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Abstract New methanol maser lines at 7o — 63A~(86.6 GHz) and 75 — 63A1(86.9 GHz)
together with two candidate methanol maser lines at 7o — 8;A7(80.99 GHz) and 7, —
81AT(111.29GHz) have been detected in W3(OH). We use a pumping mechanism, i.e.,
methanol masers without population inversion, to explain the formation of weak methanol
masers of 7o — 81 AT and 75 — 8;A~. We explain well why the line-shape of the transition
75 — 81AT is not typical. A similar argument can be applied to the A-type level system
75A~,63A and 8;A, as well as to the 7o — 81 A~ 80.99 GHz masers.
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1 INTRODUCTION

Interstellar methanol molecular emissions were first seen in 1971 (Barrett et al. 1971), and it took several
years for their status as masers was established (Chui et al. 1974; Hills et al. 1975). To date, approximately
30 maser transitions of methanol have been observed. The methanol masers can be divided into two distinc-
tive classes (Batrla et al. 1987; Menten 1991). Class I methanol masers are typically well separated from
strong embedded stellar objects, ultra-compact HII (UC HII) regions and OH masers. Class II methanol
masers, on the other hand, are found in close association with massive star formation regions, making them
a useful signpost of such regions. In no case does a Class I methanol maser emit a Class II maser line, and
vice versa. Sobolev (1993) has proposed further subdivisions of these two main Classes.

There is considerable evidence that many of the class II methanol masers are located in the same regions
of space (Sutton et al. 2001). The physical parameters are generally consistent with those determined from
observations of massive star formation regions (Cragg et al. 2001). A star-forming region, W3(OH), at a
distance of about 2.2 kpc, is a prototype Class II methanol maser source: it contains an expanding UC-HII
region surrounding a young O7 star. Almost all known Class II maser lines have been found in W3(OH),
such as the strongest 6.7 and 12.2 GHz masers, and the relatively weaker ones at 29, 86 and 38 GHz, etc.
It has been shown that the Class II methanol maser phenomenon is very widespread. Detailed studies of
masers in various transitions will help understand their nature.

One of the major goals in the investigation of astrophysical masers is to better understand the maser
pumping mechanism, especially for the Class II methanol masers, but this topic is still under debate. To
search the physical characteristics of the masing material in the region W3(OH), Sutton et al. (2001) have
carried out additional masing transitions in W3(OH) with the BIMA 10-element interferometer. In their
paper, the transitions 7o—63A% at 86.9 and 86.6 GHz were observed and classified as Class I methanol
masers. Transitions 7o-87 AT at 111 and 81 GHz also were detected (Sutton et al. 2001) and found to have
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a pedestal line shape, indicating either quasi-thermal emission or a blend of weak maser features. Sutton
et al. (2001) demonstrated that these pedestal lines within the region W3(OH) are weak masers, arising
from material with physical characteristics similar to that giving rise to the stronger methanol masers.
Furthermore, these two sets of maser lines of 79—63A% and 75,-8; AT are basically coincident, but their
morphology are different. Their high excitation energy masing levels can provide powerful constraints on
the pumping mechanism.

In this paper we will use a pumping mechanism (see Imamoglu et al. 1991; Agarwal 1991; Liu et al.
1998, 2002a,b) for the interstellar 7 2—81 AT methanol masers, but without considering the origin of the 7 o—
63AT masers, because the mechanism can interpret well the formation and behavior of Class IT 7 —81AT
methanol masers.

2 THE PUMPING OF CLASS Il METHANOL 7,-8,A* MASERS
2.1 The Principle of Maser without Population Inversion

There has been considerable interest recently in the study of lasing without the requirement of population
inversion. Several schemes have been proposed. One is the A-type three-level system with coherent pumping
(Imamoglu et al. 1991; Agarwal 1991). As shown in Figure 1, a three-level system has levels of |a>, |b>
and |c> , each with energies 0, iw,p, and fiw,., respectively, v1 (72) is the spontaneous decay rate from
state |c> to state |a> (]b>), A\1(A2) is the incoherently pumping rate by thermal radiation. From Figure 1
there is no direct dipole coupling between states |[a> and |b>. The transition [b>—|c> with frequency w 1,
is driven by a strong coherent field of frequency wo with Rabi frequency 2G, we set Ay = wp. — wo and
G = Eq|pbc|m/h, where Esqq is the amplitude of strong coherent field, py. is the dipole transition matrix
element. A probe field with frequency w; (Rabi frequency 2g) is applied to the transition |a>—|c> with
frequency w,.. We also set A; = w,. — wiand both G and g to be positive for simplicity.

Ay A AA] B
I A
o /v o ©®, --thaser
1 )\,]

|
L%

Y1

Fig.1 A-type three-level system with coherent pumping.

Time-dependent equations for the particle density matrix in the rotating frame can be written as:

dpaa/dt = Y1Pcc — Alpaa + ig(pca - pac)a
dpbb/dt = Y2Pcc — )\QPbb + Z.G((pcb - pbc)7
dpcc/dt - _(71 + ’)/2)pcc + Alpaa + )\2pbb + Z(;'(pbc - pcb) + Z..g(pac - pca);

dpap/dt = —(A2 — 1Awa1)pab — 1GPac + 1gpcb, (D
dpac/dt - _(713 - iAwZBl)pac + Zg(pcc - paa) - Z'Gpabv
dpve/dt = —[v23 — i(Aws1 — Awa1)]pbe + 1G(pPec — Pbb) — 19Pbas

where A2 = (A1 +X2)/2, v13 = (Y2 + Aa+2M1 +71)/2, Y23 = (Y2+2A2+ A1 +71)/2, Awor = wap +wa—w1
and Aws31 = wWae—w1.

For simplicity, the time-dependent density matrix Equations (1) can be solved in the steady state, and
the imaginary component of the density matrix element p ,., for instance, can be described as (the higher
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order terms of g being negligibly tiny):

Im(pac) = (M2713 + Awz1 Aws1)gG [fG? (paa — pec) — av2pbb/2]/
[(G? + A2v13 — Awzi Awsy)? + (M2Awsy + Y13Aws1)?]ja, )

where we set f = (\; +72)/ 2,a=A3+ f2,d=f+71/2,5 =\ +71/2.
The time-dependent equation for the probe field amplitude E' ;o can be written as

dElo/dt = —kElo — 27Tiw1Npca X Pac, (3)

where k is the loss rate of propagation, N the number density of molecules, and p ., the matrix element of
dipole transition. If k is tiny enough, we can just consider the second component of Equation (3). Since the
imaginary component of the density matrix element p ., is positive, dE1g/dt >0 and then the probe field
E is amplified in the course of time.

Based on the quantum coherent effect, the spontaneous emission from the upper state |c> to the lower
state |a> will be restrained, while the stimulated emission is not affected significantly. Then, even if there
is no population inversion between the upper and lower levels, a net coherent light amplification —laser (or
maser) always exists. Thus, the strong coherent field acts as a trigger or a stimulant.

It is worth noting that Im(p,.)>0 is a basic requirement to produce amplification of the coherent ra-
diation. In order to explain the observed maser intensities in detail, large gain coefficients and appropriate
interstellar conditions regarding the gas density and coherent path length of maser region are needed.

2.2 The Relevant Level Structure of Methanol Molecule

Methanol is one of the simplest molecules displaying hindered internal rotation. It is also a slightly asym-
metric top, for the OH group does not lie on the principal molecular axis. As a general description, the
energy levels of the methanol molecule share the same quantum numbers but .JJ can be expanded into a
Taylor series in J(J + 1) (Ioli et al. 1995):

E(g,J) = Zam(@)[J(J + D" £ [(J + K)!/2(J = K)!][S(¢) + J(J + DT (q)], Q)

where ¢ stands for the conventional quantum numbers in the sequence, v, n, 7, K, with v standing for the
vibrational quantum number, n the torsional vibration quantum number, 7 may have the values 1, 2 and 3,
and arises from the threefold nature of the hindering potential. .J is the total angular momentum quantum
number, and the projection of K is along the internal axis. Since the frequencies corresponding to pure
vibrational modes are of the order of 1000cm ~!, only the ground level (v = 0) is of interest here. It is
worth pointing out that transitions may only occur between states belonging to the same symmetry species
— A or E. The term including S and T describes the asymmetry doubling, designated by + or —, and is
present only for levels belonging to A symmetry with small but nonzero K values. The sum in Equation (4)
can be truncated at m = 4, but m = 3 is sufficient in some cases and m = 5 is needed in other cases. In this
section we are only interested in the transition of 7 9—-63A¥ and 75—-81A%, v = 0, n = 0. The latest relevant
parameters can be found in Moruzzi et al. (2000).
The appropriate selection rules are:

4+ — 4+ and — — —, for AJ ==+1, An=0;
+ — —and — — 4+, for AJ=0, An=0.

Accordingly, level 7oA™ can transit to levels of 63A™and 8; A™. As shown in Figure 2, the three levels,
72A7T, 63AT and 8; AT, form a A-type three-level system. Similarly, 75A~, 63A~ and 8; A~ form another
A-type three-level system. Two A-type three-level systems with coherent pumping can generate masers
without the need of population inversion.

2.3 The Pumping of Class II 7,-8,; A" and 7,—-8; A~ Methanol Masers

In this section, we argue that the 7o—8; A" 111 GHz methanol masers are that without inversion driven
by the interstellar 7o—-63A" 86.9 GHz methanol masers, without considering the origin of the last. From
our result, the 7o-8;AT and 75—63A™ transitions share a same upper level, 7oA™ level and 7,-63AT at
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Fig.2 A set of A-type three-level system for methanol.

86.9 GHz line show maser emission. It would be reasonable to expect maser transition for 7 ,—8; A% at
111 GHz.

Sutton et al. (2001) have carried out a deep search of W3(OH) using the BIMA 10-element interferom-
eter. The phase center of the mapping observation is a(J2000) = 2127™03.87%, §(J2000) = 61°52/24.6",
the spatial resolution is of the order of 1.5"-2.5”, and the positional accuracy, of the order of 0”.1. Nine
transitions of methanol have been detected by Sutton et al. (2001). All the nine lines show a pedestal line
shape, and three of them, 75—63AT and 3;—-4¢A™, exhibit the “spike + pedestal” line shape. The latter three
transitions undoubtedly belong to maser emission. Furthermore, Sutton et al. (2001) have demonstrated that
the pedestal line-shape emissions, for instance 79-81AE, are weak maser action, and come from a blend of
maser features. The spike component of the transition 7,—63A™ is located 0.6” north and 0.2” west of the
center of our map. The peak is at vi,sg = —43.1km s~1. The transition 75—8; A" shows a pedestal line
shape with a peak at vp.sg = —43.2km s~!, and roughly coincides with the 7,—63A™ transition position
and velocity within the uncertainties.

According to the selection rules the levels, 75, 65 and 87 can constitute a A-type three level system,
which can produce masers without inversion. For the 7,-63AT 86.9 GHz maser emission, the peak flux
density in the spike component is 7.2Jy, and the total integrated flux is 11.2Jy km s ~1, corresponding to
3.253 x 106 Jy Hz. The distance from W3(OH) to the Earth, D = 2.2kpc, and the size of the source is
d ~ 0.1” ~ 5 x 10" cm (200 AU) at 2.2kpc. This is within the range presented by Slysh et al. (1999).
Therefore, the energy flux density of source region will be S = (3.253 x 10¢ x 10726 W m~2) x(D/d)? =
5.993 x 10~ W m~2 and the energy density in the maser source regionis w = S/c = 1.998 x 10 " Jm—3
(c the light speed). Then, we can calculate the electric field E though w = ¢¢(E?)/2 = goE3,/4 —
FEoy = (4w60)1/2 = 9.503 x 1072N C~ !, where Eq is amplitude of electric strength, e = 8.85 X
10~ 12C2N—'m~2 is dielectric constant. We assume py,. of CH30H~ 1 Debye (Xu et al. 1997a) and in
general the size of the central star 7 ~ 103 cm. With these parameters assumed or calculated, we have the
Rabi frequency G = 4.5252 x 103571,

According to quantum mechanics, the incoherently pumping rate by the thermal radiation is

A= B w(w) = A/lexp(—hw/kT) — 1], 5)

where w(w) is radiative energy density with frequency w (caused by dust). The radiation temperature of
dust can be estimated to be 175K (Sutton et al. 2001). The Einstein coefficient A of transition 7 —63A ™
is 6.540 x 10~7s~! (Pei et al. 1988), and the transition frequency 86.9029 GHz (Xu et al. 1997b). For
transition 7o—-81 AT, A=2.453 x 10~ %s~!, and w = 111.2896 GHz, for transition 7o—81 A ™. Thus, we have
A1 = 7.9067 x 107°s~! and Ay = 2.7087 x 10~°s~! from Equation (5), and then we have A1 =
5.3077 x 1079571, 13 = 1.4445 x 10~*s~! and yy3 = 1.2254 x 10~*s~!. In the case of resonance for
Equation (5), we can have f = 4.076 x 107°s™ 1, a = 1.661 x 107?572, d = 4.19866 x 10 °s~! and j =
8.02935 x 10~° s~ 1. With parameters calculated, one can obtain Im(p ) = 3.4695 x 10~ °gx[18.445(p,.—
Pec)-5.4315x 107161, 1/55.92. It is given that paa—pec > 0 and paa — Pec > Pob With paa — pec is far larger
than pp. Therefore, we derive Im(p,.) > 0 which introduces a coherent amplification between states |¢ >
and |a>. Levels of 75, 65 and 8] together constitute a typical three-level system with coherently pumping
and introduce masers without the need of inversion. The 7o — 8; AT 111.3 GHz maser is associated with
75 — 63AT 86.9 GHz maser.
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For Class II 7,—8; A~ methanol masers, the levels 7oA, 63A~ and 8; A~ constitute another A-type
three level system, driven by 7.—63A~ 86.6 GHz masers (same process as in Fig. 2). The Einstein coefficient
A of the transition 7o—63A~ is 5.476 x 10~7 s~ (Pei et al. 1988), and the transition frequency equals
86.6156 GHz (Xu et al. 1997b). For transition 75-8;A~, we have A = 9.454 x 107" s~ 1, the frequency
is 80.9933 GHz. These two maser transitions share a same upper level 79A~. According to Sutton (2001),
the peak flux density in the spike component of 72—63A~ masers is 6.7Jy, and the total integrated flux
is 11Jy km s—!, which corresponds to 3.1759x 10¢Jy Hz. The distance of W3(OH), D = 2.2kpc, and
a source size of d ~ 5x10'* cm. Therefore, the energy flux density of the source region will be S’ (the
calculation below is similar to Section 2.2, thus we mark the corresponding quantities by an apostrophe):

S = (3.1759 x 106 x 1072 Wm™?) x (D/d)? = 5.851 x 10" W m ™2,
W =5/c=1951x10""Jm™?,
E)y = (4w/eo)/? = 8818 x 107°NC L,
G' = 4.199 x 10?571,

N = 4.2047 x 107°s7 1

h = 2.2756 x 107751

1y = 3.24015 x 107 °s 7,

Vi3 = 541715 x 107 °s™

Yhy = 4.4526 x 1077571,

/= 212973 x 1079571,

a' = 45357 x 10719572,

d = 2177 x107°s7 1,

j = 4.25179 x 10~ °s~!

and
Im(pl.) = 7.3701 x 10~ "g[3.7551(pl, — phe) — 1.24187 x 107 16p{,1/5.9957 x 10™* > 0.

Also, the levels 7, , 65 and 8] together constitute a typical three-level system with coherently pumping
and result in masers without the need of population inversion.

3 DISCUSSION

Maser emission from interstellar methanol is observed toward many dense molecular cloud cores in regions
of massive star formation. The search for new methanol maser transitions is still in progress. Methanol
masers are observed in transitions between energy levels in different K ladders. The pumping mechanisms
of the two classes of methanol masers have not been well understood so far, though the collision mechanism
seems proper for the Class I sources (Walmsley et al. 1988). We note that for A-species levels of methanol,
the lowest level has quantum numbers of J = 1, K = 0. A strongly preferential process is AK = 0
for collision excitation (Lees et al. 1974), that can become the population inversion mechanism for J o —
(J — 1)1 A" masers, such as the 7o — 6;A™, 8p — 71A™, and 99 — 8 A" masers at 44, 95 and 146 GHz,
respectively. This mechanism also produces enhanced absorption in the 107 GHz of 3 1 « 49A™ transition
and 6.7GHz of 5; < 6gA™T transition toward Class I sources which is the character of Class I, but in
Class II masers the situation is reversed: the 3; —49AT and 5; — 69A™ transitions present strong maser
emissions toward Class II methanol sources. That cannot be explained at all by the collision mechanism.
We propose that the pumping mechanism and physical conditions of these two classes of methanol
masers in the region W3(OH) may be different from each other. In the W3(OH) region, radiative processes
are likely to be a main source of pumping energy for Class II methanol masers. In that region, the strong
thermal emission of the central star and dust will populate the excitation levels of the methanol molecule
and the 7o — 63A™ and 7o — 8;A™ masers are closely associated with each other. The levels 72A™T,
63A™ and 8; At constitute a typical three-level system with coherently pumping. Since the strong coherent
driving of 75 — 63A™ masers as a trigger, the transition 7o — 8; A" generates masers without inversion.
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Therefore, one can understand why the line-shape of the transition 7, — 8;A7 is not typical spiky. A
similar argument can be offered to the A-type level system 72A ™, 63 A~ and 8;A™, as well as the 7o—-8,; A~
80.99 GHz masers. Since for the various environments of maser forming regions, different mechanisms are
proposed to explain the masers in some detail, the nature of the pumping mechanism is still under debate.
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