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Hydroxyl and Water Masers in

Protostars

Properties of these maser molecules are related to

the earliest evolution of a star.

Proposals have been made that pro-
tostar conditions may be responsible
for the anomalous microwave emission
of the OH radical (I, 2). The intense
maser emission from OH and H,O
molecules usually comes from what
may be young, condensed regions (2, 3)
either (i) close to, or embedded in,
HII regions, those areas ionized by
early-type hot stars; or (ii) close to
infrared stars, some of which may be
protostars themselves; or (iii) close
to infrared nebulas (like that in Orion),
which probably contain young stars still
‘encased in a “cocoon” of dust; or (iv)
close to remnants of supernovas, for
which the association with protostars
is less obvious. Each of these types of
OH emitters has a characteristic strong
emission in a different one of three of
the four hyperfine-split transitions of
the ground state, an indication of the
important differences in the conditions
of excitation for these cases.

Perhaps the strongest support for the
protostar hypothesis for these masers
has come from measurements made by
very long base-line interferometry on
the OH emission points at 1665 mega-
hertz (4). These observations have
yielded the following picture for W3
OH: There are about six points with
apparent diameters ranging from 3 to
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10 X 10%¢ centimeters (or about 0.01

second of arc). Some points are a little

elongated or are resolved into pairs or
triplets of very close points. The ap-
parent sizes of any of the H,O points,
which usually lie within 1 minute of
arc of the OH points, are not known
yet, since they are unresolved by single
antennas.

In approximately 10'® seconds a
cloud about 107 cm in diameter with
a mass of about 1 Mo (Mo represents
sun mass) and with a density of about
105 per cubic centimeter will develop
a small condensation within it having a
central density of approximately 101
cm—3, while the temperature every-
where remains between 10° and 100°K
(5). The diameter of this central region
is about 3 X 1014 cm which is approxi-
mately the value obtained from the in-
terferometer studies of W3. The larger
sizes obtained for W49, a more distant
source, may be resolvable into a cluster
of smaller points of about the same
dimensions as those in W3. According
to Larson (5), a dense opaque core of
10—2 Mo and radius r s 1014 cm then
develops inside this in about 300 years
with an initial temperature of approxi-
mately 200°K and a density of about
101¢ cm—3. The core is bounded by a
stationary shock which slows the infall
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of mass from outside, thus leaving
nearly hydrostatic equilibrium inside.
The core rapidly heats up to about
2000°K, doubles its mass by continu-
ing infall of material, and reaches a
density of 107 cm—3 in about a year.
A second stellar core, with the approx-
imate -dimensions 1 Ro, 10—3 Mo, 1022
cm—3, and 20,000°K at its center,
then forms within the first core. In a
year, the parts of the cloud outside
this core but within r ~ 108 ¢cm may
be heated to greater than 1000°K,
while the stellar core has expanded to
about 10 Ro and has acquired a sur-
face temperature of about 4000°K.
Until this stage is reached the remain-
der of the cloud has a density profile,
varying as r—2, from 10'* cm—3 at r
~ 10" cm to 105 cm—3 at r ~ 1017
cm. This outer radius of the cloud is
kept fixed in the calculation.

We must take into account two
important and basic observations in
order to put the OH and H,O emission
into this picture. First, the observed
brightness temperatures 7, are 10'2 to
1013°K. Therefore, the maser amplifi-
cation is equal to approximately a fac-
tor of 10! and not much more. For
unsaturated amplification the micro-
wave optical depth 7, must be about
In 101t or 25. Second, for the same
emission feature with this brightness,
the observed width 8v,, is less than or
approximately equal to 3 khz (for ex-
ample, the 1665-Mhz Doppler feature
in W3 at —43.7 km/sec) (3). At best,
maser action can narrow the line by
the factor r,,—% because of unsaturated
amplification. Then, the line width be-
fore amplification, §v, cannot be greater
than about 15 khz. Because of Doppler-
broadening, the equivalent kinetic tem-
perature must be less than approxi-
mately 2500°K. Because of pressure-
broadening, the hydrogen density must
be less than 3 X 103 cm—3 and the
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ion density (of C+ and other ions)
must be less than about 1010 cm—S3.
The lines that are narrower than 1
khz require temperatures less than
300°K and hydrogen densities less than
1013 em—3.

We thus can conclude that only the
part of the cloud outside the cores
might be responsible for maser action,
that the second core is too hot and too
dense, and that the first core is too
dense. An examination, given below,
of the difficulties of chemical and col-
lisional pumping for the OH maser and
the advantages of optical pumping indi-
cates that the most likely OH maser
conditions are to be found in the cold,
outer region of radius 1017 cm and den-
sities a little less than 106 cm—3. The
strongest OH sources emit as many as
~ 104 photon/sec and the associated
H,O0 sources emit about 1048 photon/
sec, if we assume nearly isotropic emis-
sion. A shock-heated layer of OH and
H,O0 with a large diameter of about
1016 cm would produce sufficient infra-
red H,O and OH resonance lines and
ultraviolet OH lines to pump these
masers. This shock would converge
toward the center for the more general
cases of a moving cloud boundary, one
that is pushed inward by either gas
pressure or stellar winds from the sur-
rounding region. The shock would
move outward after reflecting from the
center, while initiating a rapid series
of events leading to a stellar core. In
addition, for those cases of an OH
region that is embadded in an HII
region, a very slowly converging ioni-
zation front, with a still larger radius,
would separate the neutral and the
photo-ionized regions.

Failure of Chemical Pumping of OH

Let us now consider how chemical
pumping must fail at densities greater
than 108 cm—3. The difference in popu-
lation of the upper (u) and lower (/)
maser states is written as

A1y = (nu—ny) ;
for the A-doublet of the jth rotational
state. Although we are mainly inter-
ested in the ground state (3II3/eJ =
3/2) emission, emission from excited
state A-doublets must be quite probable
under conditions of high excitation
(n > 108 cm—3 and T > 1000°K).
Such emission has been observed in
the 211; 5 (J == 1/2 and 5/2) and 2TI,,
(J == 5/2) states (6), but only in certain
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hyperfine components and in very few
sources.

In particular, for the ground state
(=1

Any =~ [Ryy — 'ﬁ1AW1]/(W11 + WD) (1)

where 7, is the sum of the populations
in the upper and lower maser states,
ny is the fraction of the total OH pro-
duction rate R that gives population
inversion in the ground A-doublet, Wy,

is the destruction rate per second per

molecule for either state of the A-
doublet, AW, is the difference in the
collision rates between the upper and
lower states, and Wy is the sum of
these rates per second per molecule.
Because the approach to a steady state
between the production and destruction
rates is a matter of only an hour or
less at densities of about 101! ¢m—3,
we may safely set

nou = R/Wh»
Then

Any =~
1 — FuWuhoi/RuouWokT)IR/ Wy (2)

when we neglect Wy, with respect to
Wy, in the denominator and use

AW; ~ thWn/(ZkT)

where hv, is the energy difference be-
tween the upper and lower states, k
is Boltzmann’s constant, and T is the
temperature of the collision particles
).

To obtain inversion, we must satisfy
Any > 0 or

m > iWuhv/ QnouWokT) 3)

When the destruction process

OH+0—-0:+H

is dominant, as is likely at tempera-
tures below 700°K, where W, is
approximately equal to 10—10 exp
(—600°K/T)n, sec—1 (8). We now
assume that ng/ny is about 10—3 (cos-
mic abundance) and ny is approximate-
ly equal to n, the total density. How-
ever, much of the O and H might be
bound in the grains or in various mole-
cules. We estimate that Wy, is approxi-
mately equal to 10—9% n sec—*, For T
> 100°K, we estimate that 7iy/noy is
approximately 102/ T (9). Then, accord-
ing to Eq. 3, for these temperatures

m = 10° n/(noT?)

Accordingly, for 7' s 700°K, we need
an efficiency », that is greater than or
approximately equal to 1, which is im-

possible. For 2000°K > T > 700°K,
we may take the dominant destruction
process (8) to be

OH+H- O+ H:

with Wy, approximately equal to 10—11
exp (—3700°K/T) ny sec—'. For T
~ 1000°K, we find that v, is greater
than 10—2, but #,; increases rapidly to
unity as T decreases to 700°K. When
ny, is greater than 0.1 ny, then we
must consider the destruction mecha-
nism (8)

OH + H.— H.0 + H
with Wy, approximately equal to 10—10

“exp (—3000°K/T) ny, sec— 1.

‘To establish what total densities, n,
allow the amplifier to be unsaturated,
as we have assumed, the microwave
transition rate (10)

W= kTBAQm/(47"th)

must be sufficiently small so that

2Wo < Wi (C)

for the ground state and

2Wu < W5 (1 + WiQr/A;) + A;/Qr

for excited rotational states (1), where
A; is the far-infrared decay rate and
Oy is the trapping factor for this res-
onance radiation. The rate Wy, (per
second) is for collisional de-excitation
of rotation. The solid angle Q,, is the
local angle over which appreciable
microwave intensity is emitted at a
point on the amplifier output surface.
For unsaturated amplification

-1
Qm ~ Tmax

where 7, is the maximum value of
7,, along a ray which emerges at the
output point in question (I0). Since
W, is approximately 10 sec—! in this
case, n would be greater than about
1010 cm~—3 according to the condition
expressed in Eq. 4, but less than 1013
cm—3 because of the restriction on
pressure-broadening of the line width
discussed earlier. For a model protostar
of approximately 1 Mo, a radius of
1014 cm corresponds to n ~ 1011 cm—3,
This material, if not quite opaque, has
a free-fall time of about 50 years (72).
Densities of approximately 1013 cm—3,
which, of necessity, lie within an opaque
core, would more than double in 5 years
as a result of the infall of material and
would exceed the density limit imposed
by pressure-broadening. This seems
hardly consistent with the constancy of
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most of the strong sources for as many
years (3).

Let us first suppose that 5, is ap-
proximately 10—2 and » is about 1011
cm—3 and an amplifier length [ is ap-
proximately 3 X 1014 cm. We shall con-
sider later the question of whether this
efficiency is possible at such high densi-
ties. To obtain

Tm =135 X 10" { Andlv/5v =25 (5)

for I ~ 3 X 10% cm and 8v/v ~
10—5, we need An, to be about 1 cm—3,
From Eq. 2

Any ~ 7][R/W11 (6)

thus R is approximately 10%* cm—3
sec—1 for the total OH production
rate. For the moment let us consider
the values of R (per cubic centimeter
per second) suggested by Solomon (I3),
reduced by a factor of 80 because of
various errors, and those suggested by
Stecher and Williams (74). These are,
respectively

R (Solomon) ~
4 x 107 exp (—3700°K/T)nonu
R(S. and W.) ~
10" /T exp (—2040°K/T) nonx

For T ~ 1000°K, no/ng ~ 10—3, and
ng ~ n ~ 101 cm—3, R (Solomon)
is approximately 10 cm—3 sec—1 and
R(S. and W.) is approximately 300
cm—3 sec—1, which are both too weak.

Now we show that the efficiency 7,
for these and similar mechanisms can-
not be as great as 10—2 at these densi-
ties. Both of these produce OH almost
entirely in vibrationally excited states.
The cascading from such states (j) to
the ground state (j = 1) contributes to
Any (Eq. 6) at a rate proportional to

m= 2y (As/ O/ [(A:/Qv) + Wil

where A; is approximately equal to 102
sec—1, a typical radiative decay con-
stant for vibration, Q, is the trapping
factor for the near-infrared resonance
radiation, W;;, which is about 10—9 n
sec—1, is the sum of the rates for col-
lisional transitions across the A-doublets
in the vibrational states, and 7,; is the
pump efficiency when W;; is negligible.
For the first vibrational state, Q. is ap-
proximately 10 when 7, is about 25
and 7, is approximately 10—2. For the
second vibrational state, Q. is about 1.
Because the contribution to n; from the
first vibrational state decreases with
n when n is greater than 101 cm—3,
we conclude that the inversion is to be
carried directly to the ground vibra-
tional state by the 1.4-p transition from
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the second excited vibrational state.
However, this decay occurs only 1/10
of the time, compared to decay to the
first vibrational state. Hence 7%,; must
be less than 10—2 for this process,
if we take into account that the pump-
ing into any particular rotational state
is approximately 10— R.

These difficulties arise from the
fact that the OH inversion is first pro-
duced in a vibrationally excited state
and is not dependent on any specific
mechanism: The situation is much
worse if most of the OH inversion is
first produced in rotationally excited
states, without excitation of vibration.
Then, according to similar arguments,
with A;/Qy approximately equal to
10—3 sec—1, n must be less than 106
cm—3 for n; ~ 10—2.

The remaining cases invert the
ground state A-doublet either direct-
ly or by -cascading directly to the
ground state from an excited electronic
state. The only process of the latter
type is the very weak preassociation
pumping (R ~ 3 X 10—21 pony cm—3
sec—1) suggested by Hughes (15). Un-
acceptable densities greater than 1016
cm—3 would be needed.

Calculations for ~ 1000°K indicate
that the O is mainly contained in CO
and H,0 and the H is contained in Hj
(16). Atom exchange reactions requir-
ing the breaking of two bonds

WX +’YZ—> WY 4 XZ

have activation energies

E ~ 0.28 [D(WX) 4+ D(YZ)]

where D is the bond energy (17). Thus,
E is greater than or approximately
equal to 30,000°K, a value too large
to allow such reactions to be impor-

tant. This is aside from the question |

of - which reactions are exothermic—
none with CO as reactant are likely to
be, with 11.09-electron volt binding
energy of CO. Thus the only alternative
explanation left is atom exchange of
H, the most plentiful atom, with water,
the next most plentiful molecule con-
taining O, as in

which is a slightly endothermic reac-
tion. The rate, obtained from that for
the inverse reaction, is R = 10—10 exp
(—11,000°K/T) npng,o cm—3 sec—1
This rate is very sensitive to tempera-
ture, especially with ng ~ Viy, X
10(10.75-11,250/7) (18). For ng, ~n~
101 cm—3, and ng,o ~ 10~3 n ~ 108
cm—3, the value of R is the required

10¢ cm—3 sec—! when T is approxi-
mately 1600°K, which is too high for
line widths as narrow as those observed
for many lines. Somewhat higher densi-
ties do not lower this temperature sig-
nificantly. No other reactions can be
found with higher production rates of
OH than this one at these densities
and temperatures.

Hyperfine-Split Transitions

The dominance of emission in hyper-
fine-split transitions that do not have
the largest line strengths indicates that
certain hyperfine state populations are
preferred by the maser pumping or by
effects that accompany the pumping,
such as resonance radiation fluores-
cence and trapping (11, 19). Different
OH sources have different character-
istics. The 1665-Mhz line is dominant
near HII regions, the 1720-Mhz line
near remnants of supernovas, and the
1612-Mhz line near infrared stars. The
above discussion indicates that when
n is greater than 101 cm—3, far- and
near-infrared resonance radiations are
quenched by collisions. Therefore, this
cannot be cause for preference of cer-
tain hyperfine states at high densities.
We may dispense with the hyperfine
effects of ultraviolet resonance radia-
tion at all temperatures well above
20°K because the Doppler widths of
the ultraviolet lines are greater than
the hyperfine splittings. Similarly, tem-
peratures above 60°K nullify the hyper-
fine effects of the near-infrared reso-
nance radiation because the Doppler
widths of the infrared lines overlap
the hyperfine splittings.

We now show that a chemical reac-
tion also cannot prefer hyperfine states
(20). A particular OH hyperfine state
involves the addition of the hydrogen
nuclear angular momentum I (/ = %)
to the molecular momentum J, so that
the total angular momentum

F=1+1J

and both I and J precess about F. Con-
sider the results in a single chemical
collision. The H atom in the reactants
that will appear in the OH product is
originally found with equal probability
for parallel and antiparallel orienta-
tions of I with respect to any axis, say
J. The collision process lasts only ¢ ~
10—12 second. In this short time, no
molecular forces can act appreciably
on the H nucleus during the collision
to upset this equal distribution of paral-
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lel and antiparallel nuclear spin states.
This is the case because the typical
hyperfine splittings (107 to 10° hz),
which represent A—1 times the energy
of interaction with such forces, are
much smaller than (z£)—1.

Densities between 106 and 1010
cm—3 and temperatures below 60°K
allow both pump efficiencies greater
than 10—2 and hyperfine-dependent ef-
fects. However, such low temperatures
involve too strong an anti-inversion
for the criterion expressed in Eq. 3
to be satisfied with chemical pumping.
The maser amplifier would be sat-
urated, and d8v, would become com-
parable to &v. In this case, unless
pumping inverts the OH popula-
tion only near line-center, or radial
velocity gradients or nonlinear mode
competition affects the amplification, or
unless there is cross-relaxation of the
molecular velocity distribution that is
more rapid than the maser rate, the
temperatures must be less than 100°K.
High temperatures, with line-narrowing
despite saturation, is a remote possi-
bility, but no preference for particular
hyperfine states is possible.

This brings us back to conditions of
n s 10¢ cm—3, for which far-infrared
resonance radiation is not quenched by
collisions. Thus certain hyperfine states
can be over- or underpopulated because
of unequal radiation trapping effects
(19).

Energy Balance

There are greater difficulties with
chemical pumping at the lower den-
sities (n < 1010 ¢cm—3) for which the
maser is saturated. These lower den-
sities exist in the major portion of the
cloud outside the first core. Upon in-
fegrating the emission rate over this
volume, we find that

(1/16)mRIE ~ Lun/4nw 7

is required by the output of a single
OH protostar of luminosity L, ~ 104
to 10%% microwave photons per second
(21). With the density n(r) propor-
tional to r—2, the mass M increases
linearly with the radius. From Eq. 5
and the condition that =, is approxi-
mately 25, we find that nnog! is ap-
proximately equal to 3 X 1014 cm—2,
Since it is still reasonable to consider
nearly steady-state conditions even for
n~ 106 cm—3, we also have nog =
R/ Wy, Reasonable values of Wp/n are
approximately 10—* to 10— cm?3

858

sec—! for any of the destruction proc-
esses mentioned above for T > 700°K.
From Eq. 7 and our estimates of
nitonl and Wy/n, we find that M/ Mo
is approximately equal to 10¢ X (n/10¢
cm—3)—%, We would require, for n <
1010 ¢cm—3, that M be greater than 10*
Mo, which is too large for a protostar.
Furthermore, to maintain 7 > 700°K,
this region must be opaque or nl must
be greater than 102 cm—2 and vyet
radiate in the infrared region with a
luminosity L ~ ¢T*zl2/4 that is much
less than approximately 10¢ Lo, accord-
ing to observations with negative results
(22). The latter condition implies that
I is less than 1015 cm. Then the opacity
condition cannot be satisfied for n <
101 ¢m~—3, Thus, chemical pumping
poses difficulties, whether there is maser
action in the inner or outer parts of
the protostar.

Collisional Pumping

The special collisions of H with OH
which excite rotation mainly in the
upper A-doublet states have already
been mentioned above (7). When we use
Tm ~ 25 and assume that there is main-
ly H rather than H, and that 7' is less
than or approximately equal to 100°K,
we find that nynogl is approximately
10'* cm—2. For 5; < 10—1, we find a
projected OH density for which the
far-infrared decay of the first excited
rotational state 2ITg,, (J = 5/2) is siz-
ably slowed by radiation trapping. We
need n to be less than 3 X 106 ¢m—3
to prevent excessive thermalization of
the A-doublets by collisions. From Eq.
7 and the above value of #noyl, and a
pump rate by means of rotational excita~
tion of the 2IIz,, (J=15/2) state given
by R <10-? exp (—120°K/T)nyii,
cm—3 sec—1, we obtain (n/10% cm=3)
(1/1017 cm)?2 > 102%; this implies that
! is greater than 1017 cm and that free-
fall velocities are in excess of 5 km/
sec. If Hy is as plentiful as H, these
three quantities would have to be even
larger than these large values. Colli-
sions with H, do not cause population
inversion, The narrowest observed lines
correspond to T ~ 10°K, this being
a case of saturated emission; R is then
too small and sensitive to temperature
to account for the emission. Further-
more, with this model, maser emission
from the 2II3,, (J=15/2) state and
not the 2TI;,, (J=15/2) state should
be common, which is contrary to ob-
servations.

Optical Pumping

From the discussion to follow, we
find that the outer part of the cloud
can be pumped fast enough for the
weaker OH sources by radiation from
the surface of Larson’s first core. But
radiation from a shock front with a
much larger area must be present for
pumping the stronger OH, and H,O,
sources, unless the emission is fairly
directional. Also, nearby OS5 stars
would then suffice (10). In any case,
we consider that n is less than or ap-
proximately equal to 106 cm—3 for the
maser region. We again examine the
saturated case. To estimate the satura-
tion rate W, we may use the local
solid angle Q. ~ =wl2/12, where I.~
3 X 10 cm is the diameter of the ap-
parent source according to interfero-
metric measurements (19, 23). In a satu-
rated maser, the signal, which is strong
in a particular direction, may intensify
itself at the expense of the weaker
signal that is propagating in a different
direction but must share the population
inversion. This nonlinear competition
greatly decreases Q,, from its values
for an unsaturated maser. Equation 4
then implies

(Ts/10" °K) (/3 X 10* cm)? >
(n/10° cm™) (I/10" cm)®  (8)

where nl? is nearly a constant deter-
mined by the given velocity of -collapse
of the outer boundary. Data on several
sources give a value of approximately
10? for the left side of the above in-
equality. The right side of Eq. 8 must
be greater than T for the collapse of
a uniform cloud having a temperature
T (5).

We use an equation similar to Eq. 7,
except that the optical pump rate R,
replaces R. If we account for the ab-
sorption of the pump radiation by the
OH maser and the number of separate
pump lines s, we find that

2mnidp (1)r*s8vp/ (hvp) ~ L ()]

where I,(r) is the intensity emitted by
the surface of the pump region at a
distance r from the center, and 8v,/v,
is the fractional line width of a pump
line. The efficiency 5; applies to the
optical pumping now, that is, An, ~
71 R,/ W1y Instead of the criterion ex-
pressed in Eq. 3, we have

m > iWuhn/ (2RKT) (10)

We have chosen

Ry = nou(®B'I, (1)
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where B’ is the Einstein coefficient for
absorption. Upon using Eq. 9 and T <
100°K, we see that the condition ex-
pressed in Eq. 10 is also satisfied when
(n/10% cm—3) (#/10'7 cm)2 is less
than 10 7, a value noted in connection
with the condition expressed in Eq. 8.
The free-fall velocity is less than 15 km
sec—1. With 7, ® 10—2 and r~ 1016
cm as the radius of the hot OH layer
that pumps cooler OH molecules in the
outer layers, and with blackbody radia-
tion in the OH resonance lines, we find
that near-infrared or ultraviolet pump-
ing is indeed possible at 1000° to
4000°K (11). The hot layer, although
not opaque except in certain molecular
lines, may be heated by a shock front
usually converging toward the center.
Conditions on the OH opacity and the
cooling rate for the gas just passed
over by the shock require that the layer
thickness be approximately 10° OH
molecules per square centimeter and
that n be approximately 10! cm—3
ahead of the shock. The grains would
have evaporated enough to permit 2.8-
and 0.3-p radiation to penetrate to
r= 101" cm. Although far-infrared
pumping from the shocked layer is not
strong enough at any reasonable tem-
perature, a larger diameter (1018 cm)
shell containing grains heated to ap-
proximately 100°K (for example, for
126-cm—1 pumping) could be a strong
enough pump. The region with n great-
er than 101 cm—3 would be a disk
having a thickness of about 1014 cm if
the mass is approximately 1Mo. Since
the flow would roughly follow the mag-
netic field, it is not unreasonable that
the disk axis coincides with the average
field direction. The OH emission might
be directed along slender filaments of
condensation in this direction because
the larger column densities of OH and
the smaller gradients of radial velocity
optimize the amplification. With such
directional emission, the radius of the
shock front may be smaller and still
produce adequate pumping.

Time Variations

The transit time I/c over the length
I of the amplifier might determine the
characteristic time for an appreciable
change of intensity. Small changes in 7,
for the unsaturated maser, for high
densities and !/ approximately equal to
3 X 10'* cm, could mean large changes
over a time of about 10* seconds (3
hours). These are not observed (24).
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The maser output would be very sensi-
tive to fluctuations in molecule and
electron densities. For the saturated
maser, at lower densities where n is
approximately 106 cm—3 and [/ is ap-
proximately 1017 cm, the intensity
might change somewhat over a time
I/c approximately equal to 3 X 108
seconds (1 month). These are observed
in several sources (24). The time
(Wi1)—1 ~ 10%/n ~ 103 seconds (20
minutes) needed for response to chang-
ing pumping conditions is very short
so that the emission can follow changes
in the optical pump intensity. These
may occur in times like 1 year. Then,
as the gas and grains near a shocked
layer are heated up, the intensities in
the different hyperfine transitions could
change their ratios (25). Changes in
the saturated microwave intensity due
to changing fluid flow traveling across
approximately 1016 cm might take as
long as about 102 years. The saturated
maser output would be insensitive to
density fluctuations, which provides
further support for maser action in
the outer part of the protostar (26).

Zeeman Splitting

Because of the high conductivity of
an HI region even with a fairly small
degree of ionization, the formation of
protostars should be accompanied by a
compression of the magnetic field lines,
in a manner consistent with a constant
flux per unit mass 27 Brdr/ dM(r), where
B is the azimuthal field at radius r and
M (r) is the mass contained within this
radius. If the collapse of a cloud has
spherical symmetry and if the original
magnetic field configuration has com-
ponents perpendicular to the radial di-
rection equal to B ~ 10-5 gauss for
n~10 cm—3 and r~ 101 cm for a
uniform cloud of 102 Mo, then we
might expect that about 10—2 gauss
cm? g—1 is a typical value for the flux
per mass (27). For an expected den-
sity profile n proportional to ¥—2 in the
collapsing cloud of 1 Mo, we calculate
from this constant that B is about 10—3
gauss at r~ 1017 cm and n~ 10°
cm—3, and B ~ 1 gauss at r ~ 1014 cm
and n ~ 1011 ¢m—3; higher values of
B occur in the cores if there is no ex-
cessive dissipation of the magnetic en-
ergy into heat. For clouds of larger
mass, the fields at these radii would be
proportionately larger. The OH data,
although not consistent with regular
Zeeman patterns, can nevertheless rule

out B >3 X 10—3% gauss because the
range of frequency of the spectral fea-
tures around the zero field frequency
is less than 5 khz at the same location
according to the very long base-line in-
terferometers (3, 4). Can the field have
leaked out during the compression? The
characteristic time for this phenome-
non in the cloud as a whole is (28)

. n r 2
107yr X ne (105 om )( 10" cm)

B 2
( 107* gauss )

For the cloud properties we have been
discussing and for n, ~1 ion or elec-
tron per cubic centimeter (due mostly
to Na+ and K+ at ~ 1000°K and pos-
sibly to ionization by cosmic rays in
the cooler outer region), t; is approxi-
mately 105 years, which about equals
the free-fall time for the outer radius. -
We conclude then that the magnetic
field strength is probably less than or
approximately equal to 10—3 gauss
near the edge of the protostar cloud
but reaches much higher values inside
the protostar cloud which cannot be
reconciled with the OH data.

Iy ~

Polarization

For laboratory lasers, it is known
that opposite senses of circular polari-
zation compete for amplification for
AF = 0 transitions such that a high
degree of circular polarization results
(29). The OH emission is approxi-
mately 3 khz wide. Unless the OH level
widths are equal to or greater than this
bandwidth, requiring that »n be greater
than or approximately equal to 1013
cm—3, the OH case is not similar to
the laboratory one (30). Since satura-

‘tion is not possible at thesé densities

for the observed signal strengths, the
mode competition found in the labora-
tory is negligible for the OH maser. In
addition, since the Zeeman splittings
are likely to exceed the OH level widths
for young regions, and those of high
density, the competition for circular
polarization at the same frequency is
greatly reduced or absent, an effect
also observed for laboratory lasers in
magnetic fields. ' -

The lower density condition, that n
be less than 10 cm—3, would be con-
sistent with sufficiently low magnetic
splittings, but the ratio of level width
to the emission bandwidth is much
smaller than 1. This is the factor by
which the competition between modes
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of opposite circular polarization is re-
duced. However, an additional mech-
anism for obtaining circular polariza-
tion has been found in the parametric
down-conversion of the higher frequen-
¢y Zeecman component to the lower
frequency one, if we assume that the
Zeeman splitting is comparable to the
Doppler width (19). This parametric
process involves the coupling of these
modes and electron cyclotron waves
through the nonlinear properties of the
magnetoplasma in the OH region (31).
There is circular polarization when the
microwave propagation is at small an-
gles to the magnetic fields, elliptical
polarization at moderate angles, and
linear polarization at right angles.

Water Vapor Maser at 22.2 Gigahertz

Pumping of the strong H,O maser
(32) in OH regions appears possible in
the rapidly cooling layer that follows
the shock front itself. A general H,O
rotational level has a lifetime deter-
mined by collisions, by trapped far-in-
frared radiation to lower levels, and by
a pumping mechanism: Let us consider
relatively low temperatures so that the
magnetic sublevel populations roughly
decrease monotonically from the ground
energy level to higher-lying ones. The
amount of trapping of the far-infrared
radiation thus also decreases for the
higher levels. If the hydrogen density
is less than 109 cm~3, the collisional
de-excitation may become less rapid
than far-infrared fluorescence for all
rotational levels above a certain energy.
There is then a demarcation above
which levels are significantly depleted
of population, but below which the
levels are well populated and nearly in
thermal equilibrium. When this demar-
cation occurs near the 553 and 6,4
levels, then population inversion may
be obtained, with external pumping
replenishing the excitation that is lost
as microwave emission. Collisions be-
tween the two maser levels would only
reduce the population inversion. In
order to obtain significant maser am-
plification for the transition from the
6, ¢ level to the 5, 4 level, the projected
densities for the population difference
must be ~10'% cm—2. The time varia-
tions of several features in W49 would
suggest path lengths of ~101¢ cm.
Thus, the population in either maser
level is ~1 cm~—3. At rotational tem-
peratures T of about 40°K, the popu-
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lation of the 43, level, which mainly
determines the trapped lifetime of the
Sy level, is ~0.15 times that of the
50,5 level, which mainly determines the
trapped lifetime of the 6, ¢ level. Then
the trapped lifetime of the 6,4 level
would be comparable to, rather than
less than, that of the 5,4 level in the
absence of collisions. For a Kkinetic
temperature of about 100°K, the
total H,O density is greater than
103 cm—3 for the above maser level
densities, provided the hydrogen den-
sity is 108 cm—3 so that the rota-
tional ladder is roughly in collision-
al equilibrium up to the 5,5 level but
not above it. The resonance radiation
from the H,O molecules at tem-
peratures of 2000° to 4000°K in the
shock front pumps the infrared transi-
tions at ~ 2000 and 4000 cm—" in the
cool molecules farther downstream. By
absorbing this radiation, a molecule is
excited from the 5, 3 level in the ground
vibrational state mainly to the 5, 4 lev-
els in the v; and v, vibrational states
(33). This rapidly decays to the 6,
level in the ground state. Then this
decays by far-infrared radiation to the
6,6 level. Stimulated emission from the
6,6 to the 5,5 level completes the
pump cycle. An equally important
pump cycle is

505 —> 63,4% —> G5 —> 61,6

where the asterisk indicates a state that
is vibrationally excited in either the v
band or the more easily excited v,
band. Weaker pump routes are

528 —> 61,6% = 62,5 61,6

Se,3—> 51,4 = 625> 61,0
and

So,3~> 53,2 = 62,5—> 61,6

The rate of anti-inverting by

61,6 —> 62,5% —> 634 —> 52,3

61,6 —> To,7% —> 63,4 — 52,3

and the like can be shown to be some-
what weaker than the rate of inverting
the population. A little less than 1048
microwave photons per second can be
emitted isotropically with this pump-
ing. We would expect observable fluo-
rescence of about this amount in the
infrared lines at ~2000 and ~4000
cm—1 in the v, and v; bands, respec-
tively, and 106 and 203 cm—! for the
transition from the 6,5 level to the
6, ¢ level and that from the 65, level
to the 5,3 level. Strong 4000-cm—1
pumping can also occur by way of the
vy vibrational state as follows: 55—

62,4* (Or 52,4*) - 62,5 hd 61,6‘ The tran-
sition from the 655 level to the 53,
level at 44 cm—! might be a maser at
somewhat higher rotational tempera-
tures, if we assume the same amplifier
length. At similar densities but lower
rotational temperatures, masers might
be found between lower levels such as
the transition from the 3; 3 level to the
250 level at 183 Ghz with the pump
route

220 —> 21,1>:< —> 352> 313

Another maser might be the transition
from the 5; 5 level to the 4, , level at
324 Ghz, with the main pump routes

4o —> Sa,5% = 62,4~ 545

and

4o —> S35% —> 524> Si5

For saturation to set in, the pump
rate per molecule of B'I, ~ 10— sec—!
would be just less than the observed
maser rate W, ~ kTyQ,A/(E=hv).
This happens when T4, is about 109
°K-steradian. (Note that A is approxi-
mately 2 X 10—? sec—1, and hv/k is
about 1°K.) For features in W49 that
are rapidly time-varying over several
days perhaps, the amplifier is not quite
saturated. Then Q, is approximately
1 or 1/25 steradian and Ty is ap-
proximately 3 X 1019 °K, which is sim-
ilar to the OH brightness temperatures
for W49.

Summary

There are stringent conditions on any
chemical process that might be respon-
sible for the population inversion and
the observed properties of the OH
maser. So stringent are they that no
such process is likely to be found. On
general grounds, the high densities and
narrow line widths would imply un-
saturated amplification. This is most
sensitive to small differences in proto-
star conditions. Yet the intensities are
comparable for the different emitters,
despite different line widths and polari-
zations, which attests to a variety of
conditions. The emissions from the ex-
cited rotational states become progres-
sively weaker at higher positions in the
rotational ladder, not, as expected, for
excitation temperatures greater than
700°K and for the unsaturated amplifi-
cation that is required by a total density
greater than 101° cm—3. The time vari-
ations, polarization, and preference for
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certain hyperfine components are inex-
plicable at high densities. Furthermore,
Zeeman splittings would be much larger
than observed. However, in the outer
parts of the cloud, with optical pump-
ing from a shocked OH layer and
heated grains, the conditions are favor-
able for maser emission with the ob-
served properties.
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