
Review

Progress in multi-waveband observations of supernova remnants

Xuejuan Yang a,b, Fangjun Lu a, Wenwu Tian c,d,*

a Particle Astrophysics Center, Institute of High Energy Physics, Chinese Academy of Sciences, Beijing 100049, China
b Department of Astronomy, Beijing Normal University, Beijing 100875, China

c National Astronomical Observatories, Chinese Academy of Sciences, 20A Datun Road, Chaoyang District, CAS, Beijing 100012, China
d Department of Physics & Astronomy, University of Calgary, Alberta, Canada T2N 1N4

Received 20 December 2007; received in revised form 4 March 2008; accepted 10 March 2008

Abstract

The development of observational techniques has enriched our knowledge of supernova remnants. In this paper, we review the main
progresses in the last decade, including new discoveries of supernova remnants and the associated (rare type of) pulsars, nucleosynthesis,
the interaction between supernova remnants and molecular clouds, dust in the supernova remnants, shock physics, and cosmic ray
accelerations.
� 2008 National Natural Science Foundation of China and Chinese Academy of Sciences. Published by Elsevier Limited and Science in
China Press. All rights reserved.
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1. Introduction

Massive stars usually end their lives with supernova
(SN) explosions. The explosion can be so powerful that it
outshines a galaxy at its peak with a total energy of
�1044 J. The outer layers of the exploding star are ejected
at supersonic speed, resulting in an outward blast wave.
Meanwhile, the blast wave is decelerated as it expands into
the interstellar medium (ISM), forming a reverse shock
propagating inwards. The shocked materials, together with
the stellar remnant (if existing), form a supernova remnant
(SNR). SNRs are often very bright in the radio and X-ray
bands, as the shocks can heat the ISM and ejecta to X-ray
emitting temperature and accelerate electrons to produce
synchrotron radiation in radio and/or even X-ray bands.
The interaction between an SNR and the nearby molecular
clouds (MCs) often trigger emissions of molecular lines.
The optical emission of an SNR usually comes from
shocked ejecta, while infrared emission traces the dust

around. Polarization observations of SNRs have brought
new insight into SNR physics [1].

Supernovae (SNe) are classified as types I and II based
on the presence of hydrogen Balmer lines in their spectra
at the maximum brightness, and each type has sub-types
for different properties of spectra or lightcurves (Fig. 1 in
Ref. [2]). It is widely accepted that SNe Ia corresponds to
the thermonuclear disruption of a C–O dwarf in an accret-
ing binary system after its mass appoaches the Chandrase-
khar limit. SNe Ib/Ic and SNe II come from core-collapses
of massive stars, giving birth to neutron stars for progeni-
tor mass in the range of 9–25 M or black holes for more
massive stars [3]. SNRs are important for understanding
our Galaxy. They heat up the interstellar medium, distrib-
ute heavy elements throughout the Galaxy, and accelerate
cosmic rays (CRs). The shock wave of an SN injects energy
into the interstellar gas, compresses and accelerates it.
SNR-MC interaction may trigger star formation. SNRs
are also believed to be the dominant source of Galactic
CRs. In the last decade, great progresses have been made
in understanding SNRs, thanks to the new generation of
telescopes.
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2. Supernova explosion and physics

2.1. Discoveries of SNRs and pulsars associated

The discrepancy between the number of known Galac-
tic SNRs (�270) and that predicted by theory (P1000)
has been considered as the result of the selection effects
in current sensitivity-limited radio surveys. This is sup-
ported by the discoveries of many new SNRs and candi-
dates in recent surveys with high sensitivity and spatial
resolution at low radio frequencies [4–6]. Some individual
SNRs have newly been discovered from multi-band obser-
vations, e.g. Tian et al. [7] by radio observations, Stupar
et al. [8] by optical observations, and Funk et al. [9] by
X-ray observations.

In addition to the expanding parts of SNRs, some
core-collapse SN explosions produce pulsars too. Discov-
eries of pulsars in SNRs are therefore clues to the classi-
fication of the SNe associated. Up to now more than 50
pulsars have been claimed to be likely associated with
the SNRs [10,11]. New generation of X-ray space obser-
vatories, e.g. XMM-Newton and Chandra X-ray observa-
tories have shown their power in detecting X-ray pulsars.
With its sub-second spatial resolution, Chandra has con-
firmed pulsars in core-collapse SNRs G292.0 + 1.8 [12],
G54.1 + 0.3 [13], G21.5-0.9 [14] and discovered pulsar
wind nebula candidates in N23 [15], G15.9 + 0.2 [16]
and DA 530 [17].

One of the most exciting progresses in pulsars is the dis-
coveries of ‘‘anomalous X-ray pulsars” (AXPs) and ‘‘soft
c-ray repeaters” (SGRs), which have very different proper-
ties from traditional radio pulsars. AXPs and SGRs cannot
be powered by the rotational energy or by accretion of
matter from a binary companion star, and have extremely
high surface magnetic fields (B > 1014G, the ‘‘magnetars”,
see Ref. [18] for a review). Some AXPs and SGRs are asso-
ciated with SNRs, such as Kes 73/AXP 1E 1841-045;
G29.6 + 0.1/AX J1845-0258; CTB 109/AXP 1E
2259 + 586, and N49/SGR 0526-66 [19,20]. The compact
object in the center of Cassiopiea A (Cas A) might also
be a magnetar [21].

The association between SNRs and AXPs/SGRs could
be used to constrain the properties of AXPs/SGRs. Vink
and Kuiper [22] investigated the explosion energies of
three SNRs (Kes 73, CTB 109 and N49) hosting AXPs/
SGRs. They found that the energies of these SNRs are
close to those of normal SNe and favor the possibility
that magnetars descend from progenitors with high mag-
netic field cores instead of rapidly rotating proto-neutron
stars [22]. However, this was argued against by the 50%
higher explosion energy of Kes 73 [23], which implies
either a larger magnetic field decay rate in the magnetar
model or a larger accretion rate in the accretion-based
models. More high-resolution multi-waveband observa-
tions of the AXPs/SGRs-related SNRs will help to con-
strain their properties, and distinguish different
theoretical models.

2.2. Nucleosynthesis

Numerical calculations [24,25] predict that the nucleo-
synthesis during the SN explosion is in ‘‘onion” layers with
dominant elements ordered in shells following their atomic
number.

In young SNRs, the element stratification might be
reserved because of the relatively short time of interaction
with the surroundings. A good icon is the Tycho’s SNR. X-
ray observations show that Fe K line peaks at a much
smaller radius than that of Si, S and Fe L [26,27]. Hwang
et al. [26] found that the Fe K emission in Tycho is from
an isolated component with ionization age of 100 times
smaller than that of Si or S, implying that Fe ejecta may
retain some stratification and be located at the inner layers
and therefore be reversely shocked more recently. X-ray
spectroscopy of G292.0 + 1.8 shows that there is little evi-
dence of metal (Si, S and Fe) enriched ejecta from explosive
nucleosynthesis, suggesting that the ejecta are strongly
stratified by composition and that the reverse shock has
not propagated to the Si/S- or Fe-rich zones [28].

However, such stratification could be destroyed during
the explosion in some cases. For Cas A, the Fe-rich ejecta
is located at larger radius than that of Si [29,30]. It is con-
cluded that the ejecta has undergone a spatial inversion,
which might be caused by the neutrino-driven convection
initiating core-collapse [29].

Numerical models have also calculated the nucleosyn-
thesis yield as a function of progenitor mass [24,25]. By
comparing the abundance pattern from both observations
and theoretical calculations, the progenitor mass can be
estimated [31]. However, the observational results basically
come from the spectra fitting with plasma models, which
only take into account of the relatively abundant elements
that show strong emission lines in the spectra. As the sen-
sitivity of the detectors increases, some new emission lines
have been detected, such as Cr and Mn [32,33], which are
not included in any available plasma model. Since these ele-
ments have been included in numerical calculations, it will
be helpful to constrain the properties of the SNe/SNRs by
including them in the plasma models.

3. SNRs and their environment

3.1. Interaction with molecular clouds

Core-collapse SN explosions are expected to occur in
MCs, since their massive progenitors (P8M�) are born
in MCs and their lifetimes (63 � 107 years) are often
shorter than the typical lifetime of an MC [34]. As the
SNRs expand, they might interact with MCs.

The first clear evidence for this interaction is from IC443
based on observations of shocked CO [35] and OH [36]
emissions. Such kind of studies became more intense after
the realization of OH 1720 MHz maser line emission as a
‘‘signpost” of the interaction [37] (see Ref. [38] for a
review). Surveys have been done [39–41] and several SNRs
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have been found with such maser emissions, including
W28, W44, 3C391, etc. These SNRs are mostly mixed-mor-
phology SNRs, which have been suggested to be strongly
associated with the OH 1720 MHz maser emission
[42,43]. It is predicted that the OH 1720 MHz line will
switch off at large OH column density (NOH), and the
6049 MHz and 4765 MHz lines will be on instead, with a
peak NOH of 3 � 1017 cm�2 and of several times higher,
respectively [44,45]. These lines may serve as a complemen-
tary signal of warm, shocked gas when the OH column
density is large.

The emission lines from CO, H2 or other molecules in
the shocked gas can also trace such interaction. Using these
emission line diagnosis, interactions are identified in
G347.3 � 0.5 [46] and HB21 [47], etc.

A direct way to identify the interaction is to determine
the distances to SNR and MC systems. Based on a new dis-
tance-measurement method (Tian-Leahy method by the HI
and CO observations), Tian et al. [48] suggested the inter-
action between SNR G18.8 + 0.3 and a molecular cloud,
and a measured distance of �12 kpc to the SNR/CO cloud
system. A more reliable example is the SNR W41/HESS
1834-087/molecular cloud system. High-precision distance
measurements to the system support that the SNR is phys-
ically associated with the giant molecular clouds. There-
fore, the SNR/cloud interaction leads to the TeV c-ray
emission in the cloud material [49]. The method is so pow-
erful that recently it is used to solve the intriguing puzzle on
the distance to SNR Kes 75/PWN J1846-0258 system [50].
It is worth applying this distance-measurement method to
more claimed SNR/could system so that we could refine
current models of SNR/cloud interaction.

3.2. Dust in SNRs

It has been discovered that there is a huge amount of
dust (108–109 M�) in very high redshift (z > 6) galaxies
and quasars [51,52], corresponding to the Universe age of
700 million years. The stellar winds at the late stages of
evolution of the stars are thought to be the main sources
of dust in galaxies, but they are not able to produce that
much in such a short time [53]. Type II SNe could be poten-
tial sources, with a dust production of 0.08–1 M� in the
ejecta per SN, varying with metallicity and progenitor mass
[54].

Dunne et al. [55] report a detection of cold dust of 2–
4 M� in Cas A. They imply that SNe are at least as impor-
tant as stellar winds in producing dust in our Galaxy and
could have been the dominant source of dust at high red-
shift [55]. The optical and mid-infrared observations of
SN 2003gd show a total dust amount of 0.02 M�, suggest-
ing that SNe might be the major dust factories [56]. How-
ever, it is also argued that the dust detected in Cas A may
originate from interstellar dust in a molecular cloud com-
plex located in the line of sight between the Earth and
the SNR [57]. The Spitzer observations show that the dust
mass in SN 2003gd is only about 4 � 10�5 M�, arguing

against the presence of 0.02 M� newly formed dust in the
ejecta [58]. Recently Rho et al. [59] presented a comprehen-
sive analysis of the dust mass in Cas A with the Spitzer
observations, which shows that the total dust mass is suffi-
cient to explain the lower limit of the dust mass in high red-
shift galaxies. However, what is the real total amount of
dust in the ejecta of core-collapse SNe remains an open
question, and further research is required.

4. Shock physics

4.1. Electron–ion temperature equilibrium

The shocks in SNRs are often referred to as collisionless
shocks, because the particle collision length scale is much
larger than the typical size of the shock structure. Although
the nature of electron and ion heating behind collisionless
shocks in SNRs remains an open question, a number of
observational advances have provided more information
about it.

Behind the collisionless shock there can exist a popula-
tion of cold neutral ions that are not affected by the shock
passage. Some of them might be collisionally excited before
being destroyed by collisional ionization or charge transfer.
They will emit narrow Ha and Hb Balmer lines with widths
representing the pre-shock temperatures. Those having
charge exchange with shock heated protons will produce
broad Balmer lines, whose widths will be given by the
temperature of postshock protons. In this case, the
broad-to-narrow line ratio can be used to measure the elec-
tron–proton temperature ratio (Te/Tp), which shows the
degree of equilibration. By observations and theoretical
studies of the Cygnus Loop, RCW 86 and Tycho based
on this method, Ghavamian et al. [60] obtain the equilibra-
tion degree of electron/proton temperatures. However, the
narrow Balmer lines might be contaminated by emissions
from a shock precursor, leading to a higher modeled
broad-to-narrow ratio, such as for DEM L71 [61]. In such
cases, the electron temperature can be determined from the
X-ray bremsstrahlung emission instead [61,62].

Using the high spectral resolution data from the XMM-
Newton observations, Vink et al. [63] found a 3.4 eV
broadening of O emission line in SN 1006, implying an O
temperature of 530 ± 150 keV. The electron temperature
from the same observation is about 1.5 keV, suggesting a
low degree of equilibration in this remnant. This is consis-
tent with the optical [64] and ultraviolet [65] studies.
Rakowski [66] compiled each method that has been used
to measure the equilibration and every SNR on which they
have been tested. A negative correlation between the degree
of equilibration and the shock velocity is found [66]. Such
correlation was further studied by Ghavamian et al. [67].
They found a relationship (Te/Tp)0/vs

2 in good agreement
with the observations, where (Te/Tp)0 represents the elec-
tron-proton temperature equilibration at the shock front
and vs is the shock velocity. Although such a relationship
has been suggested, many questions remain: What
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mechanism causes the sharp decrease of temperature equi-
librium at small shock speed? Does this relationship hold
for collisionless shocks in fully ionized gas? Progress in this
developing field depends on accurate modeling of the emis-
sion from pre-shock and post-shock gases, as well as evi-
dence from multiple wave-bands, and useful assessments
of the cosmic ray production and its effect on the shock.

4.2. Cosmic-ray acceleration

SNRs are believed to be the dominant source of Galactic
CRs, at least for energies up to the ‘‘knee” of the CR spec-
trum (3 � 1015 eV). The radio synchrotron emission from
the shocks of shell-type SNRs has provided direct evidence
for accelerated electrons with energies up to the GeV range.
It was increased to 10–100 TeV after the first detection of
X-ray synchrotron filament in SN1006 [68]. Such filament
have also been detected in Cas A, RCW 86, Tycho, Kepler,
G266.2-1.2, G347.3-0.5, etc (see also Ref. [69]).

With the development of atmospheric Cerenkov detec-
tors (H.E.S.S, CANGROO series, etc), we are able to
image SNRs by TeV c-ray observations, which play an
important role in tracing the CR acceleration in SNRs. c-
ray emissions are detected in several SNRs, including RX
J1713.7-3946, RX J0852.0-4622, G0.9+0.1, W41, etc. (see
Ref. [70] for an H.E.S.S observation review). However,
the H.E.S.S observations on SN1006 have no detection
of TeV c-ray emission from any compact or extended
region associated with the remnant [71]. Using the
observed X-ray flux and c-ray upper limit, they get a lower
limit on the post-shock magnetic field of B > 25 lG [71].

Various models have been established to explain the
overall spectra of nonthermal emission (from radio up to
TeV c-ray) in SNRs. These models can basically be catego-
rized as the time-dependent and steady ones. Zhang’s
group [72,73] modeled the non-thermal emission from old
and young SNRs under time-dependent frame. These mod-
els are applied to the observations of SNRs, and can well
represent their multiwavelength spectra.

Although there is much observational evidence for elec-
tron acceleration in SNRs, that for proton (dominant com-
ponent of CRs) acceleration is rare. One example is RX
J1713.7-3946, where pions (p�) decay (the signature of pro-
ton acceleration) was detected [74].

The amplification of magnetic field is potentially the
key for accelerating protons and heavier ions up to the
‘‘knee” of the CR spectrum [75,76]. The X-ray synchro-
tron filaments provide not only evidence of CR accelera-
tion, but also information of the magnetic field at the
shock front. Based on the width of the filaments, Vink
et al. [77] estimated the magnetic field strength of 0.08–
0.16 mG at the shock front of Cas A, much higher than
the Galactic average value (�3 lG). X-ray filaments in
SN1006 [78], Tycho [79] and Kepler [80] indicate similar
magnetic field strength in these remnants, which might
be evidence for CR induced magnetic field amplification
[69]. Uchiyama et al. [76] reported the discovery of the

brightening and decay of X-ray hot spots in RX
J1713.7-3946 on a one-year timescale, which might imply
that we have witnessed the ongoing shock-acceleration of
electrons in real time. They conclude that the rapid vari-
ability showing the origin of X-rays is the synchrotron
emission of ultrarelativistic electrons, meanwhile the elec-
tron acceleration occurs in a strong magnetic field with an
amplification factor of more than 100 [76].

5. Summary and prospectives

In this paper, we have reviewed recent progress in the
study of SNRs from multi-band observations. More SNRs
and (rare type of) pulsars associated are discovered. Using
the high spatial and energy resolution data of SNRs, we are
able to study the nucleosynthesis process during stellar evo-
lution and SN explosion, and also the interaction between
SNRs and their surroundings. From the perfect laboratory
of shock physics, we know more about the collisionless
shock in SNRs, such as the electron-ion equilibration after
shock passage and the cosmic-ray acceleration.

Nevertheless, many open questions remain. From
example, the known basic parameters of many SNRs,
such as the distances and ages, have large uncertainty.
High-precision measurements to these parameters are very
important to study not only the SNRs themselves, but
also the related pulsars, molecular clouds and so on. This
depends on further advances in both observational tech-
niques and measurement methods. By comparing the
abundance pattern of SNRs with numerical calculations,
some information of the SN explosions could be obtained,
such as the explosion type and progenitor mass. However,
current theoretical calculations are generally over-simpli-
fied with respect to the real SN explosions, and thus can-
not match all the observations. Meanwhile, plasma
models including elements such as Cr and Mn are
required. AXPs/SGRs have been suggested to be neutron
stars with very strong magnetic fields (‘‘magnetars”). Are
they and high magnetic field radio pulsars different phases
of a more uniform class of object? What is their evolu-
tionary sequence? Why are the spin periods of AXPs/
SGRs strongly clustered at 5–12 s? To answer these ques-
tions, it is necessary to enlarge the sample of this rare
type of pulsars and make high-precision observations.
SNR shocks can accelerate CRs, but how efficient is the
acceleration? What is the maximum energy that shocks
can be accelerated to? How strong is the magnetic field?
Is it amplified or just compressed? If the amplification
exists, what is the mechanism? The new generation of tele-
scopes will shed new light on these issues.
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