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MASER MODEL FOR INTERSTELLAR OH MICROWAVE EMISSION
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(Received 4 August 1966)

Recent observations'~* of 18-cm OH emission
from the direction of certain H II regions have
shown remarkable anomalies which have led
a number of workers®* to suggest that maser
amplification is involved. We will present a
maser amplifier model, based on ultraviolet
continuum pumping from nearby stars, which
seems capable of explaining most of the obser-
vations, including those of anomalous absorp-
tion. We find that sufficient gain is obtained
only by taking into account selective absorption
of the uv radiation as it penetrates into the OH
cloud, a process leading to the weakening of
the major anti-inverting uv transitions. Oth-
er authors® who have independently considered
uv pumping but have neglected selective absorp-
tion are unable to explain the observed inten-
sity or polarization of the OH emission. We
explain the polarization properties in terms
of the electromagnetic normal modes of the
maser medium by including the contribution
to the susceptibility tensor from both the OH
molecules and the electrons and by consider-
ing the nonlinearities resulting from gain sat-
uration. The intensity ratios of the different
microwave transitions have not yet been account-
ed for, however.

Experimental situation.—The OH emission
spectrum consists of four ground-state A-dou-
blet transitions at 1612, 1665, 1667, and 1720
MHz, with the 1665-MHz transition generally

strongest and the 1612- and 1720-MHz weakest.
Each transition exhibits several narrow Dop-
pler-shifted features (~1 kHz wide) with some
anticorrelation between the features of differ-
ent hyperfine transitions as a function of fre-
quency. The features are all strongly polarized,
predominantly circular (left or right), but fre-
quently elliptical. The emission regions have
apparent angular sizes <15 sec arc,® and are
separated by 4-12 min arc from bright centers
of continuum radio emission. The antenna tem-
peratures of most of the features are many times
the antenna temperature of the associated con-
tinuum source, and the brightness temperature
of some features exceeds 2x10%°K.® In contrast,
OH absorption Doppler widths indicate trans-
lational temperatures of ~100°K. However,
anomalies in absorption have also been noted;
in particular, OH regions in the direction of
the galactic center show strong, decidedly non-
thermal absorption that cannot be explained
in terms of high optical depth.® Since anti-in-
version is produced by the presence of some
weak uv pumping, the thermal-equilibrium
estimate” of one OH for every 10% atoms in these
anomalous regions may be too high.

Pump mechanism.—The pumping of the OH
by the uv occurs via the six uv transitions® shown
in Fig. 1 which lead from the ground state °I,,,
to the electronically-excited 2%, ,,7. We will
assume a uv flux of 107" W/m? Hz, correspond-
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FIG. 1. Energy-level diagram (not to scale) of OH molecule showing rotational states of the lowest vibrational
state for the %Iy, I, », and 22,,,* electronic states. Zeeman splittings are not shown; hyperfine splittings are
indicated only for the ground-state A doublet. The four microwave emission frequencies are 1612, 1665, 1667,
and 1720 MHz, corresponding to the transitions labeled A, B, C, and D, respectively. Also indicated (using the
notation of Ref. 8) are the pertinent uv transitions together with their relative strengths.

ing to an 05 star® 2 1t yr from the OH region.'®
Once a rotational state of 2% is excited by the
uv, which for the above flux will take about
3x107 sec, decay by uv spontaneous emission
back to the %I states will occur in about 10~°
sec. Then by far-infrared spontaneous emis-
sion, the molecule will cascade down the 2II
rotational states in about 1 sec? and return
to one of the A-doublet ground states.!®

When the uv pumping scheme is examined
in detail, it is found that the strongest pump-
ing routes involve excitation by @,(1) and P,(1),
which are anti-inverting and inverting transi-
tions, respectively. At small optical depths,
the uv pumping leads to an anti-inversion of
the A doublet when the populations are summed
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over all Mp sublevels.® However, as the uv
penetrates into the OH cloud, the @,(1) and P,(1)
wavelengths are absorbed most rapidly, followed
by absorption of the anti-inverting @,,(1) radi-
ation. The R,,(1) and R,(1) transitions then be-
come dominant and a sizable shell, of thickness
inversely proportional to the OH concentration,
can be inverted quite strongly.

Figure 2 shows the result of a detailed cal-
culation of the A-doublet population inversion
as a function of optical depth, based upon the
uv line strengths as shown in Fig. 1 and the
assumption of equal Mg populations in each
A-doublet state. Also shown in Fig. 2 is the
decrease with distance of the sum of the six
uv-induced transition rates between the A-dou-
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blet states; this quantity will be used to esti- show that for T, 2100°K, the maser will be

mate the degree of microwave saturation. The saturated (W,,, > W,, Wyy) unless n,>1 cm™3.

effect of reradiated uv, electron collisions, Let us first assume to the contrary that the

and microwave saturation are not included in maser is unsaturated. Then if Tg is the max-

Fig. 2. These are being taken into account in imum brightness temperature (as a function

a more detailed calculation now in progress, of angle) of a point on the surface of the OH

in which the M g populations are self-consis- cloud, we require for 27 > hv that

tently determined as a function of depth'* and oL 9

microwave intensity. huAnb(e -1)/4nady =2k TB/A , (2)
Intensity and linewidth.—For purposes of mak-

ing order-of-magnitude estimates, we will treat where the gain coefficient « is

the.OH maser in this sect.i(?n as if there were o =\%AAn/870v, (3)

a single microwave transition between the A-

doublet states, with all magnetic sublevels equal- A is the Einstein coefficient, np the upper-state

ly populated. In the presence of microwave population, L the path length of maser gain in

saturation and electron collisions, the A-dou- the direction under consideration, and 6v the

blet population difference will be reduced from (full) linewidth of the Doppler feature. The ex-

the value An, given in Fig. 2 to perimental lower bound® of 2x10%°K for Ty

requires oL 216, which implies® a solid angle
of maser emission through the point of Q,,
~(aL)™'~0.06. Expressing the microwave spec-
tral intensity ,,, as 2k TgR,,/A\?, we can then
use the Einstein relation to determine that

- -1
An Ano[l +(2Wm +2We)/Wuv] , (1)
where W,,, W,, and W,y are the induced tran-
sition rates between the A-doublet states due

to the microwave, electrons, and uv, respec-

tively. Wy varies with depth as shown in Fig. 2, w =Bl =AkT_Q /4mhv, (4)
the maximum being about 3 x10~® sec™! for

the assumed source of uv. Following Seaton,'® which yields W,,, 22x107° sec™ for A =T7x10""
we calculate that W, ~7x107%, T, "2 sec™?, sec™'17 and the above values of Tg and Q.
where n, is the electron density in cm™2 and Therefore, W,, > Wyy, and unless n, is extreme-
T, is the electron temperature in °K. We now ly large, Wy, >W, as well, which means that

the maser must, in fact, be saturated.
Under saturated gain conditions with W,

X .0 . N
= 0° UV TRANSITION 1 E > W,y and W, the microwave intensity reach-
o o4 RATE —°® z ing the antenna is
E o3l POPULATION — 0.6 ©
w = 2
I, =hvW AanV/R*Q_0Ov
z L INVERSION._| § VW, M V/RRQ v
=z / < 2
— — o = 2 5

% 0.1 0.2 : thuvAnOV/ R Qoéum, (5)
J 0 ) (o]
2 /o REGION 2 3 :J where V is the effective volume of the OH, R
g ~o! | | | | [ 5 is the distance to the antenna, and Q, is the

-0.2 Lo

o 02 04 o8 0.8 0 beam at}gle of the maser emission. We assume
OPTICAL DEPTH that a single feature arises from perhaps sev-
eral regions of OH having essentially the same

FIG. 2. Population inversion of OH A doublet due to velocity, with a total effective path length L,

isotropic uv pumping as a function of optical depth into width w transverse to the uv flux, and an invert-
the OH cloud, showing the effect of selective uv absorp- ed layer of thickness d. Unit optical depth in
tion. Inversion is expressed as the ratio of the popula- Fig. 2 is about 1.5 X 1021nOH—1(6V/V)uV cm.

tion difference between uppér and lower A-doublet Therefore, if we take the average Wyy~0.1

states to the number of OH molecules. Regions 1 and
3 are anti-inverted and would show anomalous absorp-

tion; region 2 is inverted. For an OH concentration of —2 .
ngle between
10”2 ¢cm™3, unit optical depth is about 0.15 1t yr. The x(6v/v)yy cm™, where 6, is the ang

decrease of the total uv transition rate with optical the uv f_l;lX aniilthe surface normal. With (Wyy)
depth is also shown, unit rate being about 3x 108 =3x107% sec™?, (60/V)yy=(60/V)y,, and- R=4000
sec™! for the uv flux assumed. 1t yr and cosf,~1, we find that to explain the

of the maximum Wy, to account for absorption,
the effective value of dAn, is about 2x10% cos6,
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observed value of Iy ~5x107% W/m? Hz of the
brightest feature of the 1665-MHz line of the
OH-emission region near W3, we require wL/
0250 (1t yr)?/sr. A calculation of , under
nonlinear saturation conditions has not been
made. However, if we assume that the beam
angle is determined purely geometrically, we
obtain Q,~4dw/L?. Taking (6v/v),, =107° and
Ang/nog = 0.2 from Fig. 2, we can then rewrite
the above requirement on wL /9, in the form
nog ~0-2L~% cm™3, where L is in 1t yr. This
condition does not appear at all unreasonable.
The corresponding value of d would be 5x10~3L3
1t yr. If the maser is strongly saturated, the
microwave intensity at the output is

Im =hVWuVAnOL/26Vm, (6)

which yields W,, =4x107°L~2 sec™ and Tp
=2%10"w™*L 3 °K (where w and L are in 1t yr)
upon using the above parameter values.

From (1) and (3) we find that in order to reach
saturation levels, we need a path length L, of
exponential growth of about 1 xX10%qyg~*(1 +2W,/
W,y) cm, which for n, 0.1 cm™® and for the
previous values of the other parameters gives
Ly$0.3L% 1t yr. It should be remembered that
this relation as well as those immediately above
depend on the assumption about Q4.

During growth in the unsaturated region the
maser linewidth will narrow by the usual fac-
tor (In2/aL,)'’?, about 3 or 4 in this case. Nor-
mally, the line would become broad again dur-
ing the stage of saturated growth.’® However,
collisions with hydrogen might make the satu-
ration sufficiently homogeneous over the Dop-
pler line by transferring OH molecules across
the Doppler feature that little broadening would
occur except for the most intense features.

A hydrogen concentration of 10* cm™2 would
give a collision rate of about 10~° sec™, com-
parable to Wy,.

Polarization.—We shall first show by a gen-
eral consideration of the electron and OH con-
tributions to the dielectric susceptibility ten-
sor y that elliptically polarized maser emission
can easily occur. However, it is more diffi-
cult to explain the gain preference of one sense
of polarization over the other in a single Dop-
pler feature without invoking circular polariza-
tion in the uv pump. As we shall discuss, the
gain preference could result from asymmetric
features and saturation effects.

In a coordinate system with the dc magnetic

824

field H along the z axis, y has the form

Xuu Xz O
X=|=%2 xu O
0 0 Xas

regardless of the uv pump direction or the pres-
ence of microwave saturation, since the Zee-
man-splitting frequencies are much larger than
the inverse lifetimes of the OH ground-state

A doublet. It is convenient to define 5=2x,, cos6/
X1 and £ = (xs3=xy1) sin®6/xy;, where 6 is the

angle between H and the wave vector K. Then
E=w/c + Ak, where

Ak =2+ (2=17) 2 (1w /c) Xy - (7
The gain coefficient is @ =2ImAk and the ratio
of the electric field components transverse to
K is
Ex/Ey =—T]—1[§i(§2-7]2)1/2] (8)

in the coordinate system with y = x% and &
=y xk.

If we assume that the uv is somewhat direc-
tional but not circularly polarized, then for
unsaturated conditions x,(OH) # x43(OH) but x,,(OH)
=0; i.e., the |[Mp| populations may be unequal
but there is no skewing to positive or negative
Mp. However, self-saturation by circularly
polarized microwave emission or cross satu-
ration by circularly polarized emission of the
same frequency coming from other regions
could produce a y,,(OH). For sufficiently large
values of # and n,, x;9(e) ziwpzwc/47rw3 is im-
portant; but the electron anisotropy x,,(e)—xss(e),
smaller by a factor of w,/w~107% for #~10~°
G, should always be negligible. As usual, w,
=eH/mc and wy?=4mn,e?/m. The isotropic
part —(wp2/471w2) of y(e) will be included in the
wave velocity ¢ rather than in Ak.

Two limiting cases arise in connection with
Egs. (7) and (8): (i) In/¢|«<1. In this OH-dom-
inated regime the two modes are very nearly
linearly polarized, but with gain coefficients
that differ by Aa =(47w/c) Im(gy,). (i) 19/¢|
> 1. If x,,(OH) is negligible then the electrons
control the polarization. Both modes are near-
ly circular and have almost the same unsatu-
rated gain. However, by expanding the square
root in (7) and keeping the lowest term in (¢/7)?,
we find that the peak gains for right and left
polarized modes are split apart in frequency
by approximately e6v and in magnitude by about
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2aeRey,,/ x|, Where e=[¢%/n(2+¢)|. The
above quantities are evaluated at the frequen-
cy for which Imy,, has a maximum. If the Dop-
pler features do not have a symmetric shape,
perhaps because of the overlap of several fea-

tures associated with interpenetrating OH streams,

Rey,; #0 where Imy,, is maximum. Both the
frequency split and amplitude difference of the
two gain peaks could amount to several percent.
While this alone does not explain the high de-
gree of polarization observed, this effect could
well initiate nonlinear suppression of one sense
of polarization over the other, especially with
fast relaxation across the Doppler feature by
hydrogen collisions, which would mainly con-
serve the magnetic and other quantum numbers.
Similar phenomena occur in optical masers

in magnetic fields, but even for these labora-
tory cases the analyses are difficult and incom-
plete.’® If y,,(OH) %0 because of saturation or
pumping by somewhat circularly polarized uv,
the gain difference between right and left polar-
izations might be considerably larger than the
value given above.

In order to be in regime (ii) we need [7/¢|
>1 on line center, which requires ng > {AnAmc®/
166vw,e®cosh if x,,(OH) =0. Here we have used
(3) and the fact that o~ (47w/c) Imy,,. As An
decreases because of saturation this require-
ment becomes easier to meet. Taking H=10"°
G and the previous values for the other param-
eters, we find with the aid of (1) and (6) that
we must have n, >(10¢/L3 cos6)'’?, where L
is in It yr, if regime (ii) holds in the unsatu-
rated growth region or n, > 2¢/L cosf if cross-
over from regime (i) to (ii) occurs in the satu-
rated region. The latter condition is actually
independent of Wyy and ©,. Since ¢ is expect-
ed to be small because of strong electron col-
lisions, values of nge ~0.1 cm™ should suffice
for the existence of circular polarization. If
X:2(OH) #0, the condition to be in regime (ii)
may be even less stringent.

Intensity ratios.—Since the line strengths of
the 1612-, 1665-, 1667-, and 1720-MHz tran-
sitions are in the ratio 1:5:9:1, the generally
observed greater intensity of the 1665-MHz
transition has been quite surprising. We can-
not yet tell whether the uv pumping model pre-
sented here is able to account for the observed
ratios because the detailed calculations includ-
ing electron collisions and saturation effects
are not completed. However, we have deter-
mined that saturation of the 1667-MHz line will

not prevent strong exponential growth of the
other lines, and that, in fact, the 1665-MHz
line can grow to an intensity comparable to that
of 1667 MHz after the latter has saturated.
Subsequent absorption in the 9:5 ratio as the
radiation passes through noninverted OH regions
could then result in a relatively higher 1665-
MHz intensity. Alternatively, the saturated
growth process may be responsible for the high-
er intensity at 1665 MHz, since with sufficient
inequality of the Mg populations the saturated
gain for 1665 MHz could exceed that for 1667
MHz. If this is so, then in cases where the
emission emerges from the inverted region
with little or no saturated growth, the 1667-
MHz feature could be dominant but would gen-
erally be less intense than other features at
1665 MHz which benefited from saturated growth.

It is worth remarking that although uv pump-
ing appears adequate to account for the OH ob-
servations, some of the discussion in the pa-
per (particularly that on polarization) would
remain valid if a still stronger pumping mech-
anism were discovered. Conversely, the prob-
lem of the intensity ratios is not peculiar to
uv pumping, but would be shared by most pump-
ing schemes.

We thank W. Liller for discussions on the
uv flux estimates, M. A. Gordon for discussion
on magnetoplasma polarization effects, and
F. Perkins for communicating some unpublished
calculations on the rotational transition prob-
abilities to check against our own.
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