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Masers as tracers of hadronic particle acceleration
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Abstract. We review the class of galactic supernova remnants which show strong interac-
tions with molecular clouds, revealed through shock-excited hydroxyl masers. These rem-
nants are preferentially found among the known GeV and TeV detections of supernova
remnants. It has been argued that the masers trace out the sites of hadronic particle accel-
eration. We discuss what is known about the physical conditions of these shocked regions
and we introduce a potential new maser tracer for identifying the sites of cosmic ray accel-
eration. This review includes a reasonably complete bibliography for researchers new to the
topic of shock-excited masers and supernova remnants.
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1. Introduction

Cosmic rays were discovered nearly 100 years
ago, yet we still do not know with any cer-
tainty the identity of the cosmic accelerators.
It has long been argued that supernova rem-
nant (SNR) shocks are the primary sites for ac-
celerating galactic cosmic rays (e.g. Blandford
& Eichler 1987). Observations of non-thermal
radio and X-rays from SNRs have established
that electrons are accelerated in these shocks
(up to 100 TeV) (Koyama et al. 1995), but the
bulk of galactic cosmic rays (99%) are hadrons
and here solid evidence has been lacking.

The most promising method of searching
for evidence of hadronic cosmic rays has been
to look for GeV and TeV emission from SNRs.
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The cosmic ray protons and other hadrons,
accelerated in SNR shocks, collide with the
ambient gas producing high-energy particles
called neutral pions which decay quickly into
γ-rays (π◦ → γγ). EGRET provided some
early detections of SNR-γ-ray associations but
with only crude localizations (Esposito et al.
1996). Interest in this topic has been rein-
vigorated in recent years with a new gener-
ation of atmospheric Cerenkov imaging tele-
scopes (e.g. HESS, MAGIC, VERITAS) and
the launch of NASA’s Fermi satellite with
greatly increased sensitivity and angular reso-
lution over past experiments.

Simply finding GeV/TeV emission spa-
tially coincident with an SNR is not suffi-
cient to demonstrate that hadrons are under-
going diffusive shock acceleration in the SNR.
There are other potentially confusing sources
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of γ-ray emission originating primarily from
leptonic (i.e. electron) processes (Aharonian
et al. 2008a). Most of the identified galac-
tic TeV sources have turned out to be pulsar
wind nebulae (PWN) where the γ-rays origi-
nate from the pulsar termination wind shock.
Young SNRs (∼ 103 yrs) can also produce γ-
rays by Bremsstrahlung emission and inverse
Compton scattering of the ambient radiation
field. Distinguishing between these alternatives
is not straightforward.

SNRs whose cosmic rays are interacting
with dense molecular clouds (MCs) are ex-
pected to be bright γ-ray sources. In these cases
it is necessary to rule out leptonic processes
and to show quantitative agreement with the
predictions of the model in order to build a
strong case for the acceleration of hadronic
cosmic rays. The γ-ray flux from neutral pion
decay depends on the ratio n/d2 where d is the
SNR distance and n is the ambient gas den-
sity. Fortunately radio astronomy provides one
simple method to obtain both of these hard-to-
measure parameters. In this review we show
that the OH(1720 MHz) maser transition has
become one of the more important in situ trac-
ers of molecular shocks in SNRs (see the excel-
lent review by Wardle & Yusef-Zadeh 2002).
Through extensive observations and theory, the
OH(1720 MHz) masers have been recognized
as a key signpost for the interaction of SNRs
with MCs (Jiang et al. 2010).

2. Observational properties of
OH(1720 MHz) masers

Anomalous emission from the OH satellite line
at 1720 MHz was first noted toward the SNR
W 44 and W 28 in the late 1960s (Goss &
Robinson 1968). This result was largely for-
gotten until 25 years later when high sensitiv-
ity, high resolution Very Large Array (VLA)
observations showed 26 compact, narrow line
features tracing the interaction zone between
the SNR and the MC (Frail et al. 1994). The
high brightness temperature (Tb > 4 × 105 K)
and narrow line widths (∆V ' 1kms−1) argued
convincingly for a non-thermal, i.e. maser ori-
gin for the OH(1720 MHz) emission.

This initial discovery prompted several tar-
geted surveys toward the known sample of
SNRs in our galaxy. The strategy was to carry
out a single dish survey on the NRAO 140-
ft, Parkes 64-m, and Green Bank Telescopes.
Candidates were followed up with interfero-
metric imaging with the Australia Telescope
Compact Array and the VLA. The advantage
of this particular approach was that the known
galactic SNR population could be surveyed
quickly and efficiently. The major disadvan-
tage was the relatively high flux density thresh-
old, suggesting that these surveys are not com-
plete (Hewitt & Yusef-Zadeh 2009). Future
OH maser observations should be carried out
as deep interferometry surveys (Slim ≤50 mJy)
where there will be less confusion from diffuse,
thermal OH emission.

We list the current sample of 23 SNRs
with OH(1720 MHz) maser detections in
Table 1. Successful searches toward the Large
Magellanic Cloud have also been conducted
but they are not listed in this table (Brogan
et al. 2004; Roberts & Yusef-Zadeh 2005).
Considering the detections as a whole, about
10% of all SNRs have OH(1720 MHz) masers
(Green et al. 1997; Hewitt & Yusef-Zadeh
2009). The SNRs with OH(1720 MHz) masers
appear to trace the broad scale distribution of
molecular gas in our galaxy. The detections are
not found randomly throughout the galaxy but
rather are found in the inner galaxy, in particu-
lar within the molecular ring and nuclear disk.
The luminosity distribution of the OH(1720
MHz) masers (defined as S × d2, where S is
the peak flux density in mJy and d is the dis-
tance in kpc) is broad, covering 102 to 106 mJy
kpc2, with a median ∼ 104 mJy kpc2.

The OH(1720 MHz) masers are located
on or near the peaks of the radio synchrotron
emission which is generated by electron ac-
celeration along the expanding SNR shock.
OH(1720 MHz) masers are preferentially lo-
cated along the edges of thin filaments or
clumps of molecular gas with broad lines
widths seen (∆V ' 30 kms−1), indicative of
post-shock gas (Frail & Mitchell 1998; Reach
& Rho 1999; Lazendic et al. 2002; Seta et al.
2004; Reach et al. 2005; Lazendic et al. 2010;
Zhou & Chen 2011).
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Table 1. A distance-ordered list of OH(1720 MHz) supernova remnants

(l,b) RA Dec. dkpc # γ-rays? Name Reference
(J2000) (J2000) (kpc) masers

189.1, +3.0 06 17 00 +22 34 1.5 6 Y IC443 Claussen et al. (1997)
6.4,−0.1 18 00 30 -23 26 2.0 41 Y W28 Claussen et al. (1997)
34.7,−0.4 18 56 00 +01 22 2.5 25 Y W44 Claussen et al. (1997)
5.7,−0.0 17 59 02 −24 04 3.2 1 P Hewitt & Yusef-Zadeh (2009)
8.7,−0.1 18 05 30 −21 26 3.9 1 Y W30 Hewitt & Yusef-Zadeh (2009)
9.7,−0.0 18 07 22 −20 35 4.7 1 N Hewitt & Yusef-Zadeh (2009)
359.1,−0.5 17 45 30 −29 57 5.0 6 P Yusef-Zadeh et al. (1995)
5.4,−1.2 18 02 10 −24 54 5.2 2 N Milne 56 Hewitt & Yusef-Zadeh (2009)
49.2,−0.7 19 23 50 +14 06 6.0 2 Y W51C Green et al. (1997)
357.7,+0.3 17 38 35 −30 44 6.4 5 N Yusef-Zadeh et al. (1999)
357.7,−0.1 17 40 29 −30 58 >6 2 N MSH 17-39 Frail et al. (1996)
348.5,+0.1 17 14 06 −38 32 8 10 Y CTB 37A Frail et al. (1996)
32.8,−0.1 18 51 25 −00 08 5.5/8.5 1 P Kes 78 Koralesky et al. (1998)
0.0,+0.0 17 45 44 −29 00 8.5 28 Y SgrAEast Pihlström et al. (2011b)
1.0,−0.1 17 48 30 −28 09 8.5 1 N Yusef-Zadeh et al. (1999)
1.4,−0.1 17 49 39 −27 46 8.5 2 N Yusef-Zadeh et al. (1999)
31.9,+0.0 18 49 25 −00 55 9.0 2 N 3C 391 Frail et al. (1996)
337.0,−0.1 16 35 57 −47 36 11 3 N CTB 33 Frail et al. (1996)
21.8,−0.6 18 32 45 −10 08 5.2/11 1 N Kes 69 Green et al. (1997)
346.6,−0.2 17 10 19 −40 11 5.5/11 5 N Koralesky et al. (1998)
349.7,+0.2 17 17 59 −37 26 >11 5 N Frail et al. (1996)
16.7,+0.1 18 20 56 −14 20 2.2/14 1 N Green et al. (1997)
337.8,−0.1 16 39 01 −46 59 12.3 1 P Kes 41 Koralesky et al. (1998)

The masers in a given SNR all have sim-
ilar radial velocities with small scatter. There
is close agreement between the velocity of the
masers and the systemic velocity of molecular
gas in the vicinity. This velocity matching has
been interpreted to mean that the masers orig-
inate in a shock transverse to the line of sight
(Frail et al. 1996; Claussen et al. 1997).

OH(1720 MHz) masers also provide a
unique way to directly measure the strength
and orientation of the magnetic fields in SNR
shocks using Zeeman splitting of the line
(Yusef-Zadeh et al. 1996; Claussen et al. 1997;
Koralesky et al. 1998; Brogan et al. 2000;
Hoffman et al. 2005a,b). These observations
have yielded values for the magnetic field of
order 1 mG, giving derived magnetic pressures
comparable to the thermal pressure of the hot
gas interior to the SNR. These same obser-
vations give measurements for the size of the

maser spots of order 1015 cm or ∼100 AU
(Claussen et al. 1999b; Hoffman et al. 2003).

Two interesting correlations exist for those
SNRs with OH(1720 MHz) masers. Claussen
et al. (1997) first noted that the SNRs de-
tected at GeV energies by EGRET were among
the best examples of SNR-MC interactions
(IC 443, W 28 and W 44) and they suggested
that OH(1720 MHz) SNRs would make impor-
tant candidates for future GeV and TeV sur-
veys. The new generation of instruments sup-
ports this initial supposition, with several new
claims of associations between SNRs and γ-
ray sources (Hewitt et al. 2009; Castro & Slane
2010; Kosack et al. 2010). We list these associ-
ations in Table 1 (Y=yes, N=no, P=possible).

Frail et al. (1996) and Green et al. (1997)
first noted that the OH(1720 MHz) SNRs be-
longed predominantely to a particular class of
so-called “mixed morphology” SNRs (25% of
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X-ray SNRs) which have center-filled thermal
X-ray emission. This hypothesis was put on a
firmer statistical footing by Yusef-Zadeh et al.
(2003), and while there is no agreement on how
this interior X-ray gas is produced (Cox et al.
1999; White & Long 1991), the strong correla-
tion argues that SNR-MC interactions play an
important role.

3. The origin and excitation of
OH(1720 MHz) masers

The hydroxyl (OH) molecule is abundant in
the interstellar medium. In its ground state it
has four ground state transitions: two main
lines at 1665.4 MHz and 1667.4 MHz, and
two satellite lines at 1612.2 MHz and 1720.5
MHz (Elitzur 1992). The 1665 and 1667 MHz
lines are typically associated with star-forming
regions while 1612 MHz are associated with
evolved stars, but all of these lines are in-
verted through pumping of far-infrared pho-
tons. OH(1720 MHz) masers, in contrast, are
pumped through collisions; far-infrared radia-
tion effectively acts to destroys the inversion of
the 1720 MHz line.

Theoretical modeling suggests that the OH
is formed downstream of a slow, compression-
type shock (20-30 kms−1) that has propagated
into an adjacent MC. A strong OH(1720 MHz)
maser inversion is collisional excited at tem-
peratures of 30-120 K and densities of order
n =104-105 cm−3 (Lockett et al. 1999; Wardle
1999). Maser amplification needs large column
densities of OH molecules (1016 − 1017 cm−2)
with small velocity gradients. Thus masers will
occur preferentially where the observer’s line-
of-sight velocity gradient is small. OH(1720
MHz) masers therefore favor edge-on geome-
tries (i.e. transverse shocks). This immedi-
ately explains why the observed velocity of the
masers, SNR and MC agree. Thus the detection
of an OH(1720 MHz) maser is not just unam-
biguous proof that an SNR-MC interaction is
taking place, it also provides both a kinematic
distance d and the gas density n. The ratio n/d2

is a key parameter for testing the hadronic ac-
celeration models (Aharonian et al. 2008a).

The ionization of the OH remains an in-
teresting area for future research. Most of

the gaseous oxygen in the dense, post-shock
gas is taken up in H2O formation and there-
fore it must be dissociated to get the required
columns of OH. Wardle (1999) produced a
self-consistent physical model in which the
thermal (T < 1 keV) X-rays in the inte-
rior provide the necessary ionization, con-
veniently explaining the association between
OH(1720 MHz) SNRs and mixed morphol-
ogy SNRs (Yusef-Zadeh et al. 2003). More
recently Hewitt et al. (2009) have suggested
that the H2O could be dissociating instead
from the local cosmic rays accelerated in the
shock. If true, OH(1720 MHz) masers are not
merely a signpost of hadronic particle acceler-
ation; rather, the locally enhanced cosmic ray
density is necessary to produce the OH(1720
MHz) masers. This hypothesis can be tested
directly with observations of the cosmic ray
ionization rate ζCR using the abundance ra-
tio of [DCO+]/[HCO+] (Ceccarelli et al. 2011)
in dense clouds or measuring H+

3 columns
(Indriolo et al. 2010) in diffuse clouds.

4. A new maser tracer for molecular
shocks

OH(1720 MHz) masers are not infallible trac-
ers of SNR-MC interactions. Only 10% of the
known SNRs in our galaxy have OH masers
and GeV/TeV emission is not seen in about
half of the OH(1720 MHz) SNRs. Due the nar-
row physical conditions needed to excite the
OH(1720 MHz), the absence of masers tells
us nothing about whether hadronic cosmic rays
could be responsible for the observed γ-rays
from an SNR.

OH(1720 MHz) is not the only shock-
excited maser. Theoretical predictions sug-
gest that excited-state OH may be present
under similar physical conditions. However,
searches for these lines near 6 GHz have
not yielded any detections (Fish et al. 2007;
Pihlström et al. 2008; McDonnell et al. 2008)
nor have any 22 GHz water masers been found
near SNRs (Claussen et al. 1999a; Woodall
& Gray 2007). Additionally, the widespread
methanol molecule (CH3OH) can be collision-
ally pumped, resulting in not just one line but
several dozen bright maser transitions at ra-
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dio wavelengths. Theoretical modeling shows
that the brightest shock-excited masers are ex-
pected for the transitions at 36.169 GHz and
at 44.070 GHz, with slightly weaker masers
for the 84.521 GHz and 95.169 GHz transi-
tions (Morimoto et al. 1985; Cragg et al. 1992).
These CH3OH masers are excited over a much
larger range of densities and temperatures than
OH(1720 MHz).

The first detection of a CH3OH maser to-
ward an SNR was reported by Zubrin & Shulga
(2008) toward Kes 79 at 95 GHz. Observations
at 95 GHz with the Arizona Radio Observatory
12-m and VLA observations at 44 GHz failed
to confirm this detection (Claussen and Frail,
unpublished). Methanol masers have been de-
tected at 36 and 44 GHz toward the galac-
tic center (Haschick et al. 1990; Szczepanski
et al. 1989), while recent VLA observations
have localized them to where the SNR Sgr
A East is seen interacting with a molecular
ridge (Sjouwerman et al. 2010; Pihlström et
al. 2011a). There is evidence that the CH3OH
masers are offset from the known OH(1720
MHz) masers in this region and that the
CH3OH may be excited in hotter and denser
gas than the OH (i.e. closer to the molec-
ular shock front). Motivated by this intrigu-
ing result, we have recently undertaken a
VLA CH3OH survey (36 and 44 GHz) of
21 OH(1720 MHz) SNRs (Pihlström et al. in
preparation). Owing to the small field-of view
(1-arcmin at 44 GHz vs 27-arcmin at 1720
MHz) the survey is strongly biased. We have
focused our VLA observations mainly toward
OH(1720 MHz) masers sites and toward some
GeV/TeV peaks.

In our partial reduction of the survey data
we have detected a 44 GHz CH3OH maser in
the SNR W 28. The maser is found in region
OH-D, well away from the bulk of the known
OH(1720 MHz) masers. More intriguingly, the
CH3OH maser lies near the peak in the TeV
emission of W 28 (Aharonian et al. 2008b)
where no OH(1720 MHz) had been seen pre-
viously. Pumping models predict that this tran-
sition is excited at temperatures of T=80-200
K and densities n = 105−106 cm−3, conditions
both hotter and more dense than that needed
to excite the OH(1720 MHz) line. This pre-

liminary result potentially makes methanol a
new and important signpost for SNR-MC in-
teractions, giving us a more robust and ubiqui-
tous tracer to help us pinpoint SNR-MC inter-
actions and measure their physical properties
over a wider range.
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