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We report the current status of the observations of supernova remnants (SNRs) with the Large
Area Telescope (LAT) aboard the Fermi Gamma-ray Space Telescope, focusing on middle-aged
SNRs that appear to be interacting with molecular clouds. Observations with the Fermi LAT
in an energy range from 0.2 GeV to ~ 100 GeV have unveiled the presence of luminous GeV
gamma-ray emission in middle-aged SNRs, providing a new insight into the shock-acceleration
theory and the origin of galactic cosmic rays. The middle-aged SNRs detected by the Fermi
LAT are generally much brighter in GeV than in TeV in terms of energy flux, which empha-
sizes the importance of the GeV observations. Spectral analysis of the bright objects revealed
spectral steepening in the Fermi-LAT band. Remarkably, most (if not all) of them are known to
be interacting with molecular clouds, and they are also the strong sources of synchrotron radio
emission. We discuss possible scenarios to explain the enhanced GeV gamma-ray emission in the
cloud-interacting SNRs. Particular emphasis is placed on a scenario in which shock-accelerated
cosmic-rays are adiabatically compressed and energized as result of radiative cooling behind the

cloud shock.
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1. Introduction

Diffuse shock acceleration [[I] operating at a collisionless shock produces nonthermal parti-
cles in a supernova remnant (SNR). Remarkable progress in the observations of shock-accelerated
particles was made in the last decade, especially in the X-ray and TeV 7y-ray bands, which has
strengthened the conjecture that shock acceleration in SNRs is responsible for the bulk of the galac-
tic cosmic rays (GCRs). Synchrotron X-ray emission produced by multi-TeV electrons has been
detected from most of young historical SNRs [2]]. The X-ray measurements by the Chandra X-ray
Observatory with its arcsecond resolution imaging have shown that particle acceleration to TeV
energies at strong shocks in young SNRs accompanies significant amplification of interstellar mag-
netic fields [Bl]. Direct evidence for the production of multi-TeV particles in shell-type SNRs came
from the TeV y-ray observations made with ground-based Cherenkov telescopes such as H.E.S.S.
[@]], though the emission mechanism (“hadronic vs leptonic") remains unsettled. Gamma-ray ob-
servations at the GeV band have been expected to provide complementary information on particle
acceleration at the expanding shock waves of galactic SNRs.

In the GeV 7-ray band, possible associations of y-ray sources with five radio-bright shell-type
SNRs were reported by Ref. [B]] based on the data taken in 1991-1994 by the EGRET instru-
ment onboard the Compton Gamma Ray Observatory (see also Ref. [[d]]). The two strongest y-ray
sources that are possibly associated with SNRs are the EGRET unidentified sources in the direc-
tions of ¥ Cygni and IC 443, both of which are known to be interacting with adjacent molecular
clouds. If the y-ray excesses are due to cosmic-ray interactions with a dense cloud, the dominant
emission processes are either bremsstrahlung by relativistic electrons or 7°-decay y-rays resulting
from proton-proton hadronic collisions. However, the EGRET point-spread function is much wider
than the spatial extent of most of the SNRs with possible y-ray associations, which made it difficult
to preclude the possibility that the y-ray sources are due to pulsars!.

The Large Area Telescope (LAT) onboard the Fermi Gamma-ray Space Telescope [B], which
was launched in June 2008, has started to explore the GeV 7y-ray sky with much improved resolving
power and unprecedented sensitivity. The observations with the Fermi-LAT provide new methods
of addressing unsolved problems in shock acceleration theory and the origin of the GCRs. Us-
ing the LAT data from the first ~ 1 yr of observations, the Fermi LAT Collaboration has reported
the detections of y-ray emission from several SNRs [Q-[4]]. Middle-aged SNRs interacting with
molecular clouds (MCs) constitute the dominant class of y-ray-luminous SNRs. Here we summa-
rize the results for such MC-interacting SNRs obtained with the LAT and discuss the mechanisms
by which 7y-ray emission can be enhanced in such systems.

2. Fermi-LAT Detections of SNRs Interacting with Molecular Clouds

The Fermi LAT Collaboration has so far reported the discoveries of spatially extended y-ray
sources coincident with four remnants: W51C [l], W44 [[[Tl], IC 443 [12]], and W28 [03]]. They
are middle-aged (~ 10* yr) remnants that appear to be interacting with molecular clouds. Figure 1
shows a collection of the 2—-10 GeV 7y-ray count maps obtained with 2.5 yr data of the LAT. For

10ne of the two most significant EGRET sources (a source in the ¥ Cygni SNR) is indeed found to be a y-ray pulsar
with the Fermi LAT [[]|.
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(a) W51C

Figure 1: Fermi LAT count maps in 2—-10 GeV of the MC-interacting SNRs with extended y-ray emission:
(a) W51C; (b) W44; (c) IC443; and (d) W28. The LAT count maps (in the celestial coordinates) constructed
from front-converted events in the four panels are smoothed by a Gaussian kernel of 0.15 deg. The intensity
is in units of counts per pixel with a pixel size of 0.05 x 0.05 deg?, and shown in a common range of 1.0-5.5
counts per pixel. Superposed are the contours from the VLA radio maps (see the text). A black ellipse in
panel (a) represents the location of shocked CO clumps [I3]]. The black crosses in panel (c) are the locations
of shocked molecular clumps from which OH maser is detected [I6]. The position of a pulsar wind nebula
is also marked in panel (c).

better spatial resolution, only front-converted events are used. Even without subtracting the intense
Galactic diffuse emission, significant y-ray emission clearly stands out in excess of the background
diffuse emission. In each panel, superimposed is a radio continuum map synthesized with the
Very Large Array (VLA) at a frequency of: (a) 1.4 GHz [IZl]; (b) 1.4 GHz (The FIRST Survey);
(c) 330 MHz [0€]]; and (d) 330 MHz. The spatial extent of the y-ray emission estimated through
the maximum likelihood technique was generally found to be consistent with the size of the radio
remnant. Given the size of a point-spread function of the LAT in this energy band, dedicated
investigations are necessary to establish possible sub-structures within these remnants, which will
be reported elsewhere.

The radio and y-ray properties of the four SNRs are similar in many aspects. The synchrotron
radio emission has a large flux of 160-310 Jy at 1 GHz with flat spectral index of o ~ 0.3-0.4
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Figure 2: Gamma-ray spectra of shell-type SNRs measured with the Fermi LAT: W51C (red filled circles
[@); W44 (red open circles [[[T]); IC 443 (red filled rectangles [I20)); W28 (red open rectangles [[I3));
Cassiopeia A (black filled circles [[IQ])).

[I8]. The GeV y-ray spectrum commonly exhibits a spectral break at around 1-10 GeV, and the
luminosity ranges Ly = 103 3%¢erg s~!. In Fig. [ the y-ray spectra of the MC-interacting SNRs
measured with the LAT are shown in the so-called vL, form along with the spectrum of Cas A.
The distances are taken from the nominal values described in Refs. [Q-[I3]. Note that the -
ray luminosities of W51C and W44 are more than an order of magnitude larger than the y-ray
luminosity of Cas A.

The LAT-detected SNRs are generally radio-bright objects, which suggests some physical link
between the synchrotron radiation and the GeV y-rays. Indeed, the median value of the radio
surface brightness? at 1 GHz of the Galactic SNRs is £ ~2 x 107 erg cm™2 s~! sr~! 8], which
is an order of magnitude smaller than that of the LAT-detected SNRs. Moreover, there found a
possible correlation between the radio and y-ray fluxes from MC-SNRs. Figure [3] (Ieft) shows a
plot of the radio flux vs y-ray flux for the current list of MC-SNRs that are detected by the LAT
[O-[I4] 9. The radio and y-ray energy fluxes represent the total fluxes integrated over a remnant.
In Fig. 3] (right), a comparison between the radio and y-ray intensities is made in terms of mean
surface brightness, where the total flux is divided by the solid angle subtended by each remnant.
The mean surface brightness, which is distance-independent, has a large dynamic range over more
than two orders of magnitude.

2Usually, the radio surface brightness is represented as £y = fy /Q in units of W m~2 Hz~! sr~!. Here we adopt
L =VvXIy = vfy/Qin units of erg cm ™2 s~ sr7 !,
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Figure 3: (Left) Radio flux (synchrotron) vs GeV 7y-ray flux for MC-interacting SNRs. The y-ray energy flux
integrated over 0.1-100 GeV and the radio flux, v f, at 1 GHz, are shown. (Right) Mean surface brightness
of the synchrotron radio emission and GeV y-ray emission. The flux-flux plot is converted into this form
using the solid angles of the radio remnants.

3. Discussion

Since the interaction with a molecular cloud clearly plays a key role in enhancing the y-ray
emission, bremsstrahlung by relativistic electrons or n’-decay y-rays produced by high-energy
protons are the two plausible dominant channels of the y-radiation. The observed large luminosity
of the GeV y-ray emission precludes the inverse-Compton scattering off the CMB and interstellar
radiation fields as the main emission mechanism. For instance, the luminosity of SNR W51C
requires an unacceptably large amount of the total CR electron energy of W, ~ 1 x 10°! ergs [OI.
Generally the high-energy protons are thought to be the predominant component of accelerated
particles in SNRs so that the 7°-decay y-ray emission is stronger than the electron bremsstrahlung
(see however Ref. [20])).

There are two different types of scenarios to explain the GeV y-ray emission arising from
the MC-SNR systems. The Runaway CR model considers y-ray emission from molecular clouds
illuminated by runaway CRs that have escaped from their accelerators [2I-23]. CR particles
released by a remnant diffuse into interstellar space with an energy-dependent diffusion coeffi-
cient, and collide with massive clouds producing y-ray photons via 7’-decay (by CR hadrons) and
bremsstrahlung (by CR electrons) channels. The y-ray wide-band spectra from the GeV to TeV
energies can markedly vary from one object to another depending on the relative locations of the
accelerator and the target cloud as well as the time history of the accelerator. For example, a hard
GeV y-ray source [[[3]] which is also bright in TeV [24]] outside the southern boundary of SNR
W28 may be explained by runaway CRs. Future analysis of spatial distributions of GeV 7-rays
combined with CO observations would make it possible to discern the y-ray sources that are at-
tributable to runaway CRs. Then one can learn about how CRs are released into interstellar space
and how they propagate in the vicinity of the SNR where self-generated Alfvén waves may change
the local diffusion coefficient [23]].
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Another scenario, the Crushed Cloud model [26] invokes a “shocked" molecular cloud into
which a radiative shock (typically vy ~ 100 km s~!) is driven by the high pressure of hot plasmas
in the blastwave region. The cosmic-ray particles accelerated at a cloud shock are adiabatically
compressed behind the shock front, resulting in enhanced synchrotron and 7°-decay y-ray emis-
sions [27]]. It was shown by Ref. [26]] that reacceleration of pre-existing CR electrons and protons
is capable of explaining both radio and GeV y-ray spectra using reasonable sets of parameters. The

Y-ray luminosity of Ly ~ 10%erg s~!

in 1-10 GeV agrees well with the theoretical expectation.
In this scenario, the radio and y-ray emissions from the MC-SNRs are intimately connected, and
therefore the possible radio-gamma correlation can be readily explained.

The Runaway CR and Crushed Cloud models are not mutually exclusive. The former presumes
unshocked molecular clouds as the y-ray production sites while the latter considers shocked clouds.
Both unshocked and shocked clouds could be the important sites of the y-ray production. Also, in
addition to the pre-existing GCRs in a molecular cloud, runaway CRs released from a shock may
make a large contribution to the cosmic-ray density in the molecular cloud particularly at TeV
energies. When such a cloud is struck and compressed by the blastwave, the y-ray flux at high

energies should be enhanced with respect to what is presented in the model of Ref. [26]].
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