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1. INTRODUCTION

In space, equilibrium conditions are extremely rare. As
a system is taken further and further from equilibrium, a
phenomenon responsible for its relaxation to an equilibrium
state becomes progressively more obvious. Nonequilibrium
conditions can be sustained for a fairly long time if there is
some external perturbation source. Among such objects are
galactic and extragalactic masers operating on OH, H,O,
SiO, H,CO, etc., molecules.

Megamasers are a vivid new phenomenon in space
physics. The isotropic luminosity of a molecular OH maser
(A =18 cm) in the main radio lines of the rotational ground
state J = 3/2°[1,,, observed from the peculiar galaxy IC
4553 (Arp 220),' is 107 times the luminosity of the “stan-
dard” galactic source W 3 (OH), whose luminosity is
L~10"°Le, (Lg =410 erg/s is the luminosity of the
sun). Hence the name “megamaser.” Several new OH mega-
masers have recently been observed from the galaxies NGC
3690, Mrk 231, and Mrk 273, and from certain IRASY
sources” at distances of 2-300 Mpc. Back in the 1970s, OH
maser radio emission was observed? in the main radio lines
of the ground state (1667 and 1665 MHz) from the galaxies
M382 and NGC 253. At the time they were called ‘“super-
masers,” since their isotropic luminosity was one or two or-
ders of magnitude greater than the luminosity of galactic
masers. The isotropic luminosity of megamasers, on the oth-
er hand, is L~ ( 10—103)L® at a redshift z~0.01-0.03 for
these galaxies.* The observed fluxes in the main OH radio
lines are several tens of millijanskys [ 1 jansky (Jy) = 10—2*
erg/(cm?-s-Hz)], and the velocity interval spanned in the
line is from 300 to 500 km/s (in the Seyfert galaxies Mrk 231
and Mrk 273 the corresponding figures are Av~760 and
1060 km/s, respectively?® ). A distinctive feature of OH me-
gamasers is that their emission is a broad-band emission at a
low gain (7,46, < 1, where 7 is the optical thickness).

The first extragalactic maser emission of H,O mole-
cules in the radio line 6,4 — 5,5 (4 = 1.35 cm) to be observed
was that from the galaxy M33 (Ref. 5). The most intense
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water-vapor masers which have been observed are from the
galaxies NGC 3079, NGC 4258, and NGC 1068 (Ref. 6),
with isotropic luminosities L ~ (10°-10°)L,. The typical
luminosity of galactic water-vapor sourcesis L ~ 10*L, (an
exceptional case is the source W 49, whose isotropic lumi-
nosity is ~ 1L, ), so the extragalactic H,O masers—which
are sometimes called even ‘“‘ultramasers’’—are also an ex-
tremely interesting phenomenon. An emission in the radio
line 1,,—1,; of H,CO molecules (1 =~6.2 cm) was recently
observed’ from the galaxy IC 4553, with a luminosity seven
orders of magnitude greater than the luminosities of the two
known galactic H,CO masers.

We will be discussing models of extragalactic mega-
masers below, but we will begin by taking a look at the basic
characteristics of the galactic masers. We will be discussing
only the OH-molecule megamasers in detail, since they are
the phenomenon which has been studied most thoroughly,
but we will also take a brief look at H,O and H,CO mega-
masers.

2. MASERS IN THE LOCAL GALAXY

The intense maser radiation in the radio lines of mole-
cules in the local galaxy is characterized by narrow lines
(Av~1-50 kHz) and high brightness temperatures
(T, ~10'-10'* K). In the laboratory, one would use a sys-
tem of mirrors to arrange repeated passage of the signal in
order to achieve a large amplification. Furthermore, ex-
tremely high-quality apparatus is required in order to
achieve a narrow band in the laboratory. These “‘complica-
tions” do not afflict cosmic masers, in which a large amplifi-
cation (by a factor up to 10'?) is achieved thanks to the long
distances involved (~10**~10'® cm). Under astrophysical
conditions there is no phase coherence, since there are no
high-quality systems; astronomical masers are thus broad-
band masers in principle, although in unsaturated operation
the bandwidth of the signal being amplified may be nar-
rowed by a factor of (7/In 2)'/% In the absence of phase
coherence of the maser radiation under astrophysical condi-
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tions, one can distinguish a coherence length

~ Qv
coh ~a—v/5;, (l)

which is proportional to the observed linewidth and which is
inversely proportional to the systematic change in the veloc-
ity in the active medium.

The 1965 discovery® of radiation in the main radio lines
of OH led the discoverers down a blind alley (the radiation
of a “mysterium”). Identification was delayed until the ob-
servation of all four of the radio lines® belonging to transi-
tions among levels of the hyperfine structure of the rota-
tional ground state of the hydroxyl molecule. It was not until
the angular dimensions were measured'® and found to be
very small, however, that it became really clear that a natu-
ral cosmic maser was at work here. In the mid-1950s
Townes, an American physicist, pointed out that the
6,6— 5,3 transition of the H,O molecule (4 ~ 1.35cm) might
be of interest for radio astronomy.''® Maser radiation on this
transition was indeed observed in the late 1960s (Ref. 11b;
back in 1949, Shklovskii'?> had predicted that it would be
possible in principle to observe radio lines of OH from clouds
in the interstellar medium). Maser radiation was subse-
quently observed from other molecules, e.g., CH, SiO,
CH,0H, H,CO, NH,, and HCN. In addition to having high
brightness temperatures, the maser radiation of some objects
is highly polarized (circular polarization in OH radio lines
and linear polarization in H,O and SiO radio lines), varies
over time, has small angular dimensions, and has a complex
spatial structure. Observation with an intercontinental in-
terferometer with a resolution ~ (300:107%)" revealed"®
that the masers surrounding newly formed stars consist of
hundreds of bright condensations 10'*~10'® ¢m in size, have
different velocities, and have equivalent blackbody tempera-
tures ~ 10'* K and higher.

A nonequilibrium emission arises between rotational
levels in heavy and light molecules and between hyperfine
levels of A-doubled rotational levels in light molecules. The
lifetimes of maser levels vary from 1 s in heavy molecules to
10'! s in light molecules, and the corresponding wavelengths
vary from 0.1 to 18 cm. Molecules which contain hydrogen
have high probabilities for spontaneous transitions between
rotational levels, so they can sustain a nonthermal popula-
tion of the latter levels at relatively high densities, i.e., at

A -1 403
—_— A

v ~ prmgor ~ 107—10° em™;

n<

where A is the spontaneous-transition probability, o is the
cross section for collisional excitation, and v is the thermal
velocity.

Intense maser radiation of molecules (7, ~10'°-10'¢
K) arises in the envelopes of massive young stars and in the
envelopes of IR stars (these are mostly giants and super-
giants of class M), in which the molecules which emit by a
maser mechanism are subject to an intense flux of IR radi-
ation. A weak maser emission of molecules occurs primarily
in clouds in the interstellar medium. The reader interested in
more details about masers in the local galaxy might look in
the reviews by Reid and Moran and by Elitzur.'
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3. SUMMARY OF THE CHARACTERISTICS OF GALAXIES
WITH OH-MOLECULE MEGAMASERS

Galaxies in which megamasers are observed are rich in
a molecular gas (M, ~4-10°-2-10'° M;) in comparison
with ordinary bright spirals and have a high IR luminosity
(L~10"-3-10"2 L, ). These galaxies are also distinguished
by an exceedingly intense burst of star formation (IC 4553,
NGC 3690), galactic nuclei exhibiting Seyfert properties
(Mrk 231, Mrk 273), and intense fluxes in the UV range.
The ratio of the IR luminosity to the UV luminosity is ~ 10—
80 for some of the galaxies which have been observed.* The
morphology of IRAS galaxies of high luminosity indicates,
as was pointed out in Ref. 15, that many of these galaxies are
coalesced or close contact pairs; this circumstance seems to
initiate bursts of star formation. For example, NGC 3690
and IC 4553 are interacting galaxies with a well-developed
sprial structure (galaxies of type Sc). Some of the observed
galaxies (IIT ZW 35, II ZW 96) are compact Zwicky galax-
ies, which are similar in physical nature to Markaryan galax-
ies,!” as was pointed out in Ref. 16. In general, all galaxies
with megamasers are structurally peculiar, and the intense
star formation in them is not by itself a sufficient condition
for maser emission.'® All these galaxies have an active nu-
cleus. It follows from observations taken with the VLA in-
strument'® that peculiar interacting spirals, like compact
galaxies, have a relatively high continuum radio flux. Fur-
thermore, as was mentioned in Ref. 20, a high correlation is
observed between the ratio and far-IR fluxes in many IRAS
galaxies. The optical emission of some of these galaxies (IC
4553) reveals dust bands and a disk-shaped structure. An
absorbing structure of atomic hydrogen has been found over
a wide radial-velocity interval in galaxies having mega-
masers>*; the width of this interval in the galaxy Mrk 273,
for example, is ~430 km/s. As we have already mentioned,
the distance to the megamaser galaxies ranges up to 300 Mpc
(this limit is imposed on the distance by the capabilities of
the IRAS satellite), if Hubble’s constant is Hy~75 km/
(s*Mpc).

The most interesting properties of these galaxies, how-
ever, are their IR characteristics. In the first place, galaxies
having a maser emission reveal a pronounced excess in the
IR emission at 25 and 60 um, which is not found in other
IRAS galaxies'® (see, for example, the IRAS review of active
galaxies and the study of the IRAS phenomenon in Refs. 21
and 22). Furthermore, these galaxies have an exceedingly
steep spectrum in the mid-IR region (Fys . /F 12 o >4.2)
and an unusually gently sloping spectrum in the far-IR re-
gion (F o0 um /F¢o um S 1.4). These features, combined with
the active nucleus and the extended regions of star forma-
tion, distinguish these galaxies from normal spirals. In gal-
axies with megamasers, the stars form either around the nu-
cleus or in the galactic disk,” over a length scale of 100-750
pc. Of the ten brightest IRAS galaxies with luminosities
L>10"L,, five are OH megamasers.”** The luminosity of
IRAS galaxies, 10'2L, , is comparable to the luminosity of a
quasar, suggesting an evolutionary relationship between
these objects. We might note that if bursts of star formation
were far more intense in the early epochs, one could not rule
out the possibility that megamasers or even gigamasers
might be observable from galaxies with a large redshift.?

In the local galaxy, a weak analog of the maser emission
of extragalactic OH molecules could probably be the anoma-
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lous emission of these molecules in the main radio lines from
dust clouds,” in which the kinetic temperature is ~ 10 K.

4. PRODUCTION OF OH MOLECULES, THEIR ABUNDANCE,
AND SPECTROSCOPIC FEATURES OF THE LOW-LYING
ROTATIONAL LEVELS

The reactions in which molecules are produced, partici-
pate, and are destroyed under astrophysical conditions are
quite different from the conditions which can be arranged in
the laboratory. The primary distinguishing features are the
low temperatures and densities. In clouds of interstellar me-
dium in the local galaxy, there are differences not only in the
temperature and density (7~ 10-100 K, n~10-10* cm—?)
but also in the radiation fields. While the effects of radiation
fields are significant in diffuse clouds, they can be ignored in
dense clouds. In dense clouds with n~10* cm ™3, cosmic
rays become important, initiating ion-molecule reactions. In
dust clouds with n~ 10° cm ™2 the radiation fields are weak
but not negligible. The primary gas-phase reactions in which
OH molecules are produced and which are characteristic of
diffuse clouds are the following:

% H,05 0H4+H,
3 0+ % o B 1,0+ B H,0" * )
— OH+H,,

Which of ihe reactions at the end of chain (2) is predomi-
nant is not known at this point (in a chemical modeling,
their probabilities are taken to be equal). In dense clouds,
with a low content of atomic hydrogen, the following reac-
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tions are important:

H; +H, — H; 4+-H, 3)

H; + 0— OH*4-H,.

The relative abundance of the OH radical ({ngy 1/
[ny, 1) varies with the density, the kinetic temperature, and
the concentration of metals in the clouds, from 4:107¢ to
2-1078, The relative abundance of OH is also influenced by
the ratio [C]/[O], the electron density, the proximity of
ionization sources, and the mass and evolutionary status of
the cloud, so it is not a trivial matter to derive theoretically
the molecular abundance in some cloud, even in the local
galaxy. In calculations of molecular abundance, a state of
static equilibrium is a good approximation only for diffuse
clouds, since their lifetimes are substantially greater than 10’
yr. In dense clouds, far from collapse, a quasistatic situation
is again possible. During a collapse, a quasistatic situation
cannot be reached since the free-fall time ¢z =4-10"/n;{* yr
is short, and a nonstatic approximation is used to calculate
molecular abundances in this case.?*® For further estimates,
we adopt a relative abundance ~ 10~¢ for the OH radical,
and we note that the primary mechanism for the production
of OH molecules in clouds with densities n < 10> cm 3 is the
photodissociation of H,O molecules, whose relative abun-
dance is**® ~107°-107".

Figure 1shows the scheme of low-lying rotational levels
of the OH molecule, which take an intermediate position
between Hund’s cases a and b in terms of the coupling of
angular momenta (in case a, the spin-orbit interaction is

* F1G. 1. Structure of the low-lying rotational lev-

+ els of the OH molecule. The A-doubling and the
I C hyperfine splitting are not drawn to scale.

53 um

79 um

oH
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strong, while the spin-rotation interaction is weak; case b is
just the opposite). We see from Fig. 1, where J is the total
angular momentum without the nuclear spin (I =1/2,
F=J+I), that the rotational levels consist of two bands,
F,(J)*I15,, and F,(J)?I1,,, in which the 2II,,, electronic
state lies at an energy higher than that of the 2I1, ,, electronic
state (an inverted fine structure). The symmetry of the elec-
tron wave functions under reflection in the plane of the axis
of the molecule determines the parity of the A-doubled rota-
tional levels ( 4 ). According to the established nomencla-
ture,?’ levels with parity + ( — 1)’ "2 are e levels of A-
doublets, while those with parity — ( — 1)’ /2 are f levels
of A-doublets. Furthermore, the same wave functions are
either symmetric or antisymmetric (7 = 1+ 1) under reflec-
tion in the.plane of rotation of the molecule. This symmetry
corresponds to a certain predominant orientation p# of the
electron cloud. An electron cloud for levels F,e and F, f'is
oriented predominantly in the plane of rotation; that for lev-
els F, fand F,e is perpendicular to this plane.?® Taking this
symmetry into account, we can write the wave function cor-
responding to the low-lying rotational levels in the form?*®

b = ¢y cos ¢ + dssin g, 4)

where ¢, and d; are J-dependent mixing factors, whose
squares are the probabilities that an unpaired p7 electron
cloud will be oriented perpendicular or parallel to the rota-
tion plane, and ¢ is the angle in the x, y plane, which is
perpendicular to the z axis (here the z axis is the axis of the
molecule and lies in the plane of rotation of the molecule).

5. POSSIBLE MECHANISMS FOR THE FORMATION OF A
POPULATION INVERSION IN OH MEGAMASERS; ENERGY
ESTIMATES

It follows from an analysis of the observational data
that a broad-emission in the main radio lines of OH mole-
cules from extragalactic sources is probably due to a slight
maser amplification (7= 1) by OH molecules of the radio
continuum of the disk and the nucleus. There is the possibil-
ity in principle of a model in which megamasers are the sum
of the maser radiation from 10°-107 separate young massive
stars, in whose envelopes OH masers of type W 3 (OH) are
“sitting.” That model seems a bit contrived since it would be
unlikely to have some 107 O stars in a common evolutionary
stage in a velocity interval ~300-500 km/s. Furthermore, it
follows from observations of the peculiar galaxy IC 4553
that the emission in the main radio lines of OH is extremely
extended.

The levels of OH molecules under the conditions pre-
vailing in clouds of the interstellar medium of any galaxy
might be inverted by UV or IR radiation. Let us examine this
possibility. Clouds in spiral galaxies form ring structures
with respect to the nucleus, and in the surface layers of these
structures photodissociation reactions could occur intense-
ly. Water molecules irradiated by UV radiation will undergo
dissociation. The photodissociation dynamics of H,O is not
simple, although the nature of the photofragments is known
for all wavelength regions of the radiation causing the disso-
ciation of the molecule.’® As was pointed out in Ref. 31,
about 80% of the H,O molecules will undergo dissociation
in accordance with the main primary reaction
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H,0 ({A,) + hv (1350 — 1900 A) - H,O (1B,)
—OH (X2)+ H (28). (5)

Photodissociation in the first absorption band occurs along
the well-determined®®® potential surface of the H,O mole-
cule and is acconipanied by the formation of an OH molecule
in the electronic state *II. A high degree of inversion of the
F, f levels of A-doublets in the II;,, band results from the
preservation of the spatial orientation of the electron cloud
during photodissociation; i.e., during the photodissociation,
the orientation of the 1b, orbital of the H,O molecule re-
mains parallel to the pm orbital of OH. This fact has been
confirmed experimentally in the photolysis of “cold” wa-
ter.?? Could conditions suitable for the photodissociation of
H,0 arise in the clouds of the disk of extragalactic sources?
How many UV photons would be required to explain the
energy scales of OH megamasers? Let us make a few assump-
tions in the way of a model. It is natural to assume that the
properties of the dust in IRAS galaxies (the extinction, the
albedo, the size, and the composition) differ only slightly
from the properties of the dust in the local galaxy, which are
generally not known very well. This is an important point,
since the dust absorbs and reradiates UV radiation. The mo-
lecular disk in bright sprial galaxies within <1 kpc of the
galactic center seems to consist of clouds which may be simi-
lar to the clouds in the local galaxy; the observational data
support this possibility, if only indirectly.?? If a megamaser
is to be realized, the photodissociation of the H,O must oc-
cur in one of the following settings: at the nucleus of a diffuse
cloud with n~2500 cm ™32 and T~22 K (Ref. 33a), in the
medium between condensations of a dust cloud with
n~3-10°cm ™2 and T~30 K (Ref. 33b), or in gigantic mo-
lecular clouds.?* To derive some qualitative estimates of the
extreme case, we assume that the values n~10° cm™? and
T~25 K prevail at the photodissociation surface of the mo-
lecular disk in a model cloud. The total number of “active”
OH molecules in a source with a luminosity L oy ~100L;,
must be
LOH

N= ~4-10% molecules |, (6)
WUV

where W v ~ 108 s~ ! is the probability for the interaction
of the H,O molecule with the UV radiation. In estimating
the probability, we took the flux to be three orders of magni-
tude greater than the average UV flux in the local galaxy.?*
Hence the total mass of the clouds with [ngy]/
[y, 1~107%is My ~7-10'°M,, if we assume that the ac-
tive OH molecules constitute 10% of the total number.

On the other hand, if we ignore the dust and use
L ou ~100L,, we find the rate of destruction of H,O mole-
cules to be (L oy /hv)my o ~10% g/s. Even with [ny o1/
[ny, 1 ~107%, the consumption of H, molecules in the pho-
todissociation process would be M 1, ~ 10*% g/s; in this case,
the entire mass of interstellar gas would be converted in a
timeofonlyt~My /My ~1.4:10%s,i.e.,47yr. Incorporat-
ing the dust not only leads to a screening of the molecules but
also has the further consequence that, in the case of H,0, an
ice cloud of dust particles could serve as the reservoir re-
quired to regenerate the water vapor, although this reservoir
would have an extremely brief life.>> One might get the
impression that there is a large margin here in terms of the
UV luminosity, since we have L oy ~3-10°* photons/s and
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L v ~5-10% photons/s in the case of the source Mrk 231,
for example. That impression is illusory, however, since the
operation of this mechanism would require “cold” H,0 mol-
ecules with T';, 25 K, and these molecules would neces-
sarily be screened by dust; the flux of UV photons to these
molecules would be substantially lower than that according
to the estimate Wy ~107%s~!. Although the length of the
active region of OH molecules in the photodissociation of
H,O molecules turns out to be acceptable [in the source Mrk
231, for example, we would have /~ 1.5-10'® cm at an un-
saturated gain exp(al/) ~2], this mechanism for the forma-
tion of an inversion in terms of rotational levels in the OH
molecule still could not be the primary mechanism. The
probability for an interaction of OH molecules with IR radi-
ation is five or six orders of magnitude higher than the prob-
ability for the interaction of H,O with UV radiation for any
reasonable geometry of the megamasers, even when we note
that the photodissociation process is of a broad-band nature,
AA~550 A (5). Observational confirmation that the photo-
dissociation mechanism for pumping is untenable comes
from the observation*® in the galaxy IC 4553 of absorption
in radio lines of the rotational state J = 5/2°Il;,, (A=5
cm); this absorption should not occur in the case of this
particular excitation mechanism.

The probability for the interaction of OH molecules
with IR radiation with A =35 um in the source Mrk 231, for
example, at a distance of 10 pc would be Wz ~ (F3s5,mA %/
4m2hv)A~0.007 s~ ' at Fy5 ,. ~5107% erg/cm’ and
A~0.017 s7!, so at low densities only IR radiation could
determine the level populations of OH, CH, H,CO, H,0,
etc., molecules. We note in passing that the probability for
collisions of molecules with H, or with H at T~25 K and
n~10% cm 2 in clouds is extremely low, i.e., many orders of
magnitude lower than the probability for their interaction
with IR radiation. Furthermore, absorption is also ob-
served® in radio lines of the state J = 1/2 (A=~ 6 cm); this
absorption should not occur in the case of a collisional exci-
tation of OH with H,.

We have a few preliminary comments regarding the IR
pumping of OH molecules. For amplification to be achieved
in the main radio lines, with AF =0, F' - F=2% .2~
(1667 MHz) and F'-=F=1" =1~ (1665 MHz), the IR
pump or any other pump would have to transport the popu-
lation from the F = 1—, 2~ hyperfine levels to the F= 17,
2" hyperfine levels (Fig. 1). For this to happen there must
be an effective suppression of competing processes.*” Com-
peting transitions can be suppressed, for example, as the re-
sult of an overlap of certain IR lines at a high kinetic tem-
perature in the cloud, T, ®500 K, or as a result of
microturbulence motions in the cloud.*® In other words,
some special conditions would have to prevail. For amplifi-
cation to occur in the radio lines of satellites, with
AF=+1, F'-F=2"-1— (1720 MHz) and
F'-F=1"22" (1612 MHz), which connect sublevels of
A-doublets with different total angular momenta, there
would be no need to suppress competing processes. All that
would be needed here is a redistribution of the population in
the sublevels of the same parity, i.e., transport of population
from the F = 2% sublevel to the F = 1" sublevel and from
the F = 2~ sublevel to the F = 1~ sublevel, for amplifica-
tion at the 1612-MHz radio line, or from the F = 1™ sublevel
to the F = 2% sublevel and from the F = 1~ sublevel to the
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F =27 level, for amplification at the 1720-MHz radio line.
These conditions can be satisfied easily after IR radiation
with 4=120 um (J=5/27%I;,-J=3/27Il;,) and
A=79um (J=1/2%1,,,—~J = 3/2%Il;,,) passes through
a certain optical thickness. This process was pointed out by
Litvak.>® It thus appears to us that the pumping mechanism
in megamasers would have to be a “common” mechanism,
because of the broad-band nature of the radiation here. One
mechanism which meets this requirement, for example, is
the mechanism of a redistribution of population correspond-
ing to transitions with AF = + 1. On the other hand, we
would have to incorporate in this mechanism at least a slight
suppression of competing processes, since main radio lines
with AF =0 are being amplified. This ‘“common” process
might be, for example, the asymmetry which was found in
Ref. 40 in the matrix elements of dipole transitions: J = 5/2,
F' & M,,,-J=3/2,F, &, (A=35u) and J = 3/2,
F', &', ,,,—~J=3/2,F, & *11;,, (=53 um). More pre-
cisely, we are talking about an asymmetry in the competing
transitions (for the transitionJ', F', £ '—J, F, £, acompeting
transitionisJ ', F’, — &' —=J, F, — £).This asymmetry is not
simply a small admixture in the transition probability be-
cause of a cubic dependence of the Einstein coefficient
A;j.peo e onthe frequency (the frequencies of IR mirror
transitions are different, because of a difference in A and in
the hyperfine splitting of the rotational levels J = 5/2 °I1 ,,
andJ = 3/2 *I1,,,; see also Fig. 1); it is due to an effect of the
electronic state 22~ (see the discussion in Ref. 37a). The
transitions with 4 =35 um have an inverting tendency for
the ground-state levels, and those with A =53 um have an
anti-inverting tendency, as was pointed out in Ref. 37a. The
degree of inversion depends on the relative intensity of the
IR radiation at A =53 um, i.e., on the steepness of the spec-
trum. Bujarrabel ez al.>”® found that the degree of inversion
in their calculations did not exceed a few percent, i.e., did not
exceed the degree of asymmetry of the Einstein coefficients:

Ih_y gI® ( vy )3 ~3.1072 (7

Wy g1 Vv g

accordingly, during the actual absorption of the photons at
A =35 um, which break up into lower-frequency photons in
cascade transitions among levels of the *I1,,, band to the
ground state (Fig. 1), a slight inversion of the A-doublet
J = 3/2 ?I1,,, of the OH molecule will always arise [the sur-
vival probability (@) of the photons with 4 =35 um is ex-
ceedingly low: @ ~0.05-0.005]. For an estimate we assume
An/noy ~1% and n~10>ecm =3, i.e., An~107° cm > with
[nou 1/[ny, 1 ~107° Good amplification in the radio line
at 1667 MHz, i.e., exp(al) ~2 in the unsaturated regime,
would thus require

22An (2F' +1) Ap._p

o= SrAv ~3-10" em~, (8)

where A.._ . is the probability for the spontaneous transition
2+ 527 =7.8-10"""'s7', and Av is the width of the maser
radio line, ~1.6-10° Hz~300 km/s. The value (a/) ~0.7 is
reached over a distance of 8 pc. The slope observed in the
spectrum in the mid-IR region from certain spiral galaxies is
opposite that which would be required (our preliminary cal-
culation with new IR frequencies*' has shown that the ap-
pearance of a level inversion in the ground state would re-
quire that the ratio Fs; . /F 35 . be <0.2). According to the
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IRAS data,'® in the galaxies Mrk 231, Mrk 273, Arp 220,
and IRAS 1708-0014 that ratiois F s, /F 12,,m »4.2; in oth-
er words, these inequalities are incompatible, although they
were found at different wavelengths (but not greatly differ-
ent). A point worth noting here is that the model IR spec-
trum of IRAS galaxies*? consists of a disk component, a
“starburst” component, and a Seyfert component. In turn,
the disk component of the IR spectrum consists of at least
two components: a warm component, associated with OB
stars and young star-forming complexes, and a cold compo-
nent, associated with a diffuse neutral interstellar medium.
Since the observed spectrum in the IRAS sources is integrat-
ed over the entire galaxy, at this point it is essentially impos-
sible to distinguish reliably the components of the IR spec-
trum (a better spatial resolution is required).

To conclude this section of the paper, we would like to
mention yet another mechanism, which was proposed in
Ref. 37b and which also involves the possibility of formation
of a slight inversion between upper sublevels of the ground
state, if the OH molecules are under conditions such that the
dust is fairly hot. The far-IR radiation of an optically thin
dust is characterized by the distribution®®

F(v) =14 (v) (" FTa— 1)1, (9)

where 7, (v) is the optical thickness of the dust, given by
Tq (v) = 74 (Vo) (v/vy)?; T4 is the temperature of the dust;
the exponent p lies in the interval 1.5<p<3.5 and depends on
the particular type of dust particles; and 4,~80 um. Since
the A splitting increases with increasing J (Fig. 1), IR tran-
sitions from upper sublevels of the ground state have a fre-
quency higher than that of IR transitions from lower sublev-
els. As was shown in Ref. 37b, the value of F(v + §), where 8
is the difference between the frequencies of the competing
transitions (8/v~1073), will be higher than the value of
F(v), so at a certain Ty there will be an inversion of the
upper sublevels with respect to the lower ones. In this mech-
anism, the inversion of the sublevels of the J = 3/2 ground
state is influenced primarily by the most probable transition,
J=5/2%,,,-J=3/27M;, (A=120 pm). The final
choice of an IR pumping mechanism has yet to be made.

6. H,0 and H.CO MEGAMASERS

Eleven extragalactic H,O masers and one extraga-
lactic maser in a radio line of H,CO, from the peculiar galaxy
IC 4553 (Ref. 7), have now been observed. The H,O masers
are observed in irregular, interacting or coalesced, Seyfert,
and decayed spiral galaxies. The nuclei of these galaxies are
active, and they have a high IR luminosity, but these condi-
tions by themselves are not sufficient since the galaxy M82,
for example, has a high IR luminosity and an active nucleus,
but we do not observe an intense H,O maser from it (the
luminosity of the galaxy M82is L ;; o ~1.5L, ). According-
ly, H,O masers with a luminosity Lo ~10°-5-10% L,
which are observed from such galaxies as NGC 3079, NGC
1068, NGC 4945, and NGC 4258, are probably short-lived
phenomena and thus exceedingly rare. Of the 36 “normal”
spirals with a luminosity L ~3-10'° L, only two have ex-
hibited an H,O maser. In both the galactic and extragalactic
H,O sources, there is a relationship Ly~ (1077
107%)L ;. (Refs. 44 and 45), and there are also similarities
in the IR color temperatures (high 60/100-um, 25/60-um
color temperatures and low 12/25-um color temperatures).
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The extragalactic H,O masers have velocities differing from
the centroid of the velocities of the mother gﬁil)ges; in, e.g.,
NGC 3079 the H,O structures are shifted — 140 km/s,
and in NGC 4258 the H,O structures are shifted by — 60
km/s, while the velocities of the OH structures agree with
the systematic velocities of the galaxies. The velocity inter-
val spanned by the H,O maser lines is very large (up to 700
km/s in the galaxy NGC 1068). In the local galaxy, the re-
cord in this contest is held by the most powerful source, W
49, for which the velocity interval spanned by H,O struc-
tures is ~ 500 km/s. It is pertinent to recall at this point that
a kinematic interpretation of this phenomenon is presently
regarded as most likely: Clouds are accelerated by a stellar
wind or by the radiation pressure of a central star, as first
suggested in Ref. 46. The similarity among the extragalactic
sources is not complete here, since the high-velocity struc-
tures in the galactic sources have intensities about two or-
ders of magnitude lower than those of the main structures.
The extragalactic H,O masers have a variability of a burst
nature*® (see Refs. 47 for more details regarding a burst in an
Ori galactic source). So far, the primary result of the obser-
vations has been the measurement on VLA of the size of the
H,O emission region; this size does not exceed 1.3 pc in the
galaxy NGC 4258 or 3.5 pc in NGC 1068 (these dimensions
may be significantly smaller*®). This fact forces us to reject
the suggestion that 100-500 sources similar to W 49 are con-
tributing to the observed luminosity, on the basis of the un-
acceptably high density of OB stars in the nuclei of these
galaxies.*® An upper limit on the density of OB stars in the
nuclei of the galaxies M82 and NGC 253 is <3 pc™?; the
density of OB stars in the disk of our own galaxy is ~10~*
pc ™ (see also Ref. 48). The absence of a significant number
of OB stars causes serious energy difficulties for the radi-
ation mechanism for the pumping*® of H,O, since the effi-
ciency of this mechanism has been greatly overestimated, as
was first pointed out by Strel’nitskii.*®* Since extragalactic
H,O masers have a huge luminosity (>10°' photons/s) and
a small size, in contrast with OH megamasers, they are prob-
ably working in a regime of saturated gain, in which the
intensity of the output emission does not depend on the in-
tensity at the input. Using the very simple estimate

L = hvn,AP-V (10)

of the luminosity of a maser in saturated operation, where n,
is the number of H,O molecules in the 6, upper signal level,
and APis the pumping rate, we can estimate the efficiency of
the process which creates the inversion. In order to explain a
luminosity L i o ~10>-5-10% L, the quantity n,AP would
have to be in the interval 6-10°-3-10* cm—3:s !, if the vol-
ume is, for example, ¥ ~4-10*° cm® and if the number of
maser structures is ~ 100 [the number of maser structures
has been chosen arbitrarily, as has the size of the H,O maser
condensation (~10'* ¢m)]. Collisional pumping mecha-
nisms®® which have been proposed to explain the extremely
powerful galactic H,O masers W 49, W 51, etc., in which a
two-temperature gas with 7, # T’y and a degree of ioniza-
tion ~107°-107° is required in order to create the inver-
sion, are capable in principle of explaining the observed
characteristics of extragalactic H,O masers. It seems to us
that the extragalactic H,O maser phenomenon is just as rich
and diverse as the galactic phenomenon, and in the less-pow-
erful sources, e.g., the galaxies M82 and IC10, a radiation
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pumping mechanism with photons with 4 =~ 6.3 zm must be
operating, as proposed in Ref. 49, since there are substantial
IR correlations** and a pronounced variability. Further-
more, as clouds collide with each other or with the surround-
ing envelope there might be a combination of radiation and
collisional excitation.>’ In a pumping of this sort, kinetic
energy of the moving clouds (“bullets”) would be converted
into internal energy of the gas, giving rise to a maser effect on
H,0 molecules (in general, however, this situation is short-
lived, as was pointed out in Ref. 51). An exceptionally im-
portant condition for reaching an understanding of the phys-
ics of extragalactic H,O masers is to measure the individual
sizes of the H,O structures. For extragalactic sources, this
can be done only by a composite space-ground interferome-
ter>? having a resolution <(100-107%)". Such an interfer-
ometer should be implemented in the QUASAT and Ra-
dioastron projects. A careful study of the kinematics of H,O
masers (involving measurements of the statistical and orbi-
tal parallax) can refine the value of Hubble’s constant.*? We
thus see that the only point that is clear about extragalactic
H,0 masers is that in certain active galactic nuclei thereis a
high rate of outflow of matter which forms into clouds, and
here the pumping condition n,AP~10* cm~3's~! can be
realized. Just what is feeding the phenomenon and just how
remote these conditions are from the conditions in the nu-
cleus of our own galaxy®? require further study.

The megamaser in the 1,,—1,, radio line of the H,CO
molecule (4 ~6.2. cm) which has been observed from the
galaxy IC 4553 has a velocity centroid and a linewidth
(Av~169 km/s) which are the same as those of the main
radio lines of OH at a luminosity Ly; ¢g ~12Lg (Ref. 7). So
far, this is the only example of an extragalactic maser involv-
ing the formaldehyde molecule, although absorption in the
1,0—1,, line has been observed from the galaxies NGC 3079,
NGC 253, NGC 4945, M82, etc. (see Ref. 7 and the bibliog-
raphy there). In the local galaxy, maser radiation in a radio
line of the H,CO molecule has been observed from only two
sources, with luminosities Ly oo ~1.1'107°Ly, (Sgr B2;
Ref. 54) and Ly o ~3.2:107° Ly (NGC 7538; Ref. 55).
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Like the OH megamasers, the extragalactic masers in the
H,CO radio line have an extended structure ( ~ 30 pc), so
their gain is extremely low: 7,41, ~1.5X1077% i,
exp(al) ~1.015. The pumping agent in the galactic H,CO
masers appears to be thermal emission (free-free transitions,
A=~2mm) from compact H II regions’; i.e., a purely radi-
ation pumping mechanism is operating under the condition
T3mm < 1. The physical reason for the pumping is that the
induced transition J = 2 -1 to the upper level of the /=1
state is faster than that to thelower level (Fig. 2). Since there
is no observable flux of a thermal continuum from the galaxy
IC 4553, Baan et al.” have carried out a model calculation for
the possible pumping of an H,CO maser by a nonthermal
continuum for various H,CO concentrations (the produc-
tion and concentration of H,CO molecules are discussed
briefly in Ref. 56). The optimum value found for the ratio of
the H,CO concentration to the velocity gradient in the medi-
um (a velocity gradient is required by virtue of the condition
Tamm < 1), at which the optical thickness in the 1,,—1,, ra-
dio line reaches a maximum’ (7,sqy, ~2:1072), is
[#u,co]/0v/z~107% As in the OH megamasers, the
H,CO molecules amplify the radio emission of the disk and
the nucleus.

CONCLUSION

From this (far from complete) picture of the phenome-
non of extragalactic megamasers we can draw some prelimi-
nary conclusions. The megamasers which operate on the OH
molecule and the megamaser which operates on the H,CO
molecule amplify the radio emission of the disk and nucleus
of certain IRAS galaxies. The OH megamasers are probably
pumped by IR light with A =35 um and 4 =20 um, and the
H,CO megamaser is most probably pumped by light at A =2
mm. Since these megamasers operate in an unsaturated re-
gime, we would expect that any variability in the nucleus or
disk would be amplified by a factor of exp(a,/), i.e., that it
would be possible to study the variability in the radio lines of
the molecules. Since these galaxies are remote, an entire gal-
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axy falls within the directional pattern of ground-based an-
tennas; this circumstance is reflected in the broad-band na-
ture and high power of the maser radio emission of these
galaxies, since the entire interstellar medium or a large part
of its disk is emitting.

It seems extremely likely that extragalactic maser radio
emission will be observed from the CO molecule in the radio
line F=0"-1% (3264 MHz) of the rotational ground state
J = 1/2, although the conditions for observing this emission
are fairly severe. With Ny, ~ 10" cm ™2 (N, is the density
of molecules along the line of sight), as was pointed out in
Ref. 57, a degree of inversion ~ 10% would occur in an in-
teraction of CH with IR light at A~ 150 ym at ny ~10°
cm™> and T~30-100 K. The value @/~ 1 in unsaturated
amplification is reached over a distance ~1 kpc if
[ncu ]/ [nen, ] ~107% An~10"%cm™?, and Av~ 300 km/
s.

Near the active nuclei of certain spiral galaxies with a

high rate of outflow of matter, probably only a collisional
mechanism could satisfy the pumping condition n,AP~ 10*
cm 2 s~ ! for an H,O maser. Clouds moving at a high veloc-
ity ( ~100 km/s) emit by a maser mechanism. The sizes of
the individual H,O clouds at a distance of several megapar-
secs or more from the earth could be measured only by a
composite space-ground interferometer with a resolution
< (100-107%)” in the future Radioastron and QUASAT ex-
periments. These experiments will make it possible not only
to cast light on the physical nature of H,O masers but also to
“peer into” active nuclei. Furthermore, a study of the kine-
matics of moving H,O structures will serve as a new method
for refining Hubble’s constant.
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PIRAS stands for “Infrared Astronomical Satellite.”
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