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Abstract. Maser emission from the OH, H2O, and C H 3 O H molecules is 
found toward hundreds of molecular cloud cores with recent and on-going 
star formation. The often very high intensities of the observed emission 
imply substantial abundances of the maser molecules, which are difficult or 
impossible to explain with ion-molecule gas phase chemistry. We summa-
rize relevant observations which show that OH and Class II C H 3 O H masers 
form in the envelopes of ultracompact HII regions in which the high abun-
dances of these molecules are produced by evaporation of methanol and 
water from icy dust grain mantles. In contrast, H2O masers form in out-
flows from protostellar objects, where high H2O abundances are produced 
by endothermic neutral-neutral reactions in hot postshock gas. Finally, we 
briefly discuss Class I C H 3 O H masers, which also arise in interstellar out-
flows. 

1. Introduction — masers in star-forming regions 

Astrophysical masers are found in the molecular envelopes of mass-losing 
red giant and supergiant stars, in interstellar molecular clouds, and in the 
circumnuclear regions of external galaxies (for extensive reviews, see Reid 
& Moran 1988, Cohen 1989, Watson 1993, the monograph by Elitzur 1991, 
and the conference proceedings edited by Clegg & Nedoluha 1993). Emis-
sion from the most widespread interstellar maser molecules, hydroxyl (OH), 
water (H2O), and methanol ( C H 3 O H ) , is observed toward hundreds of high-
mass star-forming regions; H2O masers are also found toward numerous 
regions in which only low-mass stars are forming. Maser emission from a 
number of other molecules (CH, SiO, N H 3 , and H2CO) is observed toward 
a few high-mass star-forming regions. Because of their very high brightness 
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and compact size, masers can be observed with interferometric techniques 

at high spatial resolution. In particular, Very Long Baseline Interferome-

try (VLBI) yields milliarcsecond resolution, allowing mapping of the maser 

distributions on AU size scales and determination of three-dimensional ve-

locities via proper motion measurements. 

Observed maser intensities are in many cases strongly dependent on the 

geometry of the emitting regions and it is thus generally difficult to infer 

physical parameters of the emitting regions, such as density and kinetic tem-

perature, from observations of a maser line with high accuracy. However, 

for many maser molecules, in particular H2O and C H 3 O H , the increased 

observational accessibility of the (sub)millimeter wavelength range has led 

to the discovery of many different maser transitions. This allows multi-

transition studies, which, together with theoretical excitation calculations, 

lead to estimates of temperatures and densities in the masing regions (see, 

e.g., Neufeld & Melnick 1991, ( H 2 0 ) ; Cragg et al. 1992 (CH 3 OH); Cesaroni 

& Walmsley 1991 (OH)) . Table 1 summarizes the results of such studies; 

note that the quoted values for the molecular hydrogen density, n(H2), and 

kinetic temperature (Tki n), are only order-of-magnitude estimates. 

T A B L E 1. Widespread Interstellar Masers 

Species Occurence n ( H 2 ) Tkin 

(cm" 3 ) (K) 

H 2 0 High-velocity outflows from young stellar objects 10 9 500 

CH3OH Class I: High-velocity outflows and cloud-cloud collisions 10 5 100 

Class II: Envelopes of ultracompact HII regions 10 7 150 

O H same as Class II CH3OH masers 10 7 150 

Obviously, maser lines are probes of hot, dense regions. In many cases 

this is immediately clear from the energy levels involved, which, e.g., for 

known H2O maser lines are between 200 and 1800 Κ above the ground state. 

Moreover, virtually all model calculations predict that the often very high 

maser intensities observed for interstellar H2O, C H 3 O H , and OH masers 

require abundance ratios for the masing molecules relative to H 2 that are 

significantly higher than values predicted by gas-phase chemical models for 

and observed in quiescent, cold, dark clouds. In this paper we shall give an 

overview over the high-temperature chemistry relevant for the formation of 

the maser molecules. 
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Figure 1. Distribution of maser emission in different molecular species in the neigh-
bourhood of the ultracompact HII region W 3 ( O H ) , which dominates the 15 GHz radio 
continuum map shown in the center panel. A blow-up is shown in the upper right panel 
with maser spots observed in the 1665 MHz O H and the 6.7 GHz CH3OH lines marked as 
black dots and open circles, respectively. Blow-ups of the two regions within the dotted 
rectangles are shown in the upper left panels, which also contain, as crosses, positions of 
maser spots identified in the 12 GHz CH3OH maser line (see Menten et al. 1992). Very 
weak non-thermal continuum emission, marked T W , is seen « 6" east of W 3 ( O H ) ; it 
is coincident with a compact dust emission core discovered by Turner & Welch (1984). 
The lower panel, taken from Reid et al. (1995), shows H2O maser proper motion vectors 
measured by Alcolea et al. (1992) as arrows overlaid on the continuum map. The H2O 
center of expansion, marked by the cross, is coincident with the non-thermal radio source. 
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2. The W 3 ( O H ) region as an example 

W 3 ( 0 H ) is the prototypical ultracompact HII region/maser source. Since 

the earliest days of spectral line VLBI, ever more accurate measurements 

have led to a detailed picture of the emission distributions of different maser 

species toward this region (see Moran 1994 for a historical review). Fig. 

1 gives a summary of the observational picture. Interferometrically deter-

mined positions for the masers observed in the 22 GHz βχβ -> 5 2 3 transition 

of H 2 0 , the 6.7 GHz 5i -> 6 0 A + and the 12 GHz 2 0 ->3_i£? transitions of 

C H 3 O H and the 1665 MHz OH hyperfine transition are indicated. All of 

the OH and C H 3 O H maser spots are found toward the western half of the 

ultracompact HII region and on scales of 100 AU or less their emission re-

gions overlap. Moreover, where masers from both species are found in the 

same area, they have similar radial velocities (Menten et al. 1992). 

In contrast, H 2 0 masers are not observed toward the ultracompact HII 

region, but toward a very weak radio continuum source about 6" or 0.06 

pc east of it that is coincident with a hot, compact dust and molecular line 

emission core first identified by Turner &; Welch (1984). VLBI proper mo-

tion studies have shown that the H 2 0 masers form a well-defined bipolar 

outflow whose center of expansion is coincident with the radio continuum 

source (Alcolea et al. 1992). Reid et al. (1995) have shown that the radio 

continuum emission from the latter source is non-thermal and may repre-

sent a jet originating from the young stellar object driving the H 2 0 outflow. 

3. O H and C H 3 O H masers around ultracompact HII regions 

Elitzur & de Jong (1978) first proposed that OH maser emission from ul-

tracompact HII regions such as W3(OH) arises from the compressed and 

heated shell behind the shock driven into ambient molecular cloud mate-

rial by the expansion of the HII region. General support for this scenario 

comes from VLBI OH proper motion studies, which suggest that the OH 

maser shell around W3(OH) is expanding with a velocity of a few km s - 1 

(Bloemhof et al. 1992). The OH to H 2 abundance ratio, [OH/H 2 ] , in the 

masing region has been estimated as several times 10~ 7 (Wilson et al. 1990); 

detailed model calculations using this value, H 2 densities of a few times 

times 10 7 c m - 3 , and temperatures around 150 Κ successfully reproduce 

the observed pattern of maser emission in certain OH lines and absorption 

in others (Cesaroni & Walmsley 1991). 

In the Elitzur fe de Jong picture, the OH molecules are produced by 

photodissociation of H 2 0 that is abundantly produced in the hot postshock 

gas. An alternative H 2 0 / O H production scheme, presented by Hartquist et 

al. (1995) was motivated by the observed coexistence of OH and C H 3 O H 

masers in W3(OH) (see §2) and the evidence for substantial methanol abun-
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dances implied by the very strong masers observed in the latter species and, 

more quantitatively, by observations of quasi-thermal methanol lines in ab-

sorption against the radio continuum emission of the ultracompact HII 

region. The observations show that the absorption covers only the west-

ern half of the HII region, toward which the masers are observed (Wilson 

et al. 1991) and imply very high methanol abundance ratios [ C H 3 O H / H 2 ] 
> 1 0 " 6 (Menten et al. 1985, 1986). Hartquist et al. (1995) examined possi-

ble gas-phase production pathways for methanol and concluded that they 

are incapable of producing the observed C H 3 O H abundances under the con-

ditions in the masing region. They propose that large quantities of C H 3 O H 
(and H2O) are injected into the gas phase by evaporation off icy dust grain 

mantles, where methanol may have formed by hydrogénation of CO ac-

creted from the gas phase (see, e.g. Charnley et al. 1992). Evaporation sets 

in at temperatures ^ 100 K, which are easily reached in the relatively weak 

shock driven by the expanding HII region. 

Direct evidence for the above scenario is provided by infrared spec-

troscopy, which has established methanol ice as a significant constituent of 

dust grain mantles by ascribing absorption features at various wavelengths 

to different vibrational bands of solid C H 3 O H (e.g., Grim et al. 1991; Al-

lamandola et al. 1992; Skinner et al. 1992). The inferred solid methanol 

abundances are substantial, ranging up to 50 percent of the abundance of 

solid H2O, which is thought to be the dominant ice component. Several of 

the sources with strong ice features, such as Mon R2, W33A, and AFGL 

2136, also show powerful O H / C H 3 O H maser action. Unfortunately, such 

infrared absorption data do not exist for some of the sources that are very 

well-studied in the radio region, such as W3(OH) . Most ultracompact HII 

regions have very massive, warm envelopes that, while emitting copiously 

at far-infrared wavelengths, strongly attenuate the near-infrared emission 

from the hot, inner regions, making absorption spectroscopy difficult. 

Some of the H2O injected into the gas phase is photodissociated into 

OH. Since H2O, OH, and C H 3 O H have similar photodissociation rates, all 

three of these molecules may coexist with substantial abundances in the 

same region of the envelope, which has a density ( « 10 7 c m - 3 ) and tem-

perature (150 - 200 K ) . These conditions are conducive to the formation 

of OH and Class II C H 3 O H masers, which are most likely pumped by far-

infrared radiation via excitation of higher rotational levels in the case of 

OH (e.g., Cesaroni Sz Walmsley 1991) and levels in the first torsionally 

excited state for C H 3 O H (Menten 1991). In contrast, despite the substan-

tial H2O abundance, the physical conditions in this region do not produce 

H2O maser action (at least not in the most-studied 22 GHz line), which 

requires substantially higher densities and temperatures (see next section). 

However, recent infrared spectroscopy of vibrational lines of H2O with ISO 
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has led to the direct detection of abundant hot water in the gas-phase to-

ward one OH/Class II C H 3 O H maser source, AFGL 2136 (van Dishoeck & 

Helmich 1996). For ultracompact HII regions that have high enough near-

infrared flux densities to allow IR spectroscopical studies, high resolution 

radio (maser and absorption) and infrared absorption data probe the same 

line-of-sight and complementary studies in both wavelength regimes have 

great potential for studying the physical conditions and chemistry around 

newly formed massive stars. 

4. Water masers as tracers of shocked regions 

Water masers in star-forming regions often have spectra with large ra-

dial velocity spreads, which in extreme cases are of order several hundred 

km s _ 1 . This indicates that these masers form in outflows from young stellar 

objects, a notion that has been confirmed by VLBI proper motion studies 

(e.g., Genzel et al. 1979; Gwinn et al. 1992; Alcolea et al. 1992, see Fig. 1). 

Shocks are obvious consequences of the observed supersonic motions and 

are capable of providing the maser pump energy via collisional excitation 

of the H2O molecules, which are abundantly produced by neutral-neutral 

reactions proceeding at the high temperatures of the postshock gas. The 

maser emission arises from velocity-coherent filaments in the post-shock 

material. 

A model for H2O masers based on this scenario was developed by Elitzur 

et al. (1989). In particular, they consider the case of a high velocity ( > 50 

km s - 1 ) J-shock in which the molecules are dissociated. Their calculations 

indicate that a substantial column (a few times 1 0 2 2 c m - 2 ) of the post-

shock gas is at a kinetic temperature around 400 K, which results from the 

heat of H2 reformation on dust grains. At this temperature, the chemistry 

results in a large H2O abundance ( [Η2θ /Η2]~ 10~ 4 ) and the masers can 

be efficiently pumped (Neufeld & Melnick 1991). 

In the past, direct observational information on the temperature of the 

masing regions was difficult to obtain, because only a single H2O maser 

line, the 22 GHz transition, could be observed. Recently, various other 

H2O maser transitions have been detected at (sub) millimeter wavelengths 

(Menten et al. 1990a,b; Cernicharo et al. 1990; Melnick et al. 1993). Mel-

nick et al. use contemporaneously measured spectra of several submillimeter 

lines to derive intensity ratios which they compare with the values predicted 

from model calculations. They find that for all of the six star-forming re-

gions they studied, the kinetic temperature has to be in excess of 900 Κ to 

explain the observed line ratios. This suggests that the masers are formed 

in the post-shock gas behind non-dissociative C-shocks, which can have 

higher temperatures than gas behind J-shocks. 
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To realize the full potential of these multi-transition studies requires 

high resolution observations of all the maser lines. The available submillime-

ter data were taken with beamwidths of « 20" and significant uncertainties 

on the small scale structure at present preclude more than qualitative con-

clusions. Future interferometers such as the Submillimeter Array, currently 

under construction by the Smithsonian Astrophysical Observatory (Moran 

& Ho 1994), or the Millimeter Array, planned by the National Radio Ob-

servatory, will allow (sub) millimeter wavelength observations at resolutions 

comparable to those currently obtainable with the Very Large Array (VLA) 

for the 22 GHz line. 

5. Class I methanol masers and molecular outflows 

Class I C H 3 O H maser sources show maser action in a number of transi-

tions in which Class II C H 3 O H maser sources are not masing and vice versa 

(see Menten 1991). Provided that all other conditions (high C H 3 O H abun-

dance!) are conducive to methanol maser formation, the absence or presence 

of strong far-infrared continuum emission seems to be the factor deciding 

whether Class I or Class II masers, respectively, are produced (Menten 

1991; Cragg et al. 1992). In particular, inversion of Class I methanol maser 

transitions over a wide range of physical conditions by collisionial excita-

tion is expected from basic properties of the methanol molecule and verified 

by statistical equilibrium calculations (Menten 1991; Johnston et al. 1991; 

Cragg et al. 1992). This explains why Class I methanol masers, although 

usually found in the general vicinity of newly formed high-mass stars, are 

frequently offset by up to 1 pc from the nearest compact HII regions or 

strong infrared sources, in contrast to Class II masers, which need the 

strong circumstellar far-infrared radiation for their excitation and, there-

fore, only arise from the immediate neighbourhood of young stellar objects 

(see sections 2 and 3 above). 

Almost certainly, substantial C H 3 O H abundances are necessary to pro-

duce observable Class I masers which, as in the case of Class II masers, 

might be produced by evaporation of C H 3 O H off icy dust grain mantles by 

shock heating. Moreover, given the high velocities of some of these outflows 

post-shock temperatures of several thousand Κ can be reached. At such 

temperatures endothermal neutral-neutral reactions are capable of produc-

ing very large C H 3 O H abundances (Hartquist et al. 1995). 

Direct observational evidence for a relationship of Class I methanol 

masers and outflows producing the shocks has been presented by Plambeck 

& Menten (1990), who mapped the 9 5 GHz 80 -> 7\A+ Class I methanol 

maser transition and, simultaneously, the J = 2 —» 1 transition of CS to-

ward the D R 21 star-forming region. As shown in Fig. 2, in this region a 
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Figure 2. The upper panel shows a narrow-band 2.122 μιη infrared image of the D R 21 
region (from Davis & Smith 1996). The extended diffuse emission is from the S( l ) line of 
vibrationally excited (v = 1 —> 0) H2. No continuum has been subtracted from the image. 
Several ultracompact HII regions are located within the dark dust lane separating the H2 
emission into two lobes. A blow-up of the region within the dotted square is displayed in 
the lower panel, which, in addition to the infrared emission, also shows emission in the 
J = 2 -> 1 transition of CS (contour lines) and the location of a maser in the 80 —> 7\A+ 

transition of CH3OH (star symbol). The CS and CH3OH data were obtained with the 
B I M A interferometer by Plambeck & Menten (1990). 

giant bipolar flow several parsecs across is traced by vibrationally excited 
molecular hydrogen (see, e.g. Davis & Smith 1996). The methanol maser 
is located between the outer edge of the shocked region and a CS emission 
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core, which most likely traces dense, ambient gas the outflow is imping-
ing on. Recently, Liechti &; Walmsley (1996) have also mapped thermal 
methanol emission arising from this interaction region. 

Because of their relatively high intensities, Class I methanol masers 
are signposts for interaction zones of outflows with ambient material (e.g., 
Orion-KL, Johnston et al. 1991) and/or, as in the case of Sgr B2, for cloud-
cloud collisons (Mehringer & Menten 1996). 
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Discussion 

Schutte: Is there a possibility to observe deuterated masers (e.g. CH 2DOH which 
has an abundance 4% of that of methanol in hot cores)? 
Menten: In some cases, e.g. CH 2DOH, HDO, NH 2D, the energy level structure 
of the deuterated species is quite different from that of the main isotope. Since 
for many maser lines the mechanism depends on details of the energy level ar-
rangement, one does not necessarily expect maser action in deuterated isotopes 
even if some transitions of the main isotope are masing. Possible maser lines from 
deuterated species would generally be quite weak because of the relatively low 
abundances of the deuterated isotopomers. Note that weak maser emission has 
been observed from other rare isotopomers, such as 1 5 NH3. 

Mundy: Bruce Wilking, Al Wootten, and collaborators have surveyed low-mass 
young stellar objects and find that most have H 2 0 masers, which are time variable. 
Nearly all of these masers are within 100 AU of the central star. Is that result 
compatible with your view that the H 2 0 masers arise in outflows? 
Menten: Certainly VLBI proper motion studies provide very good evidence that 
H2O masers in high-mass star-forming regions arise in outflows. For low-mass star-
forming regions such proper motion studies are not available yet. Interestingly, 
one would expect the conditions in circumstellar disks at, say, a 100 AU from the 
central star also to be conducive to water maser action. However, VLA observations 
of sources that showed triple-peaked spectra, strongly suggesting emission from a 
disk with Keplerian rotation (see Cesaroni, R. 1990, A&A 233, 513), failed to 
produce evidence for the disk scenario. 

Slysh: With what kind of sources are Class I methanol masers associated? 
Menten: These masers are found in high-mass star-forming regions and arise in 
the interaction regions between bipolar outflows and dense ambient material or in 
cloud-cloud collisions. 
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