
amplified magnetic fields, temperature and ionization effects on the shock-heated
plasmas, and modifications to the dynamical evolution of some systems. Because
protons dominate the overall energetics of the CRs, it is crucial to understand this
hadronic component even though electrons are much more efficient radiators and it
P. Slane
Harvard-Smithsonian Center for Astrophysics, 60 Garden St., Cambridge, MA 02138 USA
E-mail: slane@cfa.harvard.edu
A.M. Bykov
A.F. Ioffe Institute for Physics and Technology, 194021, St. Petersburg, Russia
and
St. Petersburg State Polytechnical University, St. Petersburg, Russia
E-mail: byk@astro.ioffe.ru
D. C. Ellison
Physics Department, North Carolina State University, Box 8202, Raleigh, NC 27695, USA
E-mail: don ellison@ncsu.edu
G. Dubner
Instituto de Astronomı́a y Fı́sica del Espacio (IAFE), UBA-CONICET, CC 67, Suc. 28, 1428 Buenos
Aires, Argentina
E-mail: gdubner@iafe.uba.ar
D. Castro
MIT-Kavli Center for Astrophysics and Space Research, 77 Massachusetts Avenue, Cambridge, MA
02139, USA
E-mail: castro@mit.edu

1/28

SPAC62_source

2

[06/26 13:26]

SmallCondensed, APS, NameYear, rh:Option

Patrick Slane et al.

can be difficult to identify the hadronic component. However, near MCs the densities
are sufficiently high to allow the γ-ray emission to be dominated by protons. Thus,
these interaction sites provide some of our best opportunities to constrain the overall
energetics of these particle accelerators. Here we summarize some key properties of
interactions between SNRs and MCs, with an emphasis on recent X-ray and γ-ray
studies that are providing important constraints on our understanding of cosmic rays
in our Galaxy.
Keywords supernova remnants · molecular clouds · X-rays · gamma-rays

1 Introduction
Within star-forming galaxies, cold molecular material forms complex structures spanning a large range of spatial scales and densities, from giant molecular clouds (MCs)
spanning tens of parsecs down to compact self-gravitating cores from which stars
may form. For the most massive stars, their short lifetimes will not provide sufficient
time to stray far from the molecular environments in which they were born before
they undergo supernova explosions. We thus expect to find many supernova remnants
(SNRs) associated with core-collapse supernovae to evolve in regions with dense
MCs. Interactions with MCs can strongly impact the properties and long-term evolution of SNRs, and the distinct signatures of SNR/MC interactions can place strong
constraints on this process, and on the properties of the evolving plasma. These interactions can drive shocks into the molecular material, providing distinct signatures
of the interaction, and can play a role in triggering new star formation. In addition,
the presence of dense gas from MC regions can play a crucial role in revealing the
presence of energetic ions accelerated by SNR shocks, through the production of
γ-rays.
The evolution of an SNR is arguably most readily investigated through X-ray observations. The rapid shocks heat the ambient medium and supernova (SN) ejecta
to temperatures of ∼ 107 K, producing thermal bremsstrahlung and line emission
from which the density, ionization state, and abundances of the shocked gas can be
constrained. Comparison of these derived properties with models for SNR evolution
produce some of the most detailed information about the progenitor systems and
their environments. At the same time, efficient particle acceleration often occurs in
fast SNR shocks, resulting in X-ray synchrotron radiation in the compressed and amplified magnetic fields. The relativistic protons and electrons produced in this acceleration process can produce γ-ray emission. In particular, emission associated with
the decay of neutral pions produced in proton-proton collisions can be significantly
enhanced in environments with high densities, such as those in which SNRs are interacting with MCs. Thus, X-ray and γ-ray signatures from SNRs carry particularly
important information on interactions with MCs.
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2 Observational Signatures of SNR/MC Interactions
Resolved studies of SNRs and their associated clouds are most easily carried out
for systems within the Milky Way, though with the increasing capacity of new observational facilities, the studies are rapidly extending to our neighbor galaxies, the
Magellanic Clouds. In our Galaxy, molecular gas clouds account for less than one
percent of the volume of the interstellar medium (ISM), yet as they are the densest
part of the medium, they represent roughly one-half of the total gas mass interior
to the Solar circle. This mass is distributed predominantly along the spiral arms and
within a narrow midplane with a scale-height Z ∼ 50 − 75 pc, much thinner than the
atomic or ionized gas (Cox 2005). Most of the molecular gas (∼ 90%) appears to be in
massive structures distributed in large clumps (Giant Molecular Clouds,GMCs), filaments and condensed clumps (which are the cradle for future stars). As mentioned
above, most core-collapse SNe are located close to molecular concentrations, their
birth places. Therefore a large percentage of the few hundreds of observed Galactic
SNRs is expected to be physically related to, and maybe interacting with, MCs.
However, to unambiguously establish whether an SNR is physically associated
with a MC, removing confusion introduced by unrelated gas along the line of sight
is not trivial. Several distinct criteria can be used to demonstrate a possible SNR/MC
interaction. Morphological traces along the periphery of the SNRs such as arcs of
gas surrounding parts of the SNR or indentations in the SNR outer border encircling
dense gas concentrations can be observed in images of SNRs (see Section 3.1.1).
Usually such features indicate that a dense external cloud is disturbing an otherwise
spherically symmetric shock expansion. These initial signatures need to be confirmed
with more convincing, though more rare, features like broadenings, wings, or asymmetries in the the molecular line spectra (Frail and Mitchell 1998), high ratios between lines of different excitation state (Seta et al. 1998), detection of near infrared
H2 or [Fe II] lines (e.g., Reach et al. 2005), peculiar infrared colors (Reach et al.
2006; Castelletti et al. 2011), or the presence of OH (1720) MHz masers (e.g., Frail
et al. 1996; Green et al. 1997; Claussen et al. 1997; Hewitt et al. 2008), the most powerful tool to diagnose SNR/MC interactions. The fulfillment of one or more of these
different criteria can be used to propose the existence of “definitive”, “probable” or
“possible” physical interactions between an SNR and a neighboring cloud.
Once the association between an SNR and a molecular feature is firmly established, it serves to provide an independent estimate for the distance to the SNR
through the observed Doppler shift of the line centroid and by applying a circular
rotation model for the Galaxy.1 Based on a combination of different techniques, Jiang
et al. (2010) presented a list of ∼ 70 Galactic SNRs suggested to be physically interacting with neighboring MCs, of which 34 cases are confirmed on the basis of
simultaneous fulfillment of various criteria, 11 are probable, and 25 are classified as
possible and deserve more studies.
The basic tool used to investigate cases of SNR/MC interactions is the survey of
the interstellar medium in a field around the SNR using different spectral lines, from
1 The drawback of this method is that Galactic circular rotation is an approximation only valid for gas
close to the Galactic disk, and for sources located inside the solar circle there is an ambiguity of two
different distances producing the same radial velocity.
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the cold, atomic hydrogen emitting at λ 21 cm to the dense shielded regions of molecular hydrogen (that constitutes at least 99% of the molecular gas in the Milky Way)
emitting in the millimeter and infrared ranges. The most widely used proxy to track
down molecular gas is CO. This molecule has a nonzero dipole moment, and radiates much more efficiently than the abundant H2 (with no dipole moment) and can be
detected easily. However, such an indirect tracer can be biased, since there can still
be CO-dark H2 gas. Recent studies conducted with the Herschel Space Observatory
revealed that the reservoir of molecular gas in our Galaxy can be hugely underestimated when it is traced with traditional methods (Pineda et al. 2013). Through the
detection of ionized carbon [CII] at 158 μm one can trace the envelope of evolved
clouds as well as clouds that are in transition between atomic and molecular. This
might help to solve the question about the real proximity between clouds and the CR
accelerator in some SNRs.
In what follows we discuss different tools for exploring interactions between
SNRs and MCs.

2.1 HI Emission
Since the discovery of the λ 21 cm line of atomic hydrogen more than 60 years
ago, it has been shown to be the perfect tool for investigating the distribution and
kinematics of the interstellar medium, revealing Galactic arms, large concentrations,
arcs, and bubbles. It is, then, the basic observational resource to explore the environs
of SNRs searching for candidate structures with which the SNRs may be interacting.
However, because of the high abundance and ubiquity, confusion with unrelated gas
along the line of sight dominates, and the detection of an HI candidate structure needs
to be confirmed with other indicators that reinforce the hypothesis of association. The
HI can be studied either in emission or in absorption, the latter being a very effective
tool for constraining the distance to the SNR. In addition, the HI mapping of large
fields around SNRs is an excellent tool to explore the history of the precursor star,
for example by detecting large wind-blown bubbles around the SNRs, and to estimate
the gas density of the medium where the blast wave expands.
Numerous HI studies around SNRs have been carried out using single-dish and
interferometric radio telescopes. Some examples are the results presented on the Lupus Loop (Colomb and Dubner 1982), G296.5+10.0 (Dubner et al. 1986), Vela (Dubner et al. 1998b), W50 - SS 443 (Dubner et al. 1998a), Tycho (Reynoso et al. 1999),
SN 1006 (Dubner et al. 2002), W28 (Velázquez et al. 2002), Puppis A (Reynoso et al.
2003), Kes 75 (Leahy and Tian 2008), IC 443 (Lee et al. 2008), and several Southern
Galactic SNRs (Koo et al. 2004). Recent observations also indicate the existence of
shells and super-shells around SNRs (Park et al. 2013), which are particularly useful
as they permit the reconstruction of the history of the SNR progenitor, providing hints
on the nature of of “dark” γ-ray sources (e.g., Gabányi et al. 2013).
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2.2 Molecular Emission
As mentioned above CO studies are the most widely used tool to analyze distribution and kinematics of cold, dense clouds with high molecular content. 12 CO in its
different excitation states and 13 CO lines have been surveyed over most of the sky
and public data are available from the classical survey “The Milky Way in Molecular
Clouds” by Dame et al. (2001)2 , the “FCRAO CO Survey of the Outer Galaxy” by
Heyer et al. (1998)3 , the “Galactic Ring Survey” by Jackson et al. (2006)4 , or the
new “MOPRA Southern Galactic Plane CO Survey” by Burton et al. (2013), among
others. These public databases are an excellent starting point to search for possible
SNR/MC interactions. Additionally, dedicated studies using different facilities and
in different molecular transitions have been conducted towards many Galactic SNRs.
The SNR IC443 is a textbook case to analyze shock chemistry, from the early work by
Denoyer and Frerking (1981), to tens of works investigating the chemical and physical transformations introduced by the strong SNR shocks on the surrounding MCs
(e.g., White et al. 1987; Burton et al. 1988; Wang and Scoville 1992; van Dishoeck
et al. 1993). More recently, Castelletti et al. (2011) showed a comparison between
very high energy γ-ray emission as detected with VERITAS (Acciari et al. 2009),
with 12 C0 J=1-0 integrated emission (Zhang et al. 2010) revealing for the first time
the excellent concordance between emissions in both regimes.
An important study carried out by Seta et al. (1998) proposed that an enhanced
12
CO(J=2-1)/12 CO(J=1-0) ratio in the line wings is a clear signature of physical
interaction. Ratios are ≥ 3 in IC443, and higher than ∼ 1 in W44, which also shows
broadened line profiles indicating disrupted molecular material (Figure 1, right).
Huang and Thaddeus (1986) carried out a search for possible SNR/MC associations in the outer Galaxy, within a limited region of the northern hemisphere, finding
about 13 possible associations based on spatial coincidences (out of 26 SNRs investigated). More recently, Chen et al. (2013) reported CO observations towards a number
of SNRs possibly interacting with MCs.

2.3 Masers
OH (1720 MHz) masers have long been recognized as signposts for SNR/MC interactions (e.g., Frail et al. 1994). This maser line is inverted through collisions
with H2 behind non-dissociative C-type shocks propagating into MCs (Frail and
Mitchell 1998; Reach and Rho 1999). The conditions required for the maser formation are rather narrow, with temperatures in the range 50 − 125 K, densities between
n = 103 − 105 cm−3 , and OH column densities of 1016 − 1017 cm−2 (Lockett et al.
1999). The large column requirement exceeds what can be produced by the slow
shocks, indicating that an additional contribution is required to dissociate water into
OH (Wardle 1999), possibly from X-rays from the hot SNR shell or from cosmic
rays that may have been accelerated by the SNR. As the physical conditions needed
2
3
4

http://www.cfa.harvard.edu/mmw/MilkyWayinMolClouds.html
http://www.astro.umass.edu/ fcrao/telescope/2quad.html
http://www.bu.edu/galacticring/
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Fig. 1 Left: VLA image of W44. Circles indicate the positions of observed OH maser emission, and cross
indicates the position from which the CO profile at the right is taken. Right: CO line profile from Cloud
C in field of W44, illustrating broad wings produced by an interaction between the cloud and the SNR.
[Left panel from Hoffman et al. 2005. Right panel from Seta et al. 1998. Reproduced by permission of the
AAS.]

to pump this maser are so strict, it has to be noted that their presence is sufficient to
demonstrate interaction, but its absence does not rule it out.
To date, OH (1720 MHz) masers have been found in ∼ 24 SNRs, or 10% of
the known SNRs in our Galaxy (Brogan et al. 2013). As summarized by Brogan et al.
(2013), SNR OH (1720 MHz) masers have a large maser spot size, narrow and simple
line profiles, low levels of circular polarization (less than 10%), and low magnetic
field strength.
The location of masers show, in general, very good coincidence with density/shock
tracers. In the case of W44 (Frail et al. 1996; Claussen et al. 1997; Hoffman et al.
2005), there is a strong correlation between the morphology of the molecular gas and
the relativistic gas traced by synchrotron emission at centimeter wavelengths.
In addition to providing a clear indication of SNR/MC interactions, OH(1720
MHz) masers also permit an independent estimate for the kinematic distances to
the clouds, and thus for the remnants. Also, and very important, they provide the
only means of directly observing the magnetic field strength using the Zeeman effect
(Brogan et al. 2000, 2013).
2.4 Radiative shocks
The evolution of supernova shells colliding with MCs differs from SNRs expanding in a pre-supernova wind or of those expanding in a homogeneous uniform ISM
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(Chevalier 1999). Observations have revealed that MCs are complex structures with
a hierarchical structure of dense clumps embedded in an inter-clump gas of moderate
density ∼ 10 H atoms cm−3 . The volume filling factor of the dense clumps is typically a few percent and the clump mass ranges from a fraction of M◦ to thousands of
M◦ . The total mass in the clumps can be comparable or more than the mass of the
inter-clump gas.
The dense MC environment results in an early end of the adiabatic phase of the
SNR expansion. An SNR leaves the adiabatic phase and enters the pressure driven
snowplow (PDS) stage which eventually results in the formation of a radiative shell at
3/14 −4/7 −5/14
an age estimated by Cioffi et al. (1988) to be τsf = 3.6×104 E51 n10 ζm
years,
where E51 is the kinetic energy of supernova shell in units of 1051 erg, n10 is the
ambient number density in units of 10 cm−3 , and ζm is a metallicity factor of order 1
for solar abundances. Note that the transition of the SNR to the PDS stage is expected
to occur somewhat earlier than τsf . The shock radius and velocity at the beginning of
2/7 −3/7 −1/7
1/14 1/7 3/14
the PDS stage are Rpds = 5.2E51 n10 ζm
pc and vpds = 573E51 n10 ζm
km s−1 correspondingly. Chevalier (1999) noted that a power law expansion in time
is a reasonable approximation for the radiative shell over a range (5-50)τpds .
Radiative shocks in evolved SNRs are characterized by the efficient cooling of
the post-shock plasma by line radiation from the dense shell behind the collisionless shock transition. The structure of the radiative shock depends on the line opacity
which, for radiative SNR shocks, typically allows the escape of some optical and
fine-structure infrared (IR) lines of abundant ions providing observational diagnostics of the shocks (see e.g., Raymond 1979; Hollenbach and McKee 1989; Gnat and
Sternberg 2009; Bykov et al. 2013a).
In the case of core-collapse supernovae in such MC environments, the remnant
becomes radiative at a radius of <
∼ 6 pc, forming a shell that is magnetically supported
and whose structure can be described by a self-similar solution (Chevalier 1999). The
expected structure of the radiative shell is illustrated in the left panel in Fig. 2. The
interaction of the radiative shell with an ensemble of molecular clumps of different
sizes, masses, and cloud magnetization in the model results in both J and C-type
shocks with a range of velocities. In some cases, OH maser emission may be associated with shocked molecular clumps. For IC 443, for example, Snell et al. (2005)
detected the shocked clumps B, C, and G in H2 O, 13 CO, and C I line emission with
Submillimeter Wave Astronomy Satellite (SWAS) detectors. They concluded that, to
explain these observations, different type shocks with a range of velocities is likely required. Recently, Lee et al. (2012) found observational evidence for shocked clumps
by mapping the southern part of IC 443 with 12 CO J = 1-0 and HCO+ J = 1-0 lines.
Radiative shocks are observed in the northeast part of the SNR IC 443 where it
is very likely interacting with an HI cloud. Spectrophotometry of [O III], [N II], and
[S II] optical line emission performed by Fesen and Kirshner (1980) is found to be
consistent with a radiative shock propagating in an inhomogeneous ISM. Electron
densities up to 500 cm−3 were derived from the [S II] lines measurements. Kokusho
et al. (2013) presented the near-IR [Fe II] 1.257 μm and [Fe II] 1.644 μm line maps
(30’ × 35’) of IC 443 made with IRSF/SIRIUS. They found that [Fe II] filamentary
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Fig. 2 Left: The sketch illustrating the interaction of the radiative supernova shell with a clumpy MC as
described by Chevalier (1999). Right: Spitzer MIPS 24 μm image of IC 443 SNR with 1.4 GHz radio
contours from Bykov et al (2008). The radiative shock is located in the northeast part of the remnant.

structures exist all over the remnant, not only in the ionic shock NE-shell, but also in
a molecular shock shell and a central region inside the shells.
Earlier, Two Micron All Sky Survey (2MASS) images of the entire IC 443 remnant in near-IR J (1.25 μm), H (1.65 μm), and Ks (2.17 μm) were analyzed by Rho
et al. (2001) who revealed some clear morphological differences between the northeastern and southern parts. The J- and H-band 2MASS emission from the NE rim
was attributed mostly to different ionic fine-structure lines, where the H-band is often
dominated by [Fe II] 1.644 μm line emission. The 2MASS emission in the Ks -band
with 2.12 μm H2 molecular line emission, indicated a shocked molecular ridge spanning the southern region due to interaction of the remnant with the adjacent MC.
In the right panel of Fig. 2 we show the Spitzer MIPS 24 μm image of IC 443
SNR taken from Bykov et al. (2008) with 1.4 GHz radio contours. The 24 μm emission is likely dominated by [Fe II] 26 μm line emission rather than by the heated
dust. This was first established by Oliva et al. (1999) who showed, using ISO-SWS
spectroscopy, that most of the 12 μm and 25 μm band IRAS flux is accounted for by
the line emission from [NeII] and [FeII] rather than dust emission. Apart from the
[Fe II] 26 μm line, the other fine-structure far-IR lines [OI] 63.2 μm and [C II] 157.7
μm are predicted to be bright in the radiative shock models of Raymond (1979) and
Hollenbach and McKee (1989). Indeed, Reach & Rho (1996) estimated the luminosity of W44 in [OI] 63 μm line emission to be about 4 × 1036 erg s−1 , which Chevalier
(1999) argued was consistent with the radiative shock models.
For the densities inferred for IC 443, the radiative shell is expected to form when
the forward shock velocity drops below vpds ∼ 600 km s−1 . For shock speeds >
vpds , efficient diffusive shock acceleration (DSA) can occur and a substantial fraction
of the shock ram pressure can be transferred into relativistic particles and turbulent
magnetic fields which may be amplified to values well above those expected from
adiabatic compression alone. The filamentary line emission region in the NE part
of IC 443 is clearly correlated with the bright 1.4 GHz radio emission shell. This
is an indication of the particle acceleration process in the shock. In contrast to the
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value of vpds ∼ 600 km s−1 , the radiative shock velocity in the NE shell of IC 443
was estimated to be about 100 km s−1 , while W44 is likely expanding at 150 km
s−1 . It must be noted however, that these estimates were based on line emissivity
derived in radiative shock models which did not account for efficient CR acceleration
in the shocks. Particle acceleration, and the escape of high-energy CRs, result in
higher compression and lower post-shock temperature at a given shock velocity than
predicted ignoring DSA. The effect of CR acceleration on the line luminosity and
ratios was discussed by Bykov et al. (2013a) who found a rather strong sensitivity
of the line ratios to the extra shock compression effect. This implies the need for
self-consistent models of radiative shocks including the efficient production of a nonthermal components.

3 X-rays from SNR/MC Interactions
As a young SNR evolves, it compresses and heats the surrounding medium to X-ray
emitting temperatures. Where the medium is extremely dense, however, the shock
velocity is slow and the temperature of the shocked plasma can be considerably lower.
In addition, the expansion of the remnant can be significantly impeded, leading to a
distorted morphology. The high density can lead to rapid ionization, and can also
drive a strong reverse shock into the ejecta. The X-ray characteristics thus provide
important signatures of SNR/MC interactions.

3.1 Morphological Effects
In the Sedov phase of evolution, the radius of an SNR at a given age scales as
−1/5
RSNR ∝ n0 . Despite this weak dependence, variations in density of a factor of
five will produce significant changes in the remnant size of about 40% and can easily
cause noticeable modifications to the remnant shape. Molecular cloud environments
are characterized by significant variations in density, and the clouds themselves have
densities nearly 102 − 103 times higher than that of the typical ISM. SNR evolution in such environments can thus lead to deviations from the spherical morphology
expected under ideal evolution in a uniform medium.
In addition, the apparent morphologies of SNRs can depend upon the density
and distribution of foreground material, through energy-dependent absorption. The
transmission of the ISM to X-rays for example, is e−σNH where σ is the photoelectric
absorption coefficient and NH is the column density of gas. Hydrogen itself does
not produce significant absorption at X-rays energies. Rather, NH acts as a tracer
of other atoms with K-shell and L-shell transition energies in the soft X-ray band
(∼ 0.1 − 10 keV), given some relative abundance distribution relative to H. This
has two significant effects on X-ray images of SNRs. First, for large values of NH
associated with large distances through the ISM, the observed X-ray emission will be
faint. Second, the presence of MCs along the line of sight to an SNR will produce
excess absorption. This can result in complete absorption from particular regions
of the SNR, changing its apparent morphology. Because the absorption coefficient
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Fig. 3 Left: ROSAT HRI image of Cygnus Loop. Distinct deformation of the shell is seen at positions of
cloud interactions indicated by arcs. Right: Chandra image of Tycho’s SNR. Arcs in the east (so-called
“knot g”) and northwest indicate positions of cloud interactions.

increases rapidly at low energies (e.g., Morrison and McCammon 1983), comparison
of the morphology in low and high energy bands can reveal evidence for foreground
MCs. Equivalently, spectral analysis of different regions of the SNR can reveal excess
absorption of soft photons in the regions along the line of sight to MCs.
3.1.1 Shell Deformation
The complex CSM/ISM structure surrounding many SNRs, often characterized by
significant large-scale density gradients, can result in very significant deviations from
a circular morphology (e.g., Lopez et al. 2009). Direct interactions with dense clouds
can also modify the morphology of SNRs, causing distinct deformation of the shelllike structure. In Figure 3 (left) we show the ROSAT HRI image of the Cygnus Loop
(Levenson et al. 1999), a nearby middle-aged SNR. The SNR shell is roughly circular,
but significant deviations from circularity are seen in four regions. In the south, there
is an apparent breakout associated with evolution into a low-density region. In the
west, and in two positions in the east, there are very distinct arc-like deformations
known as the W knot, the SE knot, and knot XA. The SE knot represents an encounter
of the SNR blast wave with a protrusion from a large cloud. X-ray emission interior to
radiative filaments in this region appears to originate from the reverse shock produced
in the interaction (Graham et al. 1995). Knot XA appears to correspond to a dense,
clumpy region resulting from an interaction with the wall of a cavity swept out by a
precursor wind (McEntaffer and Brantseg 2011).
Also shown in Figure 3 is a Chandra image of Tycho’s SNR (right). While the
overall morphology of this young, ejecta-dominated, historical remnant (SN 1572) is
fairly circular, there are obvious depressions in the northwestern and eastern regions
(indicated with arcs in the Figure). Density estimates based on the IR emission from
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Fig. 4 Left: XMM-Newton image of CTB 109 (cyan) with Spitzer MIPS 24 μm image of adjacent MC
(red). The white (blue) contours correspond to the CO line emission as observed by the CGPS, at velocity
-51 (-54) km s−1 , and the levels correspond to 0.5 and 1.5 K. The 95% confidence radius of the centroid
of the associated Fermi-LAT source is shown as a dashed red circle. Right: Broadband emission model for
CTB 109 (top) and thermal X-ray emission fit to predictions of broadband model (bottom). [Figures from
Castro et al. 2012. Used by permission of the AAS.]

the remnant shell reveal dramatic increases in these regions (Williams et al. 2013),
and X-ray proper motion measurements show that the expansion rate is lower in these
regions than for adjacent regions of the remnant (Katsuda et al. 2010). These observations are consistent with the interpretation that Tycho is encountering dense clouds
in the east and northwest, and optical studies of knot g, located in the eastern limb
depression, show direct evidence of radiative shocks from the interaction.
A much more dramatic example of an SNR/MC interaction is that of CTB 109.
As shown in Figure 4 (left), the X-ray emission (cyan) is characterized by a half-shell
morphology, with the western half of the SNR completely missing. CO measurements
reveal a massive MC in this western region (white contours) from which IR emission
is also seen (red image, from Spitzer). Radio observations at 1420 MHz show the
same half-shell morphology (Kothes et al. 2002), confirming that the missing X-ray
emission in the west is not produced by excess absorption. Rather, upon encountering
the massive cloud, the SNR shock has apparently completely stalled.
A different approach was very recently adopted by Miceli et al. (2014), where the
authors demonstrated the connection between shock-cloud interactions and particle
acceleration in the southwestern limb of the historic remnant of SN 1006 based on
the comparison of X-ray data with HI data. Figure 5 shows the X-ray image of the
SW part of SN1006 in the 0.3-2 keV band with HI contours superimposed. Exactly at
the position where an indentation is observed in the X-ray (and radio) limb, there is
an HI cloud. The existence of enhanced density was also confirmed by other means
by (Winkler et al. 2014). Several lines of evidence indicate that at this site particle
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Fig. 5 XMM-Newton image of the southwestern portion of SN 1006 in the 0.3-2 keV band with HI column
density plotted in contours showing the presence of a neutral gas cloud perfectly fitting the concavity in
the SNR limb (Figure from Miceli et al. 2014).

acceleration is highly efficient and there is shock/cloud interaction, thus making this
site a very promising source of γ-ray hadronic emission likely to be detectable with
the Fermi LAT in the near future.
3.1.2 Mixed Morphology
A distinct subclass of remnants, known as mixed morphology (MM) SNRs, is characterized by a typical shell-like radio morphology contrasted by a centrally-bright
X-ray morphology in which the central emission is thermal in nature (Figure 6, left).
At present, there are ∼ 40 known MM SNRs (see summary by Vink 2012), but the
nature of the central X-ray emission is poorly understood. While abundance determinations from X-ray spectra indicate evidence for the presence of ejecta in some such
remnants (e.g., Shelton et al. 2004; Lazendic and Slane 2006; Bocchino et al. 2009;
Pannuti et al. 2010; Yamaguchi et al. 2012), the estimated mass of X-ray emitting
material in the central regions is generally much too high to be composed primarily
of ejecta.
The spectral properties in MM SNRs provide significant constraints on the evolution of these systems. The plasma appears to be nearly isothermal in many systems,
quite in contrast to the temperature profile expected in the Sedov phase of evolution.
In addition, recent studies have shown that the plasma is overionized in several MM
SNRs (see Section 3.2.2). This may result from early evolution through a dense wind
profile created during the late phase of a red supergiant (or perhaps Wolf-Rayet) progenitor. In this scenario, the plasma is quickly ionized as the shock passes through
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Fig. 6 Left: XMM-Newton image of MSH 11−61A with radio contours from MOST. The centrallydominant emission is thermal in nature, and characterizes this as a MM SNR. Right: Brightness (bottom)
and temperature (top) distributions for MSH 11−61A along with predictions from cloudy ISM (solid,
dashed) and thermal conduction (dotted) models (after Slane et al. 2002). Horizontal lines in upper panel
indicate mean temperature range.

the dense wind, but rapidly cools when the shock breaks through into the lower density surroundings, leaving the plasma in a higher ionization state than expected for
its temperature (Moriya 2012). It is not clear exactly how such a scenario also leads
to a centrally-bright morphology at later stages, nor have detailed models for such a
scenario been carried out to confirm that a sufficient amount of material is shocked
at this early stage to persist as an observable overionized feature in late stages of
evolution.
Early models for MM SNRs centered primarily on two scenarios. In one, evolution to the radiative phase in which the shell temperature drops to low temperatures
allows interstellar absorption to reduce the observed emission from the shell, while
thermal conduction while the remnant is young and hot results in the transport of heat
and bulk material into the central regions, smoothing out the temperature profile and
increasing the emission from the remnant center (Cox et al. 1999). Application of this
model to W44 is able to reproduce some general features, but fails to fully explain
both the temperature and brightness distributions observed for this remnant (Shelton
et al. 1999).
A second scenario centers on evolution in a surrounding medium filled with dense
clouds (White and Long 1991). Upon being overtaken by the expanding SNR, the
clouds evaporate through saturated conduction in the hot remnant interior, slowly increasing the central emission. For different combinations of the cloud evaporation
timescale and the ratio of the mass in clouds to that in the intercloud material, significantly peaked brightness profiles can be obtained. Applying this model to the
emission from MSH 11−61A, Slane et al. (2002) found that reasonable agreement
could be obtained for both the radial brightness and temperature distributions (Figure 6, right), but that the required evaporation timescale (∼ 10 − 40 times the age
of the remnant) appears much longer than expected. Application of the thermal-
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conduction/radiative-phase scenario was unable to reproduce the temperature and
brightness distributions.
Importantly, the vast majority of MM SNRs appear to be interacting with MCs,
and nearly half are observed to produce γ-ray emission, providing an additional clue
as to the conditions that lead to the observed properties. At this stage, though, MM
SNRs remain poorly understood. At the same time, increases in our knowledge of
the abundance, ionization, and thermal properties of the shocked central plasma offer
promise for constraining more complete models of these systems.

3.2 Spectral Signatures
The temperature, composition, and ionization state of the shocked gas in an SNR all
depend crucially on the properties of the medium into which the remnant evolves.
In particular, dense environments associated with the presence of MCs can produce
spectral signatures that reveal the SNR/MC interactions. Such signatures are readily
observed in a host of individual remnants.
3.2.1 Temperature and Absorption Variations
As an SNR sweeps up excessive amounts of material in the dense regions around
a MC, the shock velocity drops. If the MC interaction is confined to only discrete
regions in the SNR, this can result in temperature variations in the shocked plasma.
X-ray studies of W51C (Koo et al. 2002, 2005) reveal a ∼ 20% temperature decrease
in the northern regions where the SNR is interacting with a MC. Spectral modeling
also indicates an increase in the column density, NH , in this region, suggesting that a
portion of the MC lies between the remnant and observer.
X-ray studies of 3C 391 also reveal NH variations associated with a MC interaction, here in the northwestern regions of the remnant (Chen and Slane 2001). The
increase of ∼ 5 × 1021 cm−2 indicates a molecular cloud density of N (H2 ) ∼
100lpc cm−3 where lpc is the depth, in pc, of the MC region residing in front of the
SNR.
3.2.2 Ionization Signatures
Due to the high densities for SNRs encountering MCs, one expects the shocked
plasma to quickly reach ionization equilibrium. This is indeed observed in some
remnants. For example, along the northeast limb of W28, Nakamura et al. (2014)
find that the plasma is in collisional ionization equilibrium (CIE), with signs of density variations from region to region. In the central regions of the remnant, radiative
recombination continuum (RRC) features of He-like Si and S are observed (Sawada
and Koyama 2012), indicating a recombining plasma. Further, excess emission near
the Kα lines of He-like Mg and Ne indicate different ionization temperatures for
different elements.
Such overionization states are also observed in several other SNRs for which MC
interactions occur. IC 443 shows an enhanced intensity ratio for H-like to He-like
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Si, indicating an overionized plasma (Kawasaki et al. 2002), and also distinct RRC
features (Yamaguchi et al. 2009), for example. RRC features are also observed for
W44, which also shows enhanced emission from H-like Si (Uchida et al. 2012), and
from W49B (Ozawa et al. 2009). Interestingly, the nature of such overionized plasmas may actually be only indirectly associated with the presence of MCs. Although
thermal conduction has been suggested as a mechanism by which heat flow from the
hot SNR interior to regions with cold clouds could bring lower the electron temperature to values below the current ionization temperature of the ions, most calculations
indicate that this process is too slow to operate efficiently in the typical lifetime of an
SNR (e.g., Uchida et al. 2012). Instead, early evolution through a dense medium such
as that from a stellar wind may have created a high ionization state, with subsequent
rapid cooling as the remnant expands adiabatically into a low density cavity leading
to a temperature that is lower than the ionization temperature (e.g., Yamaguchi et al.
2009; Uchida et al. 2012; Moriya 2012). Maps of the ionization state in W49B indicate higher states of overionization in the central and western regions (Miceli et al.
2010; Lopez et al. 2013), supporting the notion that rapid expansion in the direction
opposite that of a dense MC in the east is responsible for the cooling.
Given the above scenario, it would seem that the most direct connection between
recombining plasma in SNRs and their association with MCs is simply that the proposed early-phase evolution through a dense stellar wind implies a massive progenitor
star, and the remnants of such stars are often found near the molecular cloud complexes from which they formed. However, it also appears that the overionized SNRs
are all of the mixed morphology class. Whether or not the overall temperature, ionization, and brightness properties of this class require specific contributions from MC
interactions remains unknown, at present, but is an area of active study.

3.3 Abundances and Nonthermal Emission
In evolved remnants that have undergone considerable interactions with MCs, the total swept-up mass can be very large. If the shock velocity in the dense interaction
regions is low, much of this material will be too cool to produce X-rays. However,
in many systems the X-ray emitting mass, Mx , is also large. Modeling of the emission from W44 indicates roughly 100M of hot gas in the remnant interior (Shelton
et al. 2004), for example. The roughly solar abundances for this swept-up material
will thus act to severely dilute the enhanced abundances of any (much smaller) ejecta
component. Nonetheless, traces of ejecta appear common in many mixed morphology remnants (e.g., Slane et al. 2002; Shelton et al. 2004; Lazendic and Slane 2006;
Bocchino et al. 2009), virtually all of which appear to be interacting with molecular clouds. In IC 443, a distinct ring-like structure of hot (∼ 1.4 keV) plasma with
significantly enhanced abundances of Mg and Si is observed in the vicinity of a MC
interaction region, suggesting that a strong reverse shock produced in this interaction
with dense material has produced enhanced ejecta emission (Troja et al. 2008).
Evidence for ejecta in IC 443 also exists in the form of compact knots of X-ray
emitting material (Bocchino and Bykov 2003). The observed hard spectra and enhanced abundances suggest that these may be fast-moving knots of ejecta traveling
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into dense molecular material and producing Kα emission accompanied by nonthermal bremsstrahlung (NTB) emission from shock-accelerated electrons (Bykov 2002).
Knots with similar spectral properties are observed in Kes 69 and are coincident with
CO emission from a nearby MC (Bocchino et al. 2012), reinforcing this interpretation. Discrete X-ray knots directly along the SNR/MC interaction region in 3C 391
are also observed (Chen et al. 2004), but while the inferred density for these knots
is high, consistent with structures being driven into clouds, the abundances do not
show strong evidence for metal enhancements. We note that a complete analysis of
the composition of cold, dense, metal-rich ejecta from X-ray observations needs to
also account for the resonant photo-absorption effect.
Regions of low abundance plasma have also been observed in some regions of
SNRs interacting with MCs. The Fe abundance appears to be subsolar in some bright
knots in W44. The abundances of other elements in these knots appear to be enhanced, possibly indicating a scenario in which ejecta fragments are traveling through
MC material in which some Fe remains condensed onto dust grains (Shelton et al.
2004). In W28, the emission from the bright northeast rim that is adjacent to a MC
is best described by a high density plasma in CIE with subsolar abundances of refractory elements (Nakamura et al. 2014), but in this case the abundances of volatile
elements are also subsolar, complicating any interpretation of condensation onto dust
grains in MC material. Similar depletions of N, O, and Ne are observed in the XA
region of the Cygnus Loop (McEntaffer and Brantseg 2011).

4 Gamma-rays from SNR/MC Interactions
4.1 Particle Acceleration in SNRs
Particle acceleration in SNRs has long been suggested as a major contributor to the
cosmic ray population, at least up to the knee in the spectrum at ∼ 1015 eV. The generally assumed mechanism is DSA, where some particles scatter off of self-generated
turbulence and are returned to the shock region multiple times. In nonlinear DSA, a
non-negligible fraction of the electrons and ions at the forward shock (FS) can reach
ultrarelativistic energies. Diffusive shock acceleration has received considerable attention, and specific predictions of the nonlinear theory include (e.g., Blandford and
Eichler 1987; Malkov and Drury 2001a; Bykov et al. 2013b): (i) accelerated particles
obtain enough pressure to modify the shock structure, with the shock developing an
extended upstream precursor; (ii) the overall shock compression ratio can increase
above the Rankine-Hugoniot value of four for strong shocks, while simultaneously
the subshock compression, which is mainly responsible for heating the unshocked
plasma, decreases below the Rankine-Hugoniot value; (iii) the particle power law
expected from test-particle DSA becomes concave, with the highest energy particles developing a spectrum harder than the test-particle power law; (iv) a significant
fraction of the highest energy particles can escape from the shock, adding to the nonlinear nature of the mechanism; and (v) the production of superthermal particles goes
hand-in-hand with the production of magnetic turbulence, and strong magnetic field
amplification can occur in high Mach number shocks.
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Fig. 7 Simulated broadband spectrum from SNR undergoing efficient DSA of electrons and protons. The
solid magenta curve represents synchrotron emission, the dotted blue curve is IC emission, the dashed
green curve corresponds to NTB, and the long-dashed curve represents the π 0 -day emission.

While there is no direct evidence for the specific mechanism of DSA in the forward and reverse shocks of SNRs, there is overwhelming evidence for the production
of relativistic particles, either ions or electrons, at the forward shocks in a number
of remnants. There is also clear evidence for magnetic field amplification, and for
the modification of the plasma hydrodynamics, predicted by efficient DSA, in several
remnants (e.g., Patnaude and Fesen 2007; Uchiyama et al. 2007; Cassam-Chenaı̈ et al.
2008; Uchiyama and Aharonian 2008) This, combined with the direct evidence for
efficient DSA in spacecraft observations of heliospheric shocks (e.g., Ellison et al.
1990) and confirmation of fundamental aspects of the theory from particle-in-cell
(PIC) simulations (e.g., Ellison et al. 1993; Sironi et al. 2013), has added to a general
acceptance of the mechanism for cosmic ray production in SNRs.
Despite the progress made in understanding DSA and verifying some of its basic predictions, important open questions remain about the maximum particle energy
Emax , the acceleration efficiency, the electron-to-proton ratio Kep for the injected
particles, and the eventual escape of cosmic rays from the acceleration region. As an
example, local cosmic ray measurements, as well as theoretical expectations, suggest
that shocks put far more energy in protons and heavier ions than in electrons. Yet the
nonthermal emission from most astrophysical sources is dominated by radiation from
relativistic electrons. While this can be understood, in part, because relativistic electrons radiate more efficiently than protons, the underlying energy budget of a source
cannot be determined until constraints on the hadronic component are obtained and
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Fig. 8 IC-to-π 0 -decay (top) and NTB-to-π 0 -decay (bottom) flux ratios as a function of the particle momentum distribution spectral index, α. The black curve is for the photon energy band 100 MeV to 100
GeV, and the green line indicates the flux ratio in the 100 GeV to 10 TeV range. The exponential particle
energy cutoff, for both electrons and protons, has been fixed at 1 TeV, and the electron-to-proton ratio is
Kep = 0.01. [From Castro et al. 2013. Reproduced by permission of the AAS.]

the accelerated electron-to-proton ratio determined. This is important for cosmic rays
and for all sources where DSA is expected to occur.
Molecular clouds play a particularly important role in this regard because shocks
in the high density MC environment will predominately produce γ-rays by hadronic
interactions rather than leptonic ones (e.g., Aharonian et al. 1994).

4.2 Gamma-ray Production
Gamma-ray production from such relativistic particles can proceed through inverseCompton (IC) scattering of ambient photons by the energetic electrons, nonthermal
bremsstrahlung (NTB) from collisions between relativistic electrons and ambient material, and the decay of neutral pions formed in collisions of energetic protons with
surrounding nuclei. Figure 7 presents a simulation of the broadband spectrum pro-
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duced by an SNR undergoing efficient acceleration of electrons and ions. The magenta curve represents synchrotron emission from the relativistic electrons, and the
dotted blue curve corresponds to IC emission produced from that same electron population up-scattering photons from the cosmic microwave background (CMB). The
dashed green curve represents NTB from the relativistic electrons interacting with
ambient material, and the long-dashed red curve corresponds to γ-rays from the decay of neutral pions produced by collisions of the relativistic proton component with
ambient nuclei. (The curvature of the particle spectra associated with DSA is particularly evident in the synchrotron and IC emission.)
The emission from both NTB and π 0 -decay scales with the ambient density n0 .
As a result, in high density environments such as those encountered in SNR/MC
interactions, significant γ-ray emission is expected if the SNR has been an active
particle accelerator. For Kep ∼ 10−2 , as measured locally, the π 0 -decay emission
will dominate (see Figure 8), making such γ-ray emission an important probe of the
hadronic component of the particles accelerated by the SNR.
An important additional consideration for γ-ray production is the local photon
energy density. Contributions from starlight as well as IR emission from local dust
can increase the IC emission and change the spectral shape of this component due to
the different effective temperatures of these photon components. These contributions
are highly dependent upon galactocentric radius (e.g., Strong et al. 2000). Moreover,
IR emission produced by the SNRs themselves can contribute significantly to the IC
γ-ray emission (e.g., Morlino and Caprioli 2012; Slane et al. 2014).
Modeling of the broadband spectra from such SNRs, in order to ascertain the
nature of the γ-ray emission, is complicated and has led to mixed interpretations,
making the evidence for ion acceleration controversial in some cases. However, in a
growing number of cases, γ-ray emission from some SNRs known to be interacting
with MCs seems to clearly require a significant component from pion decay. We
discuss emission from several of these sources below.

4.3 Gamma-ray Observations of SNRs
To date, studies have identified γ-ray emission from ∼ 25 SNRs, the majority of
which are interacting with MCs. Of these, the evidence for energetic hadrons as the
source of these γ-rays is compelling for more than 50% of these based on energetic
arguments and/or broadband spectral modeling. Fermi LAT observations of W51C
reveal a spectrum that is consistent with π 0 -decay, with dominant NTB ruled out
unless Kep  0.01, and IC emission ruled out on energetic grounds (Abdo et al.
2009). W44 and IC 443 show clear evidence of a kinematic “pion bump” in their
spectra, firmly establishing the presence of energetic ions in these remnants (Abdo
et al. 2010; Giuliani et al. 2011; Ackermann et al. 2013). Gamma-ray emission from
CTB 109 (Figure 4, left) has been detected with the Fermi LAT (Castro et al. 2012),
and modeling of the broadband emission (Figure 4, upper right) indicates that the
γ-ray emission arises from approximately equal contributions from IC scattering and
π 0 -decay, a result that is strongly constrained by the observed ionization state of the
thermal X-ray emission (Figure 4, lower right).
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Fig. 9 Schematic diagram of SNR/MC interaction in which postshock region in SNR contains dense
clumps within shocked interclump material. The low-density shocked interclump gas emits X-rays. Protons
acceleration by the SNR encounter all of gas in the shell, and γ-rays are produced primarily through
collisions with the dense clumps.

Castro & Slane (2010) carried out Fermi LAT studies of a set of four SNRs
(G349.7+0.2, CTB 37A, 3C 391, and G8.7−0.1) known to be interacting with MCs
based on observations of hydroxyl (OH) maser emission at 1720 MHz, and showed
that all four were sources of GeV γ-ray emission. Based on the assumption that the γray emission is dominated by π 0 -decay produced in the compressed shell of the SNR,
they derived a lower limit on the density of the γ-ray emitting material for each remnant, and compared this with the density inferred from X-ray measurements. They
found that the density inferred from γ-ray measurements exceeds that from X-ray
measurements by a factor of 20 or more. Subsequent studies of W41, MSH 17−39,
and G337.7−0.1 (Castro et al. 2013) as well as Kes 79 (Auchettl et al. 2014) reveal
γ-ray spectra indicative of hadronic emission, with leptonic scenarios requiring total
electron energies in excess of 1051 erg or Kep  0.01. Similar discrepancies between
densities inferred from γ-ray and X-ray measurements are obtained for these sources.
The magnetic fields implied by the radio emission in these studies is typically much
larger than expected from the compressed ISM, suggesting evidence for the magnetic
field amplification expected in efficient particle acceleration in SNR shocks.
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A plausible explanation for the observed discrepancy between nx and nγ is that
these SNRs, by evolving in the presence of MCs, have swept up clumps of dense
material. The SNR blast wave for each remnant has presumably evolved primarily
through the low-density interclump medium, heating this material to X-ray emitting
temperatures and accelerating particles through DSA. The proton component of these
accelerated particles then interacts with both the dense clumps and the interclump
gas, thus sampling a much higher effective density than that of the X-ray emitting gas
(Figure 9). A similar scenario has been proposed by (Inoue et al. 2012) to explain the
complete lack of thermal X-ray emission from RX J1713.7−3946, whose observed
GeV and TeV γ-ray emission is otherwise required to be dominated by IC emission
(Ellison et al. 2010, 2012). Additional modifications of this picture of dense clumps
embedded in the SNR shell invokes reacceleration of cosmic rays trapped in the cold
molecular material rather than trapped particles in the shell that have been accelerated
by the SNR (e.g., Uchiyama et al. 2010).
An alternative scenario that can explain γ-rays from SNR/MC interactions, and
also nγ /nx  1, is that of escaping CRs interacting with external MCs (e.g., Gabici
et al. 2009). Here, as indicated in Figure 9 (left), there is no connection between nx
and nγ because the X-rays are produced in the SNR shell while the γ-rays are from
the MC. Such a scenario has been suggested to explain the γ-rays from the source
MAGIC J0616+225 as the result of energetic particles that have escaped from IC 443
and are interacting with dense clouds (Torres et al. 2008), for example, and discrete
TeV sources outside the remnant W28 have been suggested to originate from particles escaping the SNR and interacting with adjacent clouds (Aharonian et al. 2008).
The expected γ-ray spectrum in this scenario is complicated, however. Because the
escaping particles are distributed around Emax , the resulting π 0 -decay spectrum is
peaked at higher energies than that for the shell (Zirakashvili and Ptuskin 2008; Ellison and Bykov 2011). However, because Emax is expected to decrease with time,
the time-accumulated spectrum of particles interacting with a remote cloud will depend on the age of the SNR and the energy-dependent diffusion process by which
the particles are transported. For simple assumptions about the time evolution and
particle diffusion, this could lead to power law (Gabici et al. 2009) or broken power
law (Ohira et al. 2011) particle distributions at the remote cloud site. The observed
γ-ray spectra from W51C, W28, W44 and IC 443 show distinctly different slopes,
leading to questions as to whether these differences are intrinsic to the acceleration
or the result of complex evolution, propagation, and interaction with remote clouds.

5 Conclusions
Observations of SNR/MC interactions provide unique information on the distances
to SNRs and on the physics of shock/cloud interactions. X-ray observations, in particular, probe the state of the shocked gas and provide diagnostics of the interaction
through absorption, ionization, temperature, and general morphology measurements.
For SNRs that are, or have been, active particle accelerators, these interactions with
dense cloud material can lead to crucial measurements of emission from the hadronic
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component of their relativistic particle spectra, providing crucial information on acceleration efficiency, maximum energies, and particle escape in these systems.
Recent studies of γ-ray emission from numerous SNRs demonstrate that those
interacting with MCs show strong evidence of relativistic protons. For some, X-ray
measurements of the flux or ionization state of the thermal plasma provide constraints that allow us to determine what fraction of the γ-ray emission arises from
this hadronic component. For a significant number of the remnants interacting with
MCs, the inferred density of the γ-ray-emitting material is considerably higher than
that determined from X-ray measurements, suggesting a complex emission environment with dense clumps embedded in hot interclump gas, or perhaps significant γray emission associated with escaping cosmic rays interacting with external clouds.
Considerable additional observations and modeling efforts are required to better understand the the postshock regions of SNR/MC interactions, as well as the evolution
and transport of the escaping particles. Of particular importance are simulations of
SNR evolution into dense, cloudy environments to study the formation of clumps
in the postshock region, as well as modeling of realistic particle acceleration with
escape and energy-dependent diffusion to predict the spectrum of SNR cosmic rays
interacting with nearby MCs. Equally important is progress in observations and modeling of supernova ejecta interactions with a complex circumstellar medium formed
by the winds of massive stars at the different evolution stages of the massive stars.
On the observational side, more sensitive X-ray and γ-ray observations are needed
to provide improved spectra of SNRs interacting with MCs. Improved angular resolution at γ-ray energies, such as may be expected in future facilities like CTA, is
particularly important. In combination with current studies of plasma instabilities,
magnetic field amplification, and the reacceleration of relic cosmic cosmic rays, the
outlook for reaching a quantitative understanding of the role SNRs play in producing
Galactic cosmic rays is extremely positive.
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J.-J. Lee, B.-C. Koo, M.S. Yun, S. Stanimirović, C. Heiles, M. Heyer, A 21 cm Spectral and Continuum
Study of IC 443 Using the Very Large Array and the Arecibo Telescope. AJ 135, 796–808 (2008).
doi:10.1088/0004-6256/135/3/796
J.-J. Lee, B.-C. Koo, R.L. Snell, M.S. Yun, M.H. Heyer, M.G. Burton, Identification of Ambient Molecular
Clouds Associated with Galactic Supernova Remnant IC 443. ApJ 749, 34 (2012). doi:10.1088/0004637X/749/1/34
N.A. Levenson, J.R. Graham, S.L. Snowden, The Cygnus Loop: A Soft-shelled Supernova Remnant. ApJ
526, 874–880 (1999)
P. Lockett, E. Gauthier, M. Elitzur, OH 1720 Megahertz Masers in Supernova Remnants: C-Shock Indicators. ApJ 511, 235–241 (1999)
L.A. Lopez, E. Ramirez-Ruiz, C. Badenes, D. Huppenkothen, T.E. Jeltema, D.A. Pooley, Typing Supernova Remnants Using X-Ray Line Emission Morphologies. ApJ 706, 106–109 (2009)
L.A. Lopez, S. Pearson, E. Ramirez-Ruiz, D. Castro, H. Yamaguchi, P.O. Slane, R.K. Smith, Unraveling
the Origin of Overionized Plasma in the Galactic Supernova Remnant W49B. ApJ 777, 145 (2013).
doi:10.1088/0004-637X/777/2/145
M.A. Malkov, L.O. Drury, Nonlinear theory of diffusive acceleration of particles by shock waves. Reports
of Progress in Physics 64, 429–481 (2001a)

25/28

SPAC62_source

26

[06/26 13:26]

SmallCondensed, APS, NameYear, rh:Option

Patrick Slane et al.

M.A. Malkov, L.O. Drury, Nonlinear theory of diffusive acceleration of particles by shock waves. Reports
of Progress in Physics 64, 429–481 (2001b)
R.L. McEntaffer, T. Brantseg, Chandra Imaging and Spectroscopy of the Eastern XA Region of the Cygnus
Loop Supernova Remnant. ApJ 730, 99 (2011). doi:10.1088/0004-637X/730/2/99
M. Miceli, F. Bocchino, A. Decourchelle, J. Ballet, F. Reale, Spatial identification of the overionized
plasma in W49B. A&A 514, 2 (2010). doi:10.1051/0004-6361/200913713
M. Miceli, F. Acero, G. Dubner, A. Decourchelle, S. Orlando, F. Bocchino, Shock-Cloud Interaction and
Particle Acceleration in the Southwestern Limb of SN 1006. ApJ 782, 33 (2014). doi:10.1088/20418205/782/2/L33
T.J. Moriya, Progenitors of Recombining Supernova Remnants. ApJ 750, 13 (2012)
G. Morlino, D. Caprioli, Strong evidence for hadron acceleration in Tycho’s supernova remnant. A&A
538, 81 (2012)
R. Morrison, D. McCammon, Interstellar photoelectric absorption cross sections, 0.03-10 keV. ApJ 270,
119–122 (1983). doi:10.1086/161102
R. Nakamura, A. Bamba, M. Ishida, R. Yamazaki, K. Tatematsu, K. Kohri, G. P\” uhlhofer{7}, S.J.
Wagner{8}, M. Sawada{2}, X-ray Spectroscopy of the Mixed Morphology Supernova Remnant W28
with XMM-Newton. ArXiv e-prints (2014)
Y. Ohira, K. Murase, R. Yamazaki, Gamma-rays from molecular clouds illuminated by cosmic rays escaping from interacting supernova remnants. MNRAS 410, 1577–1582 (2011). doi:10.1111/j.13652966.2010.17539.x
E. Oliva, D. Lutz, S. Drapatz, A.F.M. Moorwood, ISO-SWS spectroscopy of IC443 and the origin of the
IRAS 12 and 25 MU M emission from radiative supernova remnants. A&A 341, 75–78 (1999)
S. Orlando, F. Bocchino, M. Miceli, X. Zhou, F. Reale, G. Peres, Observability and diagnostics in the Xray band of shock-cloud interactions in supernova remnants. A&A 514, 29 (2010). doi:10.1051/00046361/200913801
M. Ozawa, K. Koyama, H. Yamaguchi, K. Masai, T. Tamagawa, Suzaku Discovery of the Strong Radiative
Recombination Continuum of Iron from the Supernova Remnant W49B. ApJ 706, 71–75 (2009).
doi:10.1088/0004-637X/706/1/L71
T.G. Pannuti, J. Rho, K.J. Borkowski, P.B. Cameron, Mixed-morphology Supernova Remnants in X-rays:
Isothermal Plasma in HB21 and Probable Oxygen-rich Ejecta in CTB 1. AJ 140, 1787–1805 (2010).
doi:10.1088/0004-6256/140/6/1787
G. Park, B.-C. Koo, S.J. Gibson, J.-h. Kang, D.C. Lane, K.A. Douglas, J.E.G. Peek, E.J. Korpela, C. Heiles,
J.H. Newton, H I Shells and Supershells in the I-GALFA H I 21 cm Line Survey. I. Fast-expanding H I
Shells Associated with Supernova Remnants. ApJ 777, 14 (2013). doi:10.1088/0004-637X/777/1/14
D.J. Patnaude, R.A. Fesen, Small-Scale X-Ray Variability in the Cassiopeia A Supernova Remnant. AJ
133, 147–153 (2007). doi:10.1086/509571
J.L. Pineda, W.D. Langer, T. Velusamy, P.F. Goldsmith, A Herschel [C ii] Galactic plane survey.
I. The global distribution of ISM gas components. A&A 554, 103 (2013). doi:10.1051/00046361/201321188
J.C. Raymond, Shock waves in the interstellar medium. ApJS 39, 1–27 (1979). doi:10.1086/190562
W.T. Reach, J. Rho, Excitation and Disruption of a Giant Molecular Cloud by the Supernova Remnant 3C
391. ApJ 511, 836–846 (1999). doi:10.1086/306703
W.T. Reach, J. Rho, T.H. Jarrett, Shocked Molecular Gas in the Supernova Remnants W28 and W44:
Near-Infrared and Millimeter-Wave Observations. ApJ 618, 297–320 (2005). doi:10.1086/425855
W.T. Reach, J. Rho, A. Tappe, T.G. Pannuti, C.L. Brogan, E.B. Churchwell, M.R. Meade, B. Babler, R.
Indebetouw, B.A. Whitney, A Spitzer Space Telescope Infrared Survey of Supernova Remnants in the
Inner Galaxy. AJ 131, 1479–1500 (2006). doi:10.1086/499306
E.M. Reynoso, P.F. Velázquez, G.M. Dubner, W.M. Goss, The Environs of Tycho’s Supernova Remnant
Explored through the H I 21 Centimeter Line. AJ 117, 1827–1833 (1999). doi:10.1086/300814
E.M. Reynoso, A.J. Green, S. Johnston, G.M. Dubner, E.B. Giacani, W.M. Goss, Observations of the
neutral hydrogen surrounding the radio-quiet neutron star RX J0822-4300 in Puppis A. MNRAS 345,
671–677 (2003). doi:10.1046/j.1365-8711.2003.06978.x
J. Rho, T.H. Jarrett, R.M. Cutri, W.T. Reach, Near-Infrared Imaging and [O I] Spectroscopy of IC 443
using Two Micron All Sky Survey and Infrared Space Observatory. ApJ 547, 885–898 (2001).
doi:10.1086/318398
M. Sasaki, C. Heinitz, G. Warth, G. Puehlhofer, XMM-Newton observation of the Galactic supernova
remnant W51C (G49.1-0.1). ArXiv e-prints (2014)
M. Sawada, K. Koyama, X-Ray Observations of the Supernova Remnant W28 with Suzaku. I. Spectral

26/28

SPAC62_source

[06/26 13:26]

SNRs interacting with molecular clouds

SmallCondensed, APS, NameYear, rh:Option

27

Study of the Recombining Plasma. PASJ 64, 81 (2012)
M. Seta, T. Hasegawa, T.M. Dame, S. Sakamoto, T. Oka, T. Handa, M. Hayashi, J.-I. Morino, K. Sorai,
K.S. Usuda, Enhanced CO J = 2-1/J = 1-0 Ratio as a Marker of Supernova Remnant-Molecular Cloud
Interactions: The Cases of W44 and IC 443. ApJ 505, 286–298 (1998). doi:10.1086/306141
R.L. Shelton, K.D. Kuntz, R. Petre, Chandra Observations and Models of the Mixed-Morphology Supernova Remnant W44: Global Trends. ApJ 611, 906–918 (2004). doi:10.1086/422352
R.L. Shelton, D.P. Cox, W. Maciejewski, R.K. Smith, T. Plewa, A. Pawl, M. Różyczka, Modeling W44
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