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Summary 

Excitation processes that can lead to inversion of the main lines 

of the OH ground state are discussed. Due to the frequency dependence 

of the emission coefficient of dust, far-IP emitted by warm enough 

dust can excite the upper halves of the A-doublets of rotational levels 

more strongly than the lower halves. The cascade back to the ground 

state will then invert the main lines and it is shown that this 

mechanism can explain rather well the main lines emission from CH/IR 

t'tars. The main lines masers associated with compact HII regions are 

discussed extensively. It is argued that the most plausible 

explanation for them is a model based on the mechanism suggested some 

time ago by Johnston where the inversion is due to collisional 

excitation by streams cf uni-directional electrons. 

Key words: OH molecules - astrophysical masers - OH/IR stars 

HII regions. 
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I. Introduction 

The excitation patterns observed for the ground state of inter

stellar OH are markedly different for main and satellite lines. Main 

lines show strong maser effect from some OH/IR stars and compact HII 

regions but appear otherwise almost always in thermal equilibrium. 

Turner (1973) has once claimed to have detected anomalous main lines 

patterns in some interstellar clouds but this has been disputed later 

by Heiles and Gordon (1975) who argue that all clouSs show main lines 

in thermal equilibrium. One may therefore conclude that apart from 

some very special circumstances, where they are strongly inverted, 

the main lines are usually in thermal equilibrium. The one exception 

to this rule is the recently detected wiak main lines maser emission 

from comets (Biraud et al.,1974; Snyder et al., 1976). 

Satellite lines, on the other hand, have probably never been 

observed in thermal equilibrium. The pattern usually observed is that 

of an anomalously low excitation temperature for one satellite line 

and an enhancement of the other one which may even be inverted, 

leading occasionally to a strong maser effect. 

A glance at the energy levels diagram (fig. 1) of the lowest 

rotational levels of OH (which couple directly to the ground state) 

reveals that this difference in behaviour should not come as a 

surprise. Satellite lines connect levels with different F (total 

angular momentum) which couple to different levels in the excited 

rotational states* due to the dipole selection rules. The molecules 

flow patterns are therefore completely different and it is rather 

easy to transfer population from F • 1 to r • 2 or vice versa, depend

ing on the conditions in the particular source. An analysis of the 



4 

flow patterns under various pumping conditions leads to a classification 

scheme for satellite lines anomalies {Elitzur, Goldreich and Scoville, 

1976 (EGS); Elitzur, 1976a). The anomalies are due to the structure 

of the energy levels diagram and photon trapping effects rather than to 

any unusual pumping conditions. 

The scheme has been applied successfully to explaining the 1612 MHz 

maser emission from OH/IR stars (EGS)j the 1720 MHz maser in the 

peculiar star V1057 Cyg (Elitzur„ 1976b) and the anomalous satellite 

lines patterns observed in interstellar clouds {Guibert, Elitzur and 

Rieu, 1977). An unbiased survey of clouds has also produced results 

in good agreement with the scheme (Haynes and Caswell, 1976). it 

therefore seems that the basic features of satellite lines anomalies 

are probably understood. 

Main lines anomalies are much more selective phenomena, as 

mentioned above, and are much more difficult to explain. The reason 

is that the energy levels diagram is symmetric with, regard to the two 

halves of the A-doublet and for every cycle that carries molecules from 

negative to positive parity there is en image cycle that carries 

molecules in the opposite direction with the same efficiency. Main 

lines anomalies can therefore result only from pumping processes which 

are based on some non-equilibrium phenomena such as a radiation field 

which does not follow Planck's law or collisions with particles which 

are not distributed according to the Maxwell-Boltzmann distribution. 

The one main lines anomaly which is understood, namely emission from 

comets, providas a good example of this idea. In this case, the 

anomalous populations are due to the overlap of some solar absorption 

line with a certain OH electronic transition when the Doppler shift 
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is just right (Biraud et al., 1974; Mies, 1974). The inversion is 

therefore due to the departure of the solar spectrum from a pure black-

body emission. It is clear that this particular explanation cannot 

work in other sources where such a remarkable coincidence can hardly 

be expected. 

An inversion mechanism based on non-equilibrium radiation is 

discussed in sec. II. Here the radiation is due to emission from 

optically thin dust so that the Planck distribution is modified by the 

wavelength dependence of the dust absorption coefficient. It is shown 

that when the dust is warm enough (T £ 100 KJ such a radiation law 

can lead to main lines inversion. In fact, it is argued Haat this 

mechanism provides a rather adequate explanation for main lines emission 

from OH/IR stars. 

The effects of collisional excitations by a population with an 

arbitrary velocity distribution are discussed in sec. III. An idea 

that belongs to this category has been suggested some time ago by 

Johnston (1967). It is argued that the wealth of observational 

material available now points to the fact that a model based on 

Johnston's idea stands the best chance of explaining the main lines 

masers associated with compact KII regions. 
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I I . Radiative Pumps 

a. Equations 

The statistical rate equations are treated using the (now familiar) 

formalism of escape probability so that; 

dt t 

*± {Vii
Cai-r(viJ)(Bi",li)3+(Ci3ni'C3i ^ V } 

CD 

•JB^A^Cn.-Ftv^Xn^-njJ+tC^n.-C^ ^ n . ) } 

where n. is the number density per sublevel of OH molecules in level 

i i g the level degeneracyr 0.. the escape proabilityj A,. the 

Finstein coefficient and C. . the rate of collisions from level i to 
JO 

level j . F(v,,) is the number of photons per phase space cell in 

the external radiation field in the i •+ j line. 

Dealing with radiative pumps in this section we concentrate first 

on the first term in each curly bracket. 

b. Inversion by Dust Emission 

Far-IR radiation provides usually a much more efficient pump than 

either near-IR or UV radiation. The reason is two fold. First, the 

transition dipole moments for rotational excitations are large than 

those for electronic and vibrational transitions by factors 10*" and 

4 
10 r respectively. Second, UV and near-IR originate from stars 

which are essentially point sources, leading to dilution factors which 

decrease rather fast with distance from the source and dimensions of 

the OH cloud. Far-IR, on the other hand, ij emitted by warm dust 

grains and c«,i submerge large volumes of space with a reasonable 

radiation energy density producing, potentially, large enough gains. 
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In order to produce a ground state inversion with a far-IR pump, 

the excitation of the rotational levels should prefer the upper 

A-doublet components. This point can be easily understood with the 

aid of fig. 1: the cascade back to the ground state is done 

preferentially within the rotation ladders and such a pattern preserves 

the sense of upper or lower half. It is also evident from fig. 1 tliat 

the A-doublet separation is increasing with the rotation angular 

momentum. As a result, transitions from the ground state to the 

upper halves of rotational levels have higher frequencies than the 

image transitions to the lower halves. This statement holds whether 

excitations of the upper half of a rotation level originate from either the 

upper or lower component of the ground state. The outcome is that to 

produce inversion, a photon distribution function which increases with 

frequency is needed. 

The far-IR emission from optically thin dust is characterized by 

the distribution: 

F(v) - Td(v) [expthv/kT^-l]"
1 (2) 

where T (v) is the dust optical depth and T, its temperature, 
d a 

The frequency dependence of T,<v) longward of about 10 u will be 
d 

token as a pure power law: 

Td (v' " T d ( V {7-)P <3» 

o 

so that possible resonance effects are neglected. 

According to Aannestad (1975), the power p is in the range: 

l.S £ p i 3.5 (4) 



8 

for various types of silicate grains. 

From (2) and <3) we get: 

F(v+S) - F(v) (1 + o - ) (5) 

*!-. ~x. hv 
where a • p-x/(l-e ) i x - r=~ 

* d 

F(v) is ther«fore an increasing function of v for those temperatures 

and frequencies which max* a positive. It is evident that a 

becomes positiv* whin th* temperature gats large enough for a fixed v . 

Table I lists th* values of S/v for excitations of the rotational 

levels that couple radiatively to th* ground staf.*. Here 6 is the 

difference between the frequencies of transitions from the ground 

stvtj to the upper and lower halves of the specific rotational level. 

6 is always positive, du« to the increas* of A-doublet separation 

with J . The values of 6/v ax* of order 10 . 

When p - 1.5 th* factor a is positive for x <. .875 . Th* 

excitation factor F(v+6) therefore becomes larger than F(v) for 

each rotational excitation whenever the dust temperature increases 

above th* appropriate value listed in the last column of table I 

(T s ) . He therefore expect inversion of the main lines for dust 

temperature above about 80 K naively - when th* IT (J - 5/2) state 

begins to contribute to inversion. The other excited states tend 

to cause anti-inversion at such teatperetures but their Influence is 

negligible since their excitation is considerably weaker. When the 

dust temperature increases and th* factor a becomes positive for 

•or* rotation states (which ar* also «or* strongly excited), the 

Inversion i* expected to get stronger. An inversion effect of this 

kind was noticed first by Guibert, Elitxur and Rieu (1977). 



Finally, it should be mentioned that the Einstein A-coefficients 

also introduce an asymmetry in the rate equations due to their 

dependence on v and they are larger for transitions to the upper 

A-doublets. This, however, leads also to stronger deexcitation rates 

for the same transitions (eqs. 1) and the over-all effect does not 

lead to inversion. 

c. OH/IR Stsrs 

The ideas presented in the previous section will now be applied 

to main-lines emission from OH/IR stars. The over-all picture for 

OH emission from these objects will be the one developed by Goldreich 

ard Scoville (19?£> and EGS. 

From the discussion of the previous section, the single most 

important factor in producing main lines inversion is the liigh 

dust temperature. We therefore expect the emission to emanate from 

regions where the dust is warm enough. The 1612 MHz inversion, on 

the other hand, depends most of all on large OH column densities so 

that photon trapping becomes important. The main lines inversion region 

is therefore expected to lie inside the region of inversion of the 

1612 MHz line. Using the parameter* corresponding to IRC+10011, 

we will try to find out whether the main lines can be inverted at 

R - 1016 an, as opposed to 3a1016 en for the 1612-MHz line (EGS). 

The appropriate parameters at this distance are v - 20 km/sec, 

dlog v/dlog R - *01, Nu « 2-105 cm"3, T - 50°K. The dust optical 
H2 

15 

depth is determined by the fact that at R - 10 cm tl:e optical 

depth is unity around 2u (Hyland et ai., 1972). It is assumed that 

T. varies with distance as B~ (since N. varies as P~ ) and its 
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frequency dependence is according to eq. 3 with p = 1.5 . The 

statistical rate equations were solved using these parameters and the 

main lines are indeed inverted as expected. 

The variation of the main lines optical depths with OH density 

is plotted in fig. 2 for T • 260°K . It is seen that the main iines 

inversion disappears whan tha 1612-MHz line gets inverted as the OH 

density becomes sufficiently large (M * 3 cm~ in this case). In 

fig. 3 tha maximum values of tha main linaa optical depths are plotted 

againat tha dust temperature. As expected, tha main lines are inverted 

for T £ 90°K (table 1) and tha inversion increases until it first 

reaches a maximum at T. £ 200 K . This is the point where the 

2 
iTjy-(J " 3/2) state begins to contribute to. the inversion by having 

its appropriate value of a positive (table I). - The maximum values 

of tha optical depths are obtained at slightly different OH densities, 

for various dust temperatures, and the two lines also peak at some

what different densities. The maxima are obtained at Ori densities 

in the rang* 1.8-3 cm" . 

The conditions derived for main lines inversion fit rather 

nicely into tha overall picture of the source. The OK densities 

are similar to tha ones derived by Goldrc-_h and Scoville for 

R - 10 cm. As for tha dust temperature - there is no good calculation 

yet for the variation of T. with R for OH/IK stars. It tha 

simplest approach is taken and the power law (aq. 3) is used for 

absorption of tha ateliar radiation at well as for tha dust emission. 

" 2 / , 4 + p ) . This yield Tj - 290°K at R - 10 1 6 

for p • l.S . Such an evaluation certainly overestimates tha real 

dust temperature but doev provide a first order guest which shows 
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that the desired inversion is obtained at the right range of dust 

temperatures. 

The gains which are obtained are sufficient to explain the main 

lines emission from IRC+10011 . The calculated inversion of the 

main lines is about factor 3 weaker than that of the 1613-MHz line, 

o (*) o 

the excitation temperatures being about -40 K and -12 K, 

respectively. This ia compensated, to a degree, by the greater 

strengths of the main lines so that the gains are similar. The 

observed main lire& radiation is about factor 3 weaker chan the 1612 

MHz emission from IRC+10011 (Wilson and Garrett, 1972). 

The only parameter taken here which is different from the ones 

derived by Goldreich and Scovilla (1976) is the kinetic temperature. 

The value taken her* (S0DK) is about factor 2 smaller than what they 

calculate for R - 10 cm . The motivation for taking a lower 

temperature is that the inversion of the 1720 KHz line through 

collisions with the H molecules (E)itzur, 1976a) should be suppressed. 

This point was dismissed by EGS but should in fact be taken into 

account. Lowering the kinetic temperature in the inversion regions 

may be done without causing any significant change in the other 

relevant parameters of the model. 

When the dust temperature ia increased above ' 300°K the main 

lines inversion reaches another maximum (fig. 3). The reason is 

that the 2"i/ 2
! J " i/2) •*•*• <h*nc*, all the excited states) la 

also contributing to the main lines inversion. The peak of the 

inversion ••._ achieved at slightly higher OK densities 

(>>Th* relative inversion of the malt lines (oN/N) is abort 2-10~3, 

same order of maqnitude as o/v . 
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<NQH ^ e a > and is even stronger than the 1612-MHz inversion which 

sets in immediately after this peak. The temperatures and OH 

densities needed for this strong inversion are slightly higher than 

the ones calculated for IRC+10011 though not by much and are 

certainly compatible with the model. It does not seem, however, that 

this regime of inversion is reached in this particular source, simply 

because IRC+10011 exhibits 1612 emission which is stronger than tli.' 

main lines emission. It is quite possible, r.:ivever, that tl-.is 

inversion regime is operative in other source:; with the opposite 

emission pattern, namely stronger main lines. 

The model described above seems to agree rather well with the 

observed features of main lines emission from OH/IR stars: 

1) The main lines are inverted in the model by the»far-lR radiation 

of the dust. Their emission should therefore vary with the far-IR 

intensity and hence - with the luminosity of the star. The existence 

of such a correlation was first indicated by the data of P.M. Harvey 

et al. (1974) and established later by Fillit, Proust and Lepine 

(1976). 

2) In the model, the main lines are emitted from a region which is 

inside the emission region of the 1612-MHz line. Indeed, in the 

case of VY CMa, the one OH/IR star which was studied inter-

ferometrically, the 1612-MHz emission emanates from a region with 

dimensions 4.9-10 x 3.1*10 cm whereas the main lines come 

from a region of 1.1»1016 x l.l'lO16 cm2 (P.J. Harvey et al. 1974). 

In addition, the separation between the velocities of the two 

features of the main lines emission is usually smaller than that of 

the 1612-MHz line. Since the gas is accelerated outward by 
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radiation pressure, a smaller separation between velocities corresponds 

to a smaller spatial separation, if the emission is indeed coming 

from the front and back of the cloud as assumed here. 

3) The main lines are not saturated. In addition, the strong 

inversion is not a very stable effect and an increase in the OH 

density, for instance, could eliminate the inversion altogether 

(fig. 2). A transient instability in the flow conditions can there

fore cause a large irregular variation in the main lines emission. 

The 1612-MHz line, on the other hand, becomes saturated for 

N £ 3 cm and the inversion is stable afterwards, the optical 

depth being independent of most external factors. Obsarvationally, 

the main lines show an erratic behaviour (which makes it difficult 

to establish long-period variations) whereas the 1612 emission is 

stable and varies smoothly with the stellar luminosity (P.M. Harvey 

et al., 1974). 

It is also quite easy to accommodate in the model the various 

patterns observed in main lines emission. The numerical calculations 

show that the spectral index p determines which main line will be more 

strergly inverted. Larger values of ptp £ 2) make the 1665 

inversion stronger in the temperatures region T, £ 300 K , Since 

a 
in most sources the 1667 line emission is s .rortger (Wilson and 

Barrett, 1972) it means that the model agrees best with the bulk of 

< (*) 
the data i_f 1 < p £ 1.5 . This conclusion is in agreement with 

(*) 

The factor a is always negative for p <_ 1 . EGS used p • 1 

which explains why their model calculation! never produced main 

lines inversion. 
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the findings of Hyland et al. (1972) that the IR spectrum of OH/IK 

stars agrees with p « 1 better than with either p • 0 or p • 2 . 

If this conclusion is verified it can teach us something about the 

grains composition. According to Aanr.estad (1975), larger values of 

p are obtained for grains with ice mantles. 

Observationally, main lines emission is sometimes stronger than 

the 1612 emission. As shown above, such a pattern can be achieved 

o 
with dust temperatures above about 300 K. This pattern may also be 

explained with a lower dust temperature if the OH column density 

is below the threshold of the 1612 MHz line inversion (fig. 2). 

Which mechanism is actually operative in any particular source can 

be decided only through the construction of a detailed model for the 

specific case. The various patterns observed can be explained quite 

easily by the model. 

Finally the polarization properties should also be discussed. 

Observationally it seems that the main lines polarization in OH/lR 

stars is not particularly strong. There ij also no evidence against 

an interpretation in terms of a simple Zeeman pattern. If this is 

indeed the case then the polarization is a superimposed effect which 

is not inherently connected to the inversion mechanism and need not 

be incorporated in the model. 

III. Collisional Pumps 

a. General Considerations 

When collision rates are strong enough to make the second terms 

in the curly brackets of eq. (1) dominate, the ground state 

population obeys: 

http://Aanr.es


15 

Here, a and ft are indices which denote the lower and upper halves 

of the ground state A-doublet, respectively, and A the doublet 

energy separation. In deriving eg. (6) collisional excitations of 

the rotation levels were neglected and a Maxwell-Boltzmann distribu

tion with temperature T was taken for the colliding particles. 

If a different velocity distribution is chosen, the last equality 

in eg. (6) does not hold of course and it is conceivable that one may 

even get n7n > 1 (inversion) for a suitably chosen distribution 

function. The conditions for obtaining that will now be discussed. 

b. Isotropic Distributions 

When the colliding particles are distributed isotropically in 

space, the velocity distribution is a function of only one variable, 

the kinetic energy e for instance. Let us denote by f(e) the 

normalized distribution function and introduce «$(e) - the distribu

tion without the phase space factor: 

f(E) - / f 1 *(e); f f(E)de - 1 (7) 

For Maxwell-Boltzmann distribution 

f 2m 1 1 / 2 

•(e) - =• exp(-eAT) 

l»(kT> J 

1/2 

(S) 

The rate R . is obtained from the excitation cross section 

a 8 



R „ • <g a „v> 
aB a aB av [ g o AtiJ^r £te) ds 

| H i n 
E 

(9) 

s „(e> cif(e) de ; S _ - g o . 
aB aB a aB 

From invariance under tine reversal we have the detailed balance 

relation: 

V a B ' V - E B S B a ( V ' e a - e B + 4 (10) 

so that we finally gcti 

I RuB ' V " E*U+E) de " *Ba * " (U> 

J "tal Uiz) where 

This is the general relation between collision rates in the upward 

and downward directions for an arbitrary velocity distribution. If 

the Maxweil-Boltzmann distribution (eq. 8) is inserted in the r.h.s. 

of eq. (11) we get the familiar relation, eq. (6). If we manage to 

find a distribution function that makes the integral I positive we 

will get R „ > R„ which leads to inversion. 
aB Ba 

Integration by parts leads to: 

(12) I - - J*(e> f-(esaa(c)) dc 

o 

Hie boundary terms vanish at both anda dua to tha factor e and the 

fast decrease of • <«> (eq. 7). The integral I will therefore be 

positive only if there is a range of energies where co(e) Is a 

decreasing function and if 4(e) is concentrated in that region. 
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The condition just derived is easy to understand. The u-tailed 

balance relation (eg. 10) shows that the single function 

eg a „(e) describes both directions of the reaction when evaluated 
a ctp 

at the same over-all energy. An energy e for the incoming 

particle in the excitation channel corresponds to e -A in the time 

reversed process. Deexcitations are therefore described by the 

same function evaluated at smaller values of the argument. In order 

to make the downward rates weaker, therefore, there must exist a 

reqion of energies where the function eo(e) is decreasing; otherwise, 

Inversion can never be achieved no matter which energy distribution 

function $(E) is chosen. 

Cross sections are always increasing at threshold and the only 

hope to make I positive is tc have them decrease later on. The one 

cross section for A-doublet excitation we know, excitation by 

electrons, has the following behaviour (for e » A> Elitzur, 1977) 

eo(e) - Cx lnCC2ci (13) 

where C and C are some constants. The function eo(e) is 

always increasing and electron collisions can therefore never lead 

to inversion. For neutral particles collisions the situation is not 

clear as we do not know the cross-sections for excitations. One 

may try to get some idea from the work of Green and Thaddeus (1976) 

on rotational excitations of CO by collisions with neutrals. It 

turns out that the cross sections are always increasing with energy 

for certain values of AJ but for some other AJ's there exist 

regions of energies where ec(e) is decreasing. In the case of 

A-doublet excitations the situation could be entirely different, of 

course* 



18 

The above discussion makes it evident that it is net easy to 

obtain inversion with an isotropic distribution. The kinetic energy 

distribution must peak at tha right region where eo(e) is a 

decreasing function, provided that such a region exists at all. 

c. Anisotropic Distributions 

Let us take for simplicity a unidirectional stream of colliding 

particles. There exists therefore a well defined direction in space 

and polarizations can be measured with respect to it, something that 

could not be done with isotropic distributions. The colliding particles 

are assumed to be structureless so that only the OH polarization has 

to be considered. 

In an excitation reaction, the OH is initially at the state 

(a, F , M ) (F is the total internal angular momentum; M the 
a a 

polarization) and it ends up at (0, FQ, M j . in the center of mass 

frame, the particles approach each other along the Z axis, the 

streaming direction, and scatter along an axis X which makes an angle 

$ with the fixed 2 axis. Integrating over i> the cross section 

o(a, F , M i 6, F_» MJ id calculated and the rate R _ can be 

a a o P op 
obtained freer it. For a deexcitation-interchange (a, F , M ) with 

a a 
(*\ 

(0, F., MJ in the description . The process obtained in this way 
P P 

is not related to^the former one by any invaxiancc transformation. 

Employing invariance under time reversal and space rotations, the 

excitation reaction can be related to a deexcitation which starts 

along the Z axis and ends up along the X axis but with polarizations 

measured with respect to the X rather than Z axis. Alternatively, 

it can be arranged that polarizations axe measured with respect to 

'For main lines, F and F are of course equal. 
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the Z axis but the deexcitation will then have to stait along the X 

axis and end up along z. The reactions that are relevant to the 

problem, on the other hand, must of course have the polarization axis 

coincident with the direction of the incoming particles. Since a 

pure polarization state with respect to one axis is a superposition 

of all the polarizations with respect to another axis, it is clear 

why the rates R and R„ cannot be related to one another in the 
a0 Bot 

present case. 

The argument can also be presented in a somewhat more formal way 

if th;. cross section g(a, F , M j 0, F , M ) is decomposed in helicity 
a a 0 0 

amplitudes using the formalism of Jacob and Wick (1959). The incoming OH 

is of course in a pure helicity state but the outgoing state 

(0i F . M ) must be decomposed into a superposition of helicity states, 
p 0 

When this is done the S-matrix can be expanded in helicity amplitudes 

and the integration over ty performed. The result is: 

o(a,F ,M r0,F .M.) » ^ I (-1) a fi(2Jl+l)(2j +1X2J +1) 

K :1 32 
I m 

F F I 
0 6 
-m 0 M -M 0 v a a 

V B * 
M -M„ 0 

<m|S (E)|M ><m|S (E)|M > 

where E and k are the CM energy and incoming momentum, respectively. 

The result for the deexcitation reaction is obtained from the 

above expression by interchanging a and 0 everywhere. Obviously, 

the two expressions obtained are entirely different. This is another 

way to see why there cannot be any connection between R . and Rfi 

in the present case. 
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Eq. (14) is too general to derive more specific conclusions out 

of it. A somewhat more explicit result is derived in the appendix 

where the interaction potential is expanded in a general multipole 

expansion and tfcj cross section calculated using the Born approxima

tion. The result derived makes it possible to identify a certain 

family of interactions that can make R . bigger than R_ for some 

op pa 
values of dM (-M -M ) . One interaction that belongs to this group 

p a 

is the dipole-monopole potential which does indeed lead to rates which 

are larger for excitations than for deexcitations for £M - 0 

transitions. As this is the appropriate potential for charged particles 

collisionsr the results of Johnston (1967), who was the first to notice 

this kind of effect, axe thus recovered. 

Johnston used the explicit expressions for the cross sections 

calculated in Born approximation to show that for the same projectile 

velocity and for AM * 0 transitions» the upward rates are larger than 

the downward ones by order of magnitude £ • *• • The derivation in 

the appendix shows that the result follows from the tensorial 

structure of the dipole-uionopole interaction rather than any other 

specific properties of the electromagnetic interaction, since the 

Born approximation is expected to provide the correct results, 

within a few percents, for OH A-doublet excitations by electron 

collisions (Elitzur, 1977), the effect should indeed occur for 

unidirectional streams of electrons. 

For neutral particles collisions we are again hampered by the 

lack of knowledge of the cross-sections. The discussion in this 

section suggests that the relation R > R is apriori as likely 

ap 8d 
as its reverse in this case too. 
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d. OH Masers Associated with HII Regions 

These sources will be called for brevity HII/OH sources, and in 

this section it will be argued that a model of the kind suggested by 

Johnston <1967) stands the best chance of explaining them. First 

we list the basic difficulties of some other models which have been 

suggested: 

1) UV pumping (Litvak et al., 1966) cannot operate because the huge 

..j.uxes which are needed to explain the strong masers are not produced 

in the HII regions (Holtz, 1968) and if available would dissociate the 

OH molecules themselves (Litvak, 1974). 

2) Pumps based on IR-radiation must also be dismissed. The observa

tions of Wynn-Williams, Becklin and Neugebauer (1972) show that IRS-8 

in W3 coincides with the OH maser source, but the numbers of far-IR 

or near-IR photons emitted from it are smaller than the number of OH 

maser photons by factors of about 3 and 100, respectively. Since every 

known radiative pump, including the one presented in section II, 

requires a few pump photons per single maser photon produced, IR 

radiation cannot be considered the cause of inversion. 

3) The chemical pump model of Gwinn et al. (1973) is ruled out by the 

recent observations of Mader et al. (1975) that the OH and H O masers 

associated with the same HII region are actually separated by distances 

17 
of order 10 cm. The travel time across such a distance at a 

4 

typical velocity of about 10 km/sec is about 10 years which rules out 

any association between the molecules. The special collisional 

excitations law of Gwinn et al. (1973) must also b* dismissed since 

if operative it would have to produce sons non-equilibrium main lines 

effects in interstellar clouds and other sources as well, such 



(*) 
effects have not been observed, as mentioned in the introduction 

Before trying to construct a model based on Johnston's idea, 

uome of the relevant properties of W3(0H) will be listed briefly. 

This source will be taken as a representative of HXX/GH sources as 

it is the only one that has been adequately observed so far 

(P.J. Harvey et al.r 1974>. 

The total output of the source in OH maser radiation is: 

P - 2'1<T° erg/sec (15) 

45 
corresponding to the emission of A • 2*10 photons/sec. The 

P 

radiation comes from about 20 emission points located roughly on the 

circumference of a circle with radiusi 

(16! 

The maser spots are grouped in two aggregations at the opposite ends 

of a diameter. Baldwin. Harris and Ryle (1973) find that the circle 

coincides with the boundary of the compact HII region. This conclusion 

is strengthened by the observations performed later by Gossf Lockhart 

and Fomalont (1975). The maser spots have diameters of about: 

(17) 

(*) 

In the case of CH, on the other hand, anomalies are almost always 

observed and it i* quite certain that collisional excitations in this 

case do follow a rule of the kind suggested by Gwinn et al. (1971). 
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which is also the distance between some adjacent maser spots with 

different radial velocities, indicating that d is indeed the true 

(and not only apparent) diameter of the maser emission spots. 

The fact that the maser spots are located around the edge of the 

HII region, rather than spread homogeneously all over its face, is 

very much in favor of models that picture the maser spots as elongated 

cylinders since the edge gives the longest tangential line of sight. 

The cylinder model for maser spots is in agreement with the apparent 

coincidence between the ohserved and true radii of the spots. 

The cylinders picture is a natural consequence of inversion by 

streaming electrons since as shown by Johnston (1967), the medium is 

amplifying only the radiation which propagates orthogonally to the 

direction of the streaming electrons. The following model is 

therefore proposed: electrons are streaming radially out of the 

HII regiot into the ambient molecular cloud which surrounds it; the 

OH is inverted in a thin spherical shell due to collisions with the 

unidirectional electrons before they thermalize; the maser spots 

correspond to directions which have enough coherence in the line of 

sight velocity, due to chance coincidence, to produce large gains. 

The energy loss of the electrons is due mainly to molecular 

inelastic processes so the loss by OH A-doublet excitations should 

give the right order of magnitude for the thermaliz&tion length \ : 

* • <N0H V B 5 ' " 1 " 2 , 1 ° 1 5 NOT ° B (18) 

where the numerical result, and all estimates mads below, is for 

electrons velocity of 65 km/sec (£ - 5.7*10 ). For OH density of 

order unity, therefore, \ {and hence the thickness of the inversion 



The required OH density is reasonable as the density of the molecular 

cloud ia expected to be about 10 cm (Zuckerman and Palmer, 1974). 

The path length over which t^e electrons stream looses direction

ality is also given by A , The reason is that the spread in directions 

is produced by many consecutive independent small angles scatterings 

and the square of a tingle deflection angle is also given by £ . 

From the thickness of the inversion shell and the radius R of the 

HII region th* length t of a maiexing cylinder may b« estimated 

(Cook, 1968)i 

* i<Rd)1,/2 - 5-1015 cm . (19) 

The line of sight velocities must therefore be identical to within 

about .5 km/sec over the length i . A typical velocity spread in 

interstellar clouds is about 1 km/sec per parsec, some three orders 

of magnitude better coherence than the one required here. 

The optical depths of the main lines are given by: 

^1665(1667) * " <2-5> " " " » « * Tf <20> 

It may be argued that X should only correspond to one dimension 

of the maser spot, namely along the outward radius. A velocity 

coherence over a large length perpendicular to the radius in the 

plane of the iky does not increase the ma set gain, though. A large 

coherence length both in this direction and along the line of sight 

should have a very small probability to occur accidentally. Kence, 

A should be identical to d . 
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AN 

With the values derived for N and I and assuming that •—- is of 

order 5 the gains obtained are of order 20, as required. 

The model predicts a stronger inversion for the 1665 MHz line 

and also a larger gain for it (Johnston, 1967) although its line 

strength is smaller (eq. 20). This is in good agreement with 

observations. 

Inversion is achieved only for certain polarization states of 

OH. As a result, polarized maser radiation is a natrual consequence 

of the model and the predicted polarization is linear (Johnston, 1967). 

Although most sources are indeed strongly polarized, linear polarization 

is the exception whereas the rule is a well defined sense of circular 

polarization for each maser spot. This pattern may be explained by 

the "filter" mechanism of Cook (1966; 1975) and Shklovs):y (1969) 

which must be added to the model. 

The electrons travel time across the inversion shell is a few 

years whereas the response time of the medium U/c) is only a few days. 

The maser therefore responds instantaneously to variations in the 

pumping conditions and a typical time scale -Tor variations of the maser 

output should be a year or so. In a very extensive study performed 

recently, Sullivan and Kerstholt (1976) conclude that a few years is 

indeed a typical variation time for OH main lines maseru in HI I/OK 

sources. The short response time may set the scale for the few flare 

phenomena listed by Sullivan and Kerstholt (1976). 

To estimate the required electron tlux one can solve a simple 

two-levels model with different collisions rates fcr upward and down

ward transitions. The inversion obtained 1st 

N0-N C -C. -A„ 
AJi m B a m ofl Sa 6a (2i) 

6 o a: ca ae sa 



Hence, under saturation (which probably holds in the strong sources) 

the photon emission rate per unit volume is given by: 

Bae J M • I (C*6-CBa'N l22) 

where the spontaneous rate was neglected. We therefore get the photons 

flux: 

*p - 7 «Ne V N O H ***** (23) 

where it was assumed that the relative difference between upward and 

downward collision rates is equal to £ . 

The result may be simplified with the aid of eq. (18) to 

obtain: 

1 2 
4 « r * I 4> = N V4TTF. (24) 
*p 2 Te e e 

namely, the electron flux must be equal to the photon flux. This 

simple result can be easily understood: each collision produces a 

net photon with a probability £ and an electron undergoes £ 

collisions before it thermalizes. Each electron therefore leads to 

(*) 

one raacer photon since the low efficiency of the inversion process 

is compensated by the fact that the electron is available for many 

collisions. This is a distinctive feature of collisional pumps since 

in the case of radiative pumps each photon can participate in a single 
pumping event at most. 
(*) 

The factor 1/2 in eq. (24) reflects the almost equal populations 

of the two halves of the .'.-doublet. As a result, only half of the 

collisions lead to excitations. 
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Multiplying eq. {24) by the energy difference A we find: 

p = {. e • 5/2 (25) 

and the efficiency of conversion of the electrons energy to maser 

radiation energy is of order £ * as expected. 

4 -3 The electron density calculated from eq. (24) is 2-10 cm . 

5 -3 
The emission measure of W3(OH) corresponds to a density of 2-10 cm 

(Wynn-Williams, 1971). The required electron density is therefore 

availal 1rt inside the HII region. 

How are the electrons streams produced? Habing et al. (1974) 

find that main lines masers appear invariably around very small HII 

regions, namely at the rather early stages of their development. 

Habing et al. (1974) were in fact able to conclude that the HII 

4 
regions are considerably younger than 10 years. A model for the: 

evolution of a dense HII region has been developed by Mathews (1969). 

4 -3 

He considered a region with initial density of 10 cm and radius of 

.1 pc. His calculations show that at times later than t = 5200 years 

after the turn on of the central star (with mass 3 0 M ) , the shock 

is well ahead of the ionization front so the front moves into gas 

which is at the temperature of the ambient matter (probably about 

50 K). The solution presented by him for t » 8540 years has the 

ionization front moving at a velocity of about 40 km/sec with density 

ot IU cm . These conditions are rather similar to the ones required 

above for the electron stream. At times later than about 10 years the 

density of the front drops considerably. 

Although the calculation of Mathews (1969) does not represent 

exactly W3(OH), which is much more compact and dense than the 
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calculated model, it is evident that the requirements of the electron 

stream model can be easily met at the early stages of development of 

compact dense HII regions. The appropriate age is indeed less than 

4 
10 years, in agreement with Habing et al. (1974). The OH inversion 

shell is then located at the outer edge of the ionization front, 

expanding with it. The OH molecules overtaken by the front are 

probably destroyed by it. As the front keeps expanding it thins out 

and the maser output decreases accordingly until finally it drops 

below detectability. The main line maser emission will therefore 

last for periods of order 10 years. 

An alternative approach to the stream is the picture of bursts 

of charged particles that leave the Hit region at its early and active 

phase. A possible cause for the streams may be supplied by the magnetic 

field which permeates the KII region. Electrons which gyrate around 

the magnetic field lines may be thought of as small dipoles. Hence, 

if the field has a radial gradient there will be a force acting on the 

electrons in the outward direction given by (e.g. Krall and Trivelpiece, 

1973): 

^ ^ (26) 

where e is the kinetic energy of motion transverse to the field, 
tr 

If L is the length scale for variations of the magnetic field 

the electrons will acquire a streaming velocity v along the field lines 

after travelling a distance D where: 

v - v fp/Ul/Z 127) 

and v is the gyration velocity. 
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The result, which is independent of B, holds as long as the kinetic 

energy density of the stream can be neglected compared to the energy 

density of the magnetic field. This condition is indeed fulfilled 

-3 
for B of order 10 G. 

If D and L are of same order of magnitude, for instance, the 

electrons are accelerated to a streaming velocity compared to their 

gyration velocity. Gyrations with velocities of a few tens km/sec 

may be induced by some activity inside the HII region. The gradient 

. f the field with then work to make the gyrating electrons stream out 

at the required velocity. The field structure may be responsible, in 

such a case, to the grouping of the maser spots in W3(OH) at the two 

diametrical regions. 

If the bursts picture is valid the HII region is loosing mass 

(*) 
during bursts at the rate t 

M - m $ * 7«10~ M./yr (28) 
p e 0 

-2 
The mass of the ionized material in W3(0H) is 7*10 j* (Baldwin et al., 

© 

1973). Hence, unless the material is replenished by the central star 

(07 with 20H.), the main lines lifetime will K-..ve to be less than 

10 years if this picture holds. 

The two ideas presented provide different possible explanations 

and certainly not the only ones, to the origin of the electron streams 

required to invert the OH in the model. All in all it seems that 

(*) 

Ions were neglected in the considerations related to the inversion 

pump. The reason is that although for the same velocity ions cross 

section is similar to that for electrons, the asymmetry parameter is 

order 10 smaller. 
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Johnston's idea is providing an adequate explanation for the maser 

phenomena in HII/OH sources. This should therefore provide another 

incentive for more studies of the development of HII regions. 
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Appendix 

The interaction potential between OK and a structureless 

projectile can be expanded as: 

£=0 m,n=-£ 

where s is the internuclear axis vector with direction specified 

by the Euler angles (ifr,n#?) ; r the position vector of the 

projectile measured from the OH center of mass with direction angles 

(pf v). The excitation cross section is given by: 

°<«"W B i W - i r j * 6 ! f | 2 (a-2) 

where k (k ) is the momentum of the incoming (outgoing) particle. 
a p 

The scattering amplitude f is calculated in Born approximation: 

f = |- f dr exp(-i)t.r) <B,F ,MQ|v|a,F ,M > . (A.3) 
iiT j D P a a 

• * • - * • • * • 

k(-k -k ) is the momentum transfer and 6*6 »6„ will denote the 
6 a a 6 

angles between the pairs (k ,k ) , (k,k ) and (k,k_) respectively, 
a p a p 

Expanding exp(-ik«r) in spherical harmonics the cross section 

can be calculated in the usual manner. Denote by V (r) the 

to) 
matrix element of V (r,s) and by D ' the reduced matrix 

ftn * nmB 

elements of the D-matrices. The cross section is then given by: 
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c(a,Fo.MoiS,FB,Ms) *V l l l l 

V ,n' 

<- l> 1 + *" 

F„ J F ' 
B 0 

-M„ m H 
I B oj 

F t. F 
B a 

-M„ m H 
B <", 

(A.4) 

D - o"3*!* O f C°6<k)C°f , (k)* Y (e >Y., (8 )* dcose 
H;a6 n ' ,aB J tn 2 'n ' Im a 4 m a 

where: C, 2 « » • j *2 v£M v k r , d r • 

Note that m « m . 

W* now restrxct ourselves to potentials where only a single 

value of It (eq. A.2) is present. Define: 

' , n;oB n'laB In Jn" nfn 

then the cross section is proportional to the integral: 

1 

I' 

"-1 
oB 

CaB(k) t* (cose Jdcose 
in a 

(A.5) 

(A.6) 

Denote the value of the incoming momentum {k for an excitation 

process) by k then: 

<x + S/x) i x » k A <A.7> 

lti« cross section is finally proportional to: 

2(l-?/4) 

x* - ] c a B ( kox ' p L[r t x + £ »J*** 
5/2 

(A.8) 



For a deexcitation collision with incoming momentum k the 

cross section is proportional to I which is obtained from I 

by changing the sign of £ in the upper limit of the integral and 

in the argument of P 
Sm 

The difference between the cross sections, 

in lowest order in £ , is therefore proportional to: 

o8 Bo 
25 Ca6(k x) |- (P2„ (x/2» dx 

5/2 

2(1+5/4) 

2(1-5/4) 

C°B<k x) P2 (x/2) xdx 

o m 

(A.9) 

Integrating the first term by parts and taking the 5 + 0 limit in 

the second we finally obtain: 

'2 

oB Bet -25 *L<*> 
5/2 

— (CaB(k X)) dx + CoB(0) P2 (0) 
dx o £m 

(A.10) 

,.«B, C (k) is always a decreasing function of the momentum transfer 

and the integral in (A.10) is therefore always negative. If the second 

term vanishes, the upward cross section will therefore be larger than 

the dowanward one. The second term is proportional to: 

,i (2i+3n) : 
(-1)* 

2£i!(i+m)! 

0 

H-m ' 2i 

2-m " 2i+l 

(A.11) 

so when &-m is odd we get I „ > I„ 
at 8a 

In the case of the dipole-monopole interaction S. * 1 and for 

AM • 0 transitions the upward cross sections are therefore larger. 

we further have, in this case: 



34 

. 2 

, 2 
ca6(k) = i!s |_ < f l.12, 

where y - is the transition dipole moment, we therefore find: 

which is identical to the result derived by Johnston (1967). 
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Table I 

\ / 2 t J = V 2 ) 

\n (J -1/2' 
2T,1/2 (J - 3/2) 

\ / 2 < J " V 2 ) 

r<°*> 

120 

182 

270 

416 

S /v(10" 3 ) 

1 .74 

.82 

1 .68 

.75 

T 1 . 5 ( ° K > 

80 

121 

180 

277 
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Figure Captions 

Figure 1: Diagram of the rotation levels of OH that couple to the 

ground state. Scale at left is for the rotation 

energies (in K). A-doublet separations {in MHz) 

are listed between the components. 

Figure 2: Gains of the ma;n lines and 1612-MHz line as 

functions of OH density. The calculation is 

performed with the parameters listed in the text 

and T * 260°K . 
a 

Figure 3: Maximum gains of the main lines as functions of the 

dust temperature. 
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