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Supernova Remnant OH Masers:
Signposts of Cosmic Collision

Mark Wardle' and Farhad Yusef-Zadeh?

A supernova explosion, the final death throe of a massive star, creates an expanding
bubble of hot gas that overruns up the surrounding medium. When a supernova
remnant encounters a dense interstellar cloud, the compression may trigger gravita-
tional collapse and the formation of a new generation of stars. This event can be
detected through intense stimulated emission in the 1720-megahertz transition of the

hydroxyl radical, OH, which yields unique
conditions occurring during the interaction.

insights into the physical processes and

hock waves from supernova explosions

Shave played a key role in the evolution

of the Milky Way Galaxy by depositing

energy and material enriched in heavy ele-
ments into interstellar space (I-4). The pas-
sage of a shock wave past an interstellar
molecular cloud contributes to the cloud’s
eventual dispersal, but the compression of the
cloud’s gas during the interaction may lead to
star formation. Interactions between superno-
vae and clouds are common: About half of all
supernova explosions occur when a massive
star (>8M,, where M, is the mass of the Sun)
exhausts its supply of nuclear fuel (5); and
during its short life, the star does not drift
very far from its parent cloud.

The evolution and appearance of a super-

nova remnant (SNR) is also affected by an .
adjacent cloud in several ways. The expan-
sion is slowed at the cloud’s location and the
remnant is distorted. A reflected shock is
driven into the remnant’s interior as it runs
into the obstacle, and the incorporation and
heating of cloud material may fill the interior
with gas, substantially modifying its x-ray
emission (6—9). Enhanced particle accelera-
tion in the shock front produces synchrotron
radiation at radio frequencies, and, if the
particle energy is high enough (as in the SNR
RCW 86), at x-ray frequencies (0).

Interaction between a SNR and a molec-

ular cloud is signaled by bright, compact
spots—masers (see below)—emitted by OH
molecules at a frequency of 1720 MHz (11).
About 10% of SNRs have associated masers
and are probably interacting with molecular
clouds (/2-15). Here we review what we
have learned about the interaction from these
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masers, and we describe how they have pro-
vided a crucial window into the physical
processes induced within the cloud by the
interaction.

Supernova Remnant Masers

The term “maser” is derived from microwave
amplification of stimulated emission radia-
tion, the microwave-frequency analog of a
laser (16, 17). Amplification occurs in a par-
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state, a condition referred to as population
inversion. When this occurs, seed photons
originating from spontaneous emission or
background radio sources will be exponen-
tially amplified by stimulated emission, lead-
ing to the production of an intense, tightly
collimated beam of photons at the frequency
of the transition, which is only limited by the
rate at which the inversion can be maintained
by the processes responsible for the supply of
molecules in the upper state.

Population inversion of molecules is occa-
sionally achieved under natural conditions in
interstellar space, creating bright, compact
spectral line sources that are easily observed at
radio wavelengths. The first interstellar mole-
cule detected at radio frequencies (/8), OH, was
also the first to be detected as a maser (19).
Other important species that have masing tran-
sitions are H,O, SiO, and CH,OH (20). All

occur in the interstellar medium, and all
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but CH,OH occur in the envelopes of
evolved stars. The brightness and com-
pactness of maser spots can be exploited
to yield kinematic information about in-
terstellar gas via the Doppler effect and
observations of proper motion. Perhaps
the most spectacular example has been
the determination of supermassive
black hole masses using the motions
of H,O megamasers around active ga-
lactic nuclei (27). In addition, masers
have been used to track outflows and
the rotation of protostellar discs in
star-forming regions, and to determine
stellar kinematics and wind velocities
from OH and SiO masers arising in
dense stellar winds from evolved stars
(20). The intensity of maser emission
allows the measurement of weak cir-
cular polarization across the maser
line induced by the Zeeman effect,
which permits a determination of the

Fig. 1. Schematic of an expanding supernova remnant
(SNR) interacting with an adjacent molecular cloud.

Black arrows indicate velocity.

ticular radiative transition of a molecule (or,
more generally, an ion or atom) when absorp-
tion of photons from the radiation field by
molecules in the lower level is dominated by
stimulated emission of photons by molecules
in the upper state. This requires that the upper
state be overpopulated relative to the lower

line-of-sight magnetic field. If both
linear and circular polarization can be
detected, then the strength and orien-
tation of the field can, in principle, be
determined. The field strengths de-
rived from maser measurements have been
controversial because of the possibility that
the masers are saturated, in which case the
inferred field strengths may be overestimated
(22, 23), but this does not appear to be a
serious problem for the 1720-MHz OH ma-
sers associated with SNRs (24).
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OH is one of the most impor-
tant maser species because it is
abundant and has ftransitions
near 1.6 GHz that are easily ob-
served using the techniques of
radio astronomy. The rotation
ladder is split several times be- °
cause of a single unpaired elec-
tron sitting in a 2p orbital in the
O atom. The spin-orbit coupling
of this electron first splits the
rotational ladder into 2IT,,, and
2I1,,, ladders. Each rotational
level within these ladders is fur-
ther split by the small difference
in the moment of inertia when
the electron orbital is parallel or
perpendicular to the molecule’s
rotation axis (lambda doubling),
and again by the hyperfine inter-
action between the electron spin
and the spin of the proton in the
H atom. The energy splittings
are such that the rotational tran-
sitions occur in the far- and mid-
infrared, whereas the transitions
within a rotational level are at
microwave frequencies. These
transitions are potentially the
easiest to invert and may occur
naturally. Indeed, astronomical
masers are observed in all four
of the transitions within the
ground rotational state (at 1612,
1665, 1667, and 1720 MHz) and
in many of the transitions within
higher rotational levels as well.

Most observations have fo-
cused on the ground-state ma-
sers. Although any of these may
occur alone or closely associated
with any of the other three, masers at 1665
and 1667 MHz are generally associated with
each other and with star-forming regions,
whereas 1612-MHz masers are associated
with evolved stars (16, 20). This is under-
stood in terms of the different physical con-
ditions that lead to inversion of each of the
transitions. In particular, the 1612-, 1665-,
and 1667-MHz masers are usually pumped
by a far-infrared (FIR) radiation field.

Until recently, a class of relatively rare,
weak masers in the 1720-MHz OH line associ-
ated with SNRs was neglected as a curiosity.
By the late 1960s, it was known that some
SNRs—notably W28, W44, and IC443—had
these masers (259). In the following decade, it
was pointed out that 1720-MHz masers could
occur in warm molecular gas without the need
for pumping by a FIR radiation field (26),
suggestive of shocked gas, and that they might
be associated with SNR-driven shock waves
27).

However, when interferometric obser-
vations of W28 with the Very Large Array
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(VLA) showed many discrete maser spots
around the remnant where it was believed
to be interacting with a molecular cloud, it
was realized that the masers were associat-
ed with shock waves driven into the cloud
by the interaction (/7). Follow-up studies
showed that the masers were indeed asso-
ciated with warm, shocked molecular gas,
suggesting that the masers can be used as
“signposts” of SNR—molecular cloud inter-
actions (28, 29). Surveys of galactic SNRs
for 1720-MHz OH masers (12-14, 30) have
shown that 10% have maser emission.
Apart from identifying these new cases of
SNR-cloud interactions, 1720-MHz OH
masers have proved useful in untangling
the crowded inner 100 pc of the Galaxy and
clarifying the relationship among several
interacting components (31, 32).

The maser kinematics allow the distance
to a SNR to be estimated from models of the
differential rotation of the galactic disc (11).
The key notion is that the radial velocities of
the masers are characteristic of the galactic

Fig. 2. Extended maser emission (blue) superposed on a 20-cm continuum image of SNR W28 (red) with a
resolution of 28” X 16" (62). The center-filled morphology of the remnant in Réntgen Satellite (ROSAT ) x-ray
observations (green) contrasts with the shell morphology at radio wavelengths. Crosses correspond to the
positions of detected compact maser sources (33).

neighborhood of the SNR. The difference in
line-of-sight velocities between maser spots
in a particular remnant is generally small
even when they are distributed around a sub-
stantial fraction of the shell, which implies
that the maser velocities are close to the
line-of-sight velocity component of an un-
shocked cloud complex that envelops a large
portion of the remnant. The shock waves at
those locations are presumed to be traveling
perpendicular to the line of sight, as an edge-
on shock geometry favors the generation of
masers by increasing the column density and
reducing the line-of-sight velocity gradient.
Zeeman observations of 1720-MHz maser
spots have measured line-of-sight compo-
nents of the magnetic field (in the milligauss
range) in the shocked gas adjacent to several
remnants (33, 34). These are the highest sig-
nal-to-noise measurements to date of magnet-
ic fields at gas densities typical of molecular
clouds, 10* to 10° cm™3, which otherwise
have been obtained from Zeeman OH absorp-
tion-line studies (35). This information is
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Fig. 3. (A) Radio continuum image of SNR G359.1-0.5 at 20
cm. Crosses denote the positions of OH(1720 MHz) maser
spots (57). The brightest maser, A, lies at the intersection of a
nonthermal filament (the Snake) and the edge of the remnant
to the northwest. (B) Contours of bar-like, extended 1-0 S(1)
H, line emission from the region where maser A and the Snake
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fundamental to understanding the internal dy-
namics and evolution of molecular clouds
because the magnetic pressure dominates
thermal pressure by two orders of magnitude.
Further, the magnetic field pressure in the
shocked gas is approximately equal to the
pressure in the SNR’s interior, a key quantity
in models of SNR evolution.

Thus, 1720-MHz OH masers signal inter-
action sites between SNRs and molecular
clouds, probe kinematics and magnetic field
strengths, and determine two key parame-
ters—the remnant’s distance and internal
pressure. Much more can be inferred from the
masers if the conditions required to invert the
level population.and produce strong maser
action are understood.

Theory

The population of internal states is deter-
mined by absorption, stimulated emission,
spontaneous emission of a photon, and exci-
tation and deexcitation between all of the
states available to the molecule by collisions
with other species. In particular, the inversion
is sensitive to the gas temperature and density
(which determine collisional excitation and
deexcitation) and the radiation field (absorp-
tion to higher lying levels that may eventually
cascade down to the upper level of the tran-
sition under consideration). Maser amplifica-
tion also requires a sufficient column of mol-
ecules with a small velocity gradient; other-
wise, the Doppler shifting of the transition
frequency prevents amplification from occur-
ring along the entire column.

Population inversion and amplification in
the 1720-MHz line alone requires densities of

~105 cm™3, temperatures in the range 30 to
125 K, an OH column density in the range
106 t0 10!7 cm™2, and an absence of a strong
FIR continuum (26, 36). The latter constraint
explains why 1720-MHz masers are rare in
star-forming regions, where the ultraviolet
(UV) radiation from hot, massive young stars
is absorbed by dust grains and reradiated in
the FIR. Molecular gas cools very efficiently,
so that the required column of warm OH
implies that the thickness of the shock wave
is consistent with a nondissociative C-type
shock wave rather than a thin, dissociative
J-type transition (36). The former type of
shock is expected to be prevalent in SNR—
molecular cloud interactions.

Although this finding confirms that
shocked molecular gas supplies the physical
conditions necessary to create an inversion of
the 1720-MHz transition, it does not easily
explain how the OH itself is produced. Qui-
escent molecular gas consists of H,, He, CO,
and either atomic or diatomic oxygen (at a
level of a few parts in 10%), with a very low
OH abundance. OH is produced by the endo-
thermic reaction O + H, — OH + H at
temperatures above 400 K within a C-type
shock wave; however, this OH is consumed
by the faster reaction OH + H, - H,0 + H,
which is less endothermic. Shock waves con-
vert all of the preshock O and O, into water
rather than OH (37, 36).

One way of creating OH is by dissociation
of this water by UV radiation from young,
massive stars. This process is responsible for
the OH in star-forming regions (39, 40), but in
the SNR context it is difficult to supply the
required flux to the postshock gas without heat-
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ing the intervening dust grains and producing a
strong FIR continuum, which suppresses inver-
sion of the 1720-MHz line. In addition, there
are generally no obvious strong UV sources
associated with the SNR masers.

An alternative dissociation mechanism is
provided by the strong x-ray flux due to brems-
strahlung from the hot gas filling the interior of
the adjacent SNR (41, 42). The x-rays photoe-
ject electrons from molecules and dust grains
throughout the molecular cloud. The runaway
electrons thermalize as a result of collisions in
the gas, and during this process molecular hy-
drogen can be impact-excited to a higher elec-
tronic state in the Lyman and Wemer bands.
The subsequent radiative decay produces a UV
photon capable of dissociating water. The ion-
izations associated with cosmic-ray interactions
with the molecular gas produce a similar effect,
which has previously been incorporated in mod-
els of cloud chemistry (43) and shock waves
(44). However, the ionization rate per H nucleus
in these contexts is ~107'7 s™1, far less than the
~10715 s7! expected for the molecular gas
adjacent to SNRs. When this is incorporated
into C-type shock models, the far-UV flux that
is produced locally by impact excitation is in-
creased by a factor of 30 to 100, so that disso-
ciation of H,0 and OH is more rapid and a
sufficient column of OH is produced in the
cooling gas behind the shock front (42).

The resulting picture, then, is as follows
(Fig. 1). A SNR drives a shock wave at ~25
km s~! into the molecular cloud. The shock
converts atomic and diatomic oxygen into wa-
ter, which is subsequently dissociated to OH
(and then to O) by the secondary far-UV flux
induced throughout the cloud by the x-ray flux
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from the SNR interior. Behind the shock wave,
conditions are right to invert the 1720-MHz OH
line, and there is a sufficient OH column den-
sity to give rise to the OH(1720 MHz) masers.

Confrontation with Observations

This model explains the empirical association
between the masers and SNR—molecular cloud
interactions. But is it correct? There are a cou-
ple of good tests. First, OH(1720 MHz) masers
should be associated with C-type shock waves,
which are strong sources of emission in the 1-0
S(1) line of H, at 2.12 wm (37, 43, 46). Second,
the OH column produced by the dissociation
process should be observable in absorption at
radio wavelengths against the bright radio con-
tinuum of the SNR if it lies on the near side of
the remnant (42).

These “predictions” are generally con-
sistent with what was already known for the
existing well-studied cases. For example,
the SNR IC443 shows both H, emission
(47, 48) and OH absorption (27), and OH
absorption was known in SNR W28 (49)
(Fig. 2). Subsequent interferometric obser-
vations of W28 (50) have shown that the
OH absorption nicely overlies the shocked
component of CO (29) lying adjacent to the
unshocked component.

More compellingly, the model is support-
ed by observations toward less-studied rem-
nants with OH(1720 MHz) masers. G359.1-
0.5 is a classic example of an OH(1720 MHz)
SNR with several masers lying around the
edge of its radio shell (Fig. 3) (51).
This remnant is distinguished by an
enigmatic nonthermal filament, the
“Snake,” that crosses the brightest sec-
tion of the shell in the northwest (52).
A search for emission from shock-heat-
ed H, was conducted toward the
OH(1720 MHz) maser positions to test
the C-type shock model of the emission
(53). The bright compact maser emis-
sion is located near the center of an
elongated bar of H, emission that is
aligned with the edge of the remnant.
The intensity of the 2-1 S(1) and 1-0
S(1) H, line emission is consistent with
shock-heated gas rather than fluores-
cence, and molecular-line observations
have identified the preshock and
shocked gas on either side of the bar
(54). G349.7+0.2, a distant (20 kpc)
SNR lying on the far side of the Galac-
tic Center, confirms the theory with
detections of CO, shocked H,, and OH
absorption overlying one another and
the group of previously detected ma-
sers sitting in the remnant (53) (Fig. 4).
The elongated radio continuum source
G357.7-0.1 (the Tornado Nebula) has a
spectral index consistent with a shell-
type SNR (55, 56). Frail et al. (12)
detected an OH(1720 MHz) maser at
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—12.4 km s~! on the western edge of the
nebula, and H, observations have. detected
emission from shocked molecular hydrogen
with a striking filamentary structure similar
to the nonthermal radio morphology (57).

Implications and Future Directions

The model for the production of OH masers
associated with SNRs has several implica-
tions. First, the shock wave must be “C-
type”—the dissipation within the front is
inefficient, enabling cooling by molecules
to keep the temperature below 3000 K
throughout the shock front. These broad,
cool shock waves were predicted to exist
three decades ago (58) and are thought to
produce intense H, emission from shock-
heated gas in interstellar clouds (45, 46).
Problems in detailed modeling of observed
line ratios have led to doubts about this
interpretation (48, 59), so the success of the
maser model is an important validation of
the theory of shock waves in molecular
clouds. Second, the model highlights the
unappreciated role that thermal x-rays from
the remnant’s interior play in the ionization
and chemistry of the adjacent molecular
cloud. The ionization level, which is in-
creased by a factor of 5 to 10, determines
the coupling between the strong magnetic
field and the gas and controls the structure
of shock waves (60), the damping of mag-
netohydrodynamic waves, and the diffusion
of the magnetic field during gravitational
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collapse to form stars (61). Third, the soft
thermal (rather than hard power-law) nature
of the x-ray spectrum is a crucial -factor
because the interaction cross section for
x-rays with matter decreases at high inci-
dent photon energies. SNRs with soft ther-
mal emission are generally shell-like at
radio wavelengths and show a filled, cen-
trally peaked x-ray morphology with a ther-
mal spectrum and a temperature below
about 1 keV—the “mixed morphology”
remnants (6). The emission is thought to
arise via the incorporation of dense mate-
rial overrun by the expanding remnant into
its interior (9). Thus, one expects that all of
the maser remnants should display mixed
morphology. Fourth, OH absorption can be
used to study the distribution and kinemat-
ics of shocked gas (subject to the limita-
tions imposed by the requirement that the
OH-rich gas overlie a sufficiently strong
radio continuum). Finally, weak inversion
of the 1720-MHz line occurs over a broad
range of physical parameters and produces
extended bright emission in the 1720-
MHz line surrounding the compact maser
spots in several remnants: G359.1-0.5,
G357.74+0.3 (the Square Nebula), and
G357.7-0.1 (the Tornado Nebula) (30, 51).
The emission surrounding the maser spots
is important because it traces the molecular
gas where the abundance of the OH mole-
cule has been enhanced by a shock wave
(27, 42) and is bright enough to permit

0.3

& 0.2

575 548

Fig. 4. OH absorption (contours) against the 18-cm radio continuum emission (color) from -SNR
G349.7+0.2. Crosses indicate OH(1720 MHz) maser positions (72). The contour levels are —0.11, —0.14,
—0.16, —0.19, —0.22, —0.23, —0.24, and —0.27 )y per 14.9" X 11.8" beam.
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Zeeman mapping of the magnetic field over
extended regions (30).
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Diversity Considerations in HIV-1 Vaccine

Selection
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Globally, human immunodeficiency virus—type 1 (HIV-1) is extraordinarily variable,
and this diversity poses a major obstacle to AIDS vaccine development. Currently,
candidate vaccines are derived from isolates, with the hope that they will be
sufficiently cross-reactive to protect against circulating viruses. This may be overly
optimistic, however, given that HIV-1 envelope proteins can differ in more than 30%
of their amino acids. To contend with the diversity, country-specific vaccines are being
considered, but evolutionary relationships may be more useful than regional consid-
erations. Consensus or ancestor sequences could be used in vaccine design to
minimize the genetic differences between vaccine strains and contemporary isolates,
effectively reducing the extent of diversity by half.

Since HIV-1 M group began its expansion in
humans roughly 70 years ago (I, 2) it has
diversified rapidly (3), now comprising a num-
ber of different subtypes and circulating recom-
binant forms (CRFs). The HIV-1 M group is
the set of diverse viruses that dominates the
global AIDS epidemic. Subtypes are genetical-

ly defined lineages that can be resolved through
phylogenetic analysis of the HIV-1 M group as
well-defined clades, or branches, in a tree. Re-
combination occurs frequently, and a CRF car-
ries sections of two or more subtypes in a
mosaic genome; a recombinant lineage is des-
ignated a CRF when related forms are found in

multiple epidemiologically unlinked individuals.
Currently, strains belonging to the same subtype
can differ by up to 20% in their envelope proteins,
and between-subtype distances can soar to 35%.
Moreover this diversity is continually growing.
The need for frequent changes in the annual in-
fluenza vaccine puts into perspective the implica-
tions of such diversity—less than 2% amino acid
change can cause a failure in the cross-reactivity
of the polyclonal response to the influenza vaccine
and necessitates changing the vaccine strain (4).
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