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ABSTRACT

The results of analyzing asymmetry in the H,O maser lines at 4 = 1.35 cm are presented. We investigated in detail the known
mechanism of the asymmetry origin due to the hyperfine structure of the 6,4 — 53 transition and different (not equidistant) positions
of the corresponding triplet components. The triplet of the lines is characterized by the sum of extinction factors that are continuously
transformed into a single-peaked asymmetric extinction coefficient, with the increase in the Doppler widths (characterizing by effective
Doppler velocity up). A noticeable asymmetry corresponds to up < 0.5—1 km s~!. For higher values of up the extinction factor
approaches a Gaussian shape with the decreasing magnitude of the profile asymmetry. An appreciable asymmetry in unsaturated
maser lines can only arise at up < 0.5 km s, if there are very narrow linewidths (Au ~ 0.2—0.4 km s~!). But observed saturated
masers possess a fairly high degree of the line asymmetry, 10—40%. Most probably, this asymmetry is a result of rebroadening of the

linewidth up to the value that is comparable to the width of the asymmetric extinction coefficient.
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1. Introduction

Long-term monitoring of the H,O maser emission sources at A =
1.35 cm in active star-forming regions has shown the existence
of separate lines (emission features) with various linewidths and
shapes. The linewidths of the emission from such single features
can be from 0.35 to 0.9 km s'. The linewidth is determined by
thermal and small-scale turbulent motions of H,O molecules in
a maser spot. The line shape is determined by possible super-
position of some components with similar radial velocities. In
the case of a single spectral line, which is emitted by a separate
feature, the line shape is basically approximated by the usual
Gaussian curve. The monitoring has shown that there are single
lines with non-Gaussian shapes, and these lines mostly have an
asymmetric shape.

Silant’ev et al. (2002) have shown that the line asymme-
try can arise in the propagation of radiation in the surrounding
medium with non-inverted populations of molecular energy lev-
els if this medium is moving with respect to a maser spot. If
the non-inverted layer moves toward the maser spot, the high-
frequency side of the maser spectral line is more intense than
the low-frequency side, and vice versa. This is not an “intrin-
sic” mechanism, because the asymmetry arises beyond the maser
“spot”.

Another “intrinsic” mechanism was proposed by
Varshalovich et al. (2006). It is based on the existence of
the hyperfine structure of the energy level corresponding to the
transition at A = 1.35 cm. In this mechanism the maser line con-
sists of three lines near the central frequency vy = 22.235 MHz
inside the frequency interval corresponding to radial velocities
Au =~ 1.02 km s~!. (The frequency shift is related to radial

velocity as Av = —uvy/c, where c is the velocity of light.) The
superposition of these three lines represents an asymmetric total
line if the Doppler widths of these lines overlap separations
between them. Meanwhile, Varshalovich et al. (2006) consider
only the thermal Doppler width.

The numerical calculations of the H,O maser intensities tak-
ing the hyperfine structure of the energy level into account have
been done in some papers (see, for example, Nedoluha & Watson
1986, 1991). The interesting short paper of Watson et al. (2002)
is devoted to discussion when the H,O maser line shape in satu-
rated regime is Gaussian. In contrast to these papers, we use here
the analytic expression for the H,O maser spectral line shape
derived in a recent paper by Varshalovich et al. (2006). This ex-
pression allows us to investigate the “intrinsic” mechanism of
the asymmetry in detail.

The goal of our paper is to find single asymmetric spec-
tral lines in the data of our longterm monitoring of various
H,O maser sources, analyze them and discuss whether the pos-
sible mechanism of the asymmetry is caused by the intrinsic
mechanism proposed by Varshalovich et al. (2006). In addition
to thermal motions of the molecules, we also take small-scale
turbulent motions into account.

2. Data presentation

We use the published results of the observations on the
RT-22 radio telescope RT—22 (Pushchino Radio Astronomical
Observatory, Russia) of the H,O maser emission from sources
associated with active star-forming regions (see, e.g., Lekht et al.
2002, 2004). We selected lines during fairly strong bursts when
the lines are not blended at a level higher than 0.05—-0.07 of the
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Fig. 1. a) The observed H,O maser line in G43.8—0.1 with the non-
Gaussian shape. Dotted lines represent a Gaussian fit.

peak intensity at the line center. In this case we hope that even
fairly weak asymmetry can in fact be detected.

For asymmetric line profiles, we analyzed the evolution of a
line; i.e., we studied the line shape throughout the active emis-
sion phase. This allowed us to exclude those cases of superposi-
tion of the emission features with closeby velocities. In Fig. la
we present the evolution for one of the flare components of the
H,0O maser spectrum in G43.8—0.1 during the five months cor-
responding to the period of the highest flare activity. This emis-
sion feature was chosen because it has the most typical line
width (~0.6 km s™!) and because it had been observed continu-
ously, over more than 15 years (Lekht 2000). The observed flux
was much greater than the fluxes of the nearest features, the ra-
dial velocity changes during these years in a very small interval
42.2-42.4 km s~'. The linewidth changes in the small interval
0.5-0.7 km s~!. At an unsaturated regime, when the flux in-
crease is accompanied by decrease in the linewidth, the line was
symmetric. At the saturated regime the maser line was asymmet-
ric, the left wing more slope than the right one. There was also
the correlation between the variations in flux and the linewidth
(see, e. g., Lekht 1994, 2000). Without doubt, we observed the
single feature, not a superposition of features. To the left, the ob-
servation dates are given, and similar line profiles are presented
for some other sources (see Figs. 1b—1Ic).

We have also normalized the profile amplitudes and shifted
the maxima to the zero velocity. The normalized profiles are
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Fig. 1. b) Same as in Fig. 1a, for the sources S128 and Sgr B2.
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Fig. 1. ¢) Same as in Fig. 1a, for the sources W75S and NGC 7538S.

shown for most profiles presented in Figs. la—1c. They are
given in Fig. 2 with bold curves. Thin lines on the profile’s left
sides denote the mirrored right side of the profiles to show the
asymmetry. The same was done for the left-hand profiles (not
presented in this paper). For the most part, such symmetrized
profiles can be satisfactory approximated by Gaussian curves.

Below we discuss a possible explanation of the asymme-
try by the mechanism of Varshalovich et al. (2006), starting
with the possible values for the line asymmetry caused by this
mechanism.
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Fig. 2. Normalized line profiles of various sources of the H,O maser
emission. Thin lines represent the mirror images of the right sides of the
lines. On the left the source names and observation dates are indicated.
On the right we give linewidth at the 0.5 level.

3. The asymmetry due to the hyperfine structure
of the H,O maser line

According to Varshalovich et al. (2006), an asymmetric H,O line
is more intense on the left (high-frequency) side. The lines of
this type most frequently show up in our observations (see Lekht
2000, 2002; and Lekht et al. 2004).

It is well known (see, Kukolich 1969; Deguchi & Watson
1986; Varshalovich et al. 2006) that the water-vapor molecule
can exist in the para and ortho states. In the para state the spins
of the hydrogen nuclei are antiparallel (/ = 0), while in the ortho
state they are parallel (/ = 1). In the ortho state the hyperfine
structure of the Jg,x. = 616 — 5o3 rotational transition (4 =
1.35 cm) is due to two processes: interaction of the total spin / =
1 with the internal magnetic field of the molecule and interaction
of the proton’s spins with each other.

As a result, the H,O line at A = 1.35 cm consists of three
components corresponding to the strongest lines of the hyper-
fine structure. Usually, instead of frequency v one uses corre-
sponding radial velocities u (v —vy = uvy/c) in radio astronomy.
The maximum radial-velocity separation between the hyperfine
triplet components is about 1.02 km s~!.
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Table 1. The values of radial velocities uy, corresponding to the maxi-
mum of the extinction coefficient ¢(u) (see Eq. (1)), and the values of
this factor at the maximum ¢,, = ¢(u,) for various effective Doppler
velocities up.

up, kms™ 0.5 1 1.5 2 25 3 4
—Up, kms™'[0.243 0.398 0.420 0.426 0.429 0.430 0.432
Om 0.613 0.850 0.928 0.958 0.973 0.981 0.989
A}, % 128 7.0 150 0.62 0.27 0.16 0.07

* Is the asymmetry of ¢(u) at the profile level 0.5.

Varshalovich et al. (2006) obtained the following analytic ex-
pression for the total profile function (the extinction coefficient
is proportional to this function):

2 2
ou) = aexp[—(u ua) +bexp[—(“ ub)]

up up

w—u.\

+c exp [— ( c) s (1)
Up

where a = 0.3919, b = 0.3302, ¢ = 0.2779 and u, = 0,
up, = —0.4458, u, = —1.0293 km s !; here, up is the effec-
tive Doppler velocity. This velocity describes the Doppler width

Avp = voup/c, and includes contributions from the thermal
velocity ulzh = 3kT/m and mean small-scale turbulent veloc-

ity ufurb = u*(r, 1) (see, e.g., Kaplan & Pikelner 1970): uzD =
2/ 3(ul2h + ufurb). The positions of the maximum of ¢(u), denoted
as Uy, and the maximum values of this function ¢, = ¢(uy,) are
listed in Table 1 for various values of parameter up. At up > 1
the value of u,, — 0.433 km s~L.

If the effective Doppler velocity up is lower than the sep-
aration between the triplet components, the extinction coeffi-
cient is the sum of three separate Gaussian expressions. But if
up is comparable to or greater than these separations (up >
0.35-0.5 km s™'), then formula (1) describes a single-peaked
curve with asymmetry relative to the vertical line drawn through
the curve maximum. The profile function ¢(u) is skewed towards
the blue (negative radial velocities). For convenience, we shifted
the maximum position uy, to the point u = 0.

To describe the asymmetry of the line profile, we introduce
the degree of asymmetry (see also Silant’ev et al. 2002):

Ay() = L) — gr(u) _ d(—u) — dp(u)
¢ Bmean(10) (B(—u) + p(u))/2°

where u = 0 henceforth corresponds to the maximum of the
profile function ¢(u); u < 0 corresponds to the left side (high
frequency) of the profile, and u > 0 to the right side. Remember
that Varshalovich et al. (2006) introduced a different definition
of the asymmetry coeflicient

©))

Es(u) = oL(u)/Pr(u). 3)
These parameters are related by the formula

_2-Ay(u)
Epu) = 25 Asw) (4)

According to Eq. (1), the blue side of the profile is higher than
the red one. Ultimately, Ay — +2 at u > 1 depending on the
inequalities uy, > ug or u; < ug. The values of Ay at the profile
half-maximum level are listed in Table 1. We see that the degree
of asymmetry A, quickly tends to zero with the increase in the
effective Doppler velocity up.
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Fig.3. The comparison of the normalized profiles ®(u) with the
Gaussian profiles @y(«) = exp[—(u/up)*] (dotted lines) for various val-
ues of the effective Doppler velocity up.

At up < 0.5—1 km s}, the shape of the extinction coeffi-
cient differs strongly from the Gaussian form. To consider this
difference in more detail, we introduce the normalized extinction
factor

Q(u) = $(u)/pms (5)

i.e.,® = 1 at u = 0. Sometimes it is convenient to use the dimen-
sionless frequency x = (v—vy)/Avp = u/up and to compare O(x)
with the usual normalized profile function exp(—x?) = ®¢(x).

The comparison of ®(u) with ®y(u) (see Fig. 3) shows that
the normalized profile function ®(u) — ®y(u) with the increase
in the effective Doppler velocity up. Simultaneously the degree
of asymmetry tends to zero. The inequality ®(u) > ®y(u) takes
place at all values of u. This inequality becomes stronger with
the recession from the line center. Figure 3 also shows that for
up > 2 kms~! the contribution of all three hyperfine structure
lines is virtually equivalent to the usual Gaussian profile function
of the H,O maser spectral line.

3.1. The line asymmetry by the radiation propagation
at the unsaturated regime

At the unsaturated regime, the propagation of radiation in a
medium with inverted population of energy levels the intensity
is described by the formula

I(w) = Iy e ®®, (©)

where 7 > 0 is the magnitude of optical depth at the line center.
Remember that u = 0 (x = 0) corresponds to the value u,, when
the extinction coefficient ¢(u) acquires the maximum value ¢,
(see Table 1). The value of Iy denotes some initial intensity (the
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“seed” intensity) at the beginning of the maser line formation
process.

The asymmetry in @(u) obviously gives rise to asymmetry in
intensity /(). To study the line shape we introduce normalized
intensity (below we use the dimensionless frequency x)

J(x) = I _ eT(@-D, (7)

max

Since ®(0) = 1, we set J(0) = 1.
Usually one uses the normalized intensity

Jo(x) = e, )

which corresponds to symmetric Gaussian profile function
Dp(x) = exp (-x2).

Normalized intensity with the Gaussian form @ (x) at large T
virtually coincides with the expression J(x) = exp (-tx%) , ie.,
as first mentioned by Strelnitsky (1982), has a Gaussian shape.
Below we present the analytic proof of this general statement.

For low values x = u/up < 1, this is evident from the power-
law expansion of the exponent function exp (—x%) ~ 1 — x> + ....

Jo(x) = e D & g7, )

Let us denote as J; the value of Jy(x) at arbitrary value x;. The
value J; occurs at

2 _ln(1+1n(J1))_) Iln(h)l’ .

Xlz
T

> 1. (10)

For Gaussian curve exp (—‘rx%), the value J; takes place at

2 = IOl an
T

Both expressions (10) and (11) coincide with one another for
large 7, when the inequality | In(J1)|/T < 1 holds. Thus, in the
middle of a profile (J; = 0.5) the x;-values are equal to 0.2680
and 0.2632 at 7 = 10 according to formulas for Jy(x) and
exp (—7x?), respectively.

From Egs. (10) and (11), it follows that the linewidth for
7 > 1 is proportional to 1/ 47 (see Goldreich & Kwan 1974;
and Strelnitskij 1982). Below we shall see that this also approx-
imately exists for normalized maser intensity (7), which does
not have a Gaussian shape. For high effective Doppler velocity
up > 1-2, the extinction coefficient ®(u) — exp (—u*/uf), and
the line shape also acquires the Gaussian form at large 7.

The degree of the line asymmetry is defined analogously to
expression (2) for Ag(u):

eT(@W-0w) _ |
et @Cu)-0w) ¢ |
2 tanh(27[D(—u) — O(u)]).

Ay(u) =

12)

For high values of 7, formula (12) yields the maximum value
Ay = 2, depending on whether I or Iy is greater.

In Table 2 we list the values of A; and the linewidths at
the profile half-maximum for various values of 7 and effective
Doppler velocities up. It is visible that the linewidths decrease
approximately as 1/ +/r. This means that the velocities u, corre-
sponding to this level, also decrease. For this reason the A, co-
efficient at the level J = 0.5 decreases with the increase in op-
tical lengths 7 because the asymmetry of the extinction factor
near the line center tends to zero. Of course, for the fixed value
of the velocity u, the increase in 7 gives rise to an increase in
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Table 2. The linewidths (Au)os, and the asymmetry degree (A,)os of
the unsaturated maser line after the propagation of optical length 7 (in
the center of a line) taken at the profile level 0.5.

T (Au)ys, kms™ (Ay)os, %
up = 0.5 1 2kms™! | up =0.5 1 2 kms™!

10 0.44 0.64 1.12 27 2.65 0.27
15 0.34 0.52 0.91 21 2.20 0.26
20 0.29 0.45 0.79 18 1.95 0.26
25 0.26 0.40 0.70 15 1.80 0.26
30 0.24 0.36 0.64 14 1.70 0.26
35 0.22 0.34 0.59 13 1.60 0.26
40 0.20 0.32 0.55 11 1.50 0.26

the asymmetry, so for the case of up = 1 kms™! at fixed value
x = 0.5, where Ag = 1%, we have the degrees of asymmetry
Ay = 10.5%, 16.5%, and 24.7% for v = 10, 20, and 30, re-
spectively. Evidently, the exponential, i.e. nonlinear, increase in
intensity (6) also increases the asymmetry of a maser line very
strongly.

3.2. The line asymmetry at saturate regime of the radiation
propagation

In the saturated regime, the radiation intensity I(x,7) obeys
the nonlinear transfer equation (see, for example, Litvak 1970;
Goldreich & Kwan 1974, Elitzur 1992; and Watson et al. 2002)
of the form

dI(x,7) _ O(x)I(x, 1)
dr 1+ bx)I(x, 1)

13)

where the term b [ describes the decrease in the number of in-
verted molecules due to stimulated emission. (It depends on
Einstein coefficient B,; and beaming angle AQ of maser radi-
ation.) For detailed explanations we refer to the cited references.
If b1 <« 1, we return to the unsaturated regime. For bl > 1,
we are in a linear amplification regime, where I o 7 ®(x). The
formal solution of Eq. (13) has the form (see Watson et al. 2002):
I(x, T) — IO e—b(x)](x,‘r) CT(D(X). (]4)
The saturated regime is initiated at the center of a line (x = 0)
where the intensity is greatest. For other frequencies, this regime
begins at larger 7. Watson et al. (2002) used Eq. (14) with the
Gaussian profile ®(x) = ®y(x) = exp(—x?) of the extinction
coefficient to investigate numerically when the line shape is
near the Gaussian form. In their case, the profile of maser line
is symmetric ab initio. They found that the line shape is near
Gaussian one if the pumping region has a very high temperature
of 900 < T < 3000 K. This result seems natural for such wide
linewidths of the extinction coefficient. The analytic investiga-
tion, like our approach in the previous subsection, for nonlinear
expression (14) does not exist.

We investigated the asymmetry A;(x,7) of the maser line
in the saturated regime using the nonlinear solution (14) with
asymmetric profile ®(x). The problem depends on parameters —
up, T and b. Besides, due to a nonlinearity of expression (14)
there exists the dependence on the value of initial intensity Ij.
The main result is that the degree of asymmetry in saturated
regime is greater (in many cases much greater) than in unsat-
urated one.
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The main reason for the increase in asymmetry is that, in
wings of the maser line, the saturated regime occurs at greater
optical depth 7 than in the center of a line. When in the center
(x = 0) the radiation increases linearly ~7 ®(x), in the wings
the radiation continues increase exponentially ~exp (7 ©(x)).
Besides, remember that the asymmetry of the profile ®(x) is
greater in the wings than near the center. This gives rise to large
increase in asymmetry in saturated regime. The same reason
gives rise to the line rebroadening (see Goldreich & Kwan 1974).

The nonlinearity of the saturation process gives rise to the
decrease in final asymmetry with the decrease in the “seed”
intensity Ip. The decrease of Iy moves the region of 7 when
saturation regime occurs to the outer boundary of the layer of
pumping region. As a result, the region of saturation regime di-
minishes, and the asymmetry lessens. Thus, for 7 = 10,0 =
0.001, and Iy = 1, 0.1, we obtained the value 77% in first case
for A, at the middle of a line (J = 0.5), and 46% in the sec-
ond one. The linewidths in these cases are 0.75 and 0.56 kms~!,
respectively. In the unsaturated regime, the asymmetry is 28%
and the linewidth 0.42 km s~!. In these cases we take up =
0.5 km s~!. These calculations show that the linewidth in the
saturated regime is greater than in the unsaturated one (the line
rebroaden effect). Note that if up = 1 kms™! the corresponding
degrees of asymmetry are A; = 5%, 3.7%, and 2.65%.

As a result, the saturation regime can produce fairly large
asymmetry as compared with the unsaturated one, especially for
up ~ 0.5. Because of very complex dependence of the asymme-
try on all the parameters, we restricted ourselves to these model
examples and their qualitative explanation.

4. Data analysis and discussion

We first discuss the explanation of the observed asymmetry in
the model unsaturated maser propagation. The results presented
in Fig. 2 demonstrate that the degree of asymmetry A; at the
level J = 0.5 can be fairly high, ~10-40%. In this case, the
linewidths Au are also large, ~0.5—1 km s~!. The estimations of
optical lengths 7 yield T ~ 30—-35 (see Strelnitskij 1982). Taking
into account that the observed lines narrow its widths during the
propagation as 1/ 4/7, we conclude that the effective Doppler ve-
locities have to be up > 2 km s™!.

Such high Doppler velocities cannot be accounted for by
thermal velocities. Indeed, maximum temperatures for which the
inverted medium for H,O molecules can exist are 600—1000 K
(see Varshalovich et al. 2006). These temperatures correspond
to the effective Doppler velocities ~0.75-0.95 km s~!. This
is far from the mentioned lower limit of 2 km s~!. The min-
imum required small-scale turbulent velocities are wuyy =
2.1-2.3 kmsL.

Table 2 demonstrates that, for the effective Doppler veloc-
ities up > 2 km s~!, the asymmetry of the lines is very low,
less than 0.25%. Such a low value is the consequence of the
fact that the shape of the extinction coefficient virtually coincides
with a symmetric Gaussian curve for these values of up. (From
Table 1 it is visible that asymmetry Ay at the level @ = 0.5 is
less than 0.6%.) This means that the observed asymmetry of the
maser lines presented in Fig. 2 cannot be explained directly by
the mechanism of Varshalovich et al. (2006). Nevertheless, this
mechanism can explain the line asymmetry in very narrow maser
lines, with widths Au ~ 0.2—0.4 km s~!, which correspond to ef-
fective Doppler velocities up < 0.5 (temperature 7 < 600 K).
Table 2 describes the results for an unsaturated maser.

Let us consider now the application of the mechanism
of Varshalovich et al. to saturated masers. According to
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Lekht (2000), the maser emission at 42.2 km s ~!' in G43.8-0.1
was observed in various states of the maser saturation. The spec-
tra presented in Fig. 1a refer to the period when the maser was
saturated or near this state. During this time the line shape was
asymmetric. During the periods corresponding to the unsatu-
rated regime (decreasing linewidth with increasing flux), the
line was symmetric. Another emission feature in this source at
38.2 km s~! was also observed during its strong burst as a sym-
metric line with a decrease in the linewidth corresponding to an
increase in the flux density. Thus, we see that the observed line
is asymmetric when the maser is near the saturated regime.

In the saturated regime, the rebroadening of the maser line
occurs, and the line can acquire the width equal to the width of
the extinction profile ®(u) (see Goldreich & Kwan 1974). In this
case the proportionality Au o 1/ 4/t does not take place, and we
are not restricted by the condition that the width of profile func-
tion has to be more than the observed linewidth. This case can
occur when these widths have the same order of magnitude, in
particular, corresponding to up ~ 0.5 km s~'. We know that the
case up ~ 0.5 km s™! corresponds to high values of the profile
asymmetry. Our high values of the line asymmetry ~40% can
easily be explained in this case. Moreover, that the masers with
fairly high asymmetry occurs rarely can be explained that such
coincidences of widths are rare, indeed.

The asymmetry increases if in the inverted medium there ex-
ists a small radial-velocity gradient. Calculations show that this
additional increase is not large: say, instead of 27%, we can ob-
tain 30%. A large gradient destroys the maser line shape and
does not allow us to obtain a large amplification of the emission.

Finally, we treat another explanation of the line asymme-
try by a non-intrinsic mechanism as proposed and discussed
in detail by Silant’ev et al. (2002) (see also the Introduction).
According to this simple mechanism, an asymmetry degree of
10—-40% can be explained by the existence of a layer of non-
inverted molecules with an optical depth at the line center on
the order of 2—5. There exists a relative line-of-sight velocity
between the layer and the maser “spot”. The main problem in
this explanation is whether such a moving layer of non-inverted
molecules exists or not.

For unsaturated masers, right-hand asymmetry can only be
produced by the non-intrinsic mechanism. But the left-hand
asymmetry can be produced by both mechanisms, and we can
hardly distinguish between them in this case.

5. Summary

We have reported the main results of the analysis of the
H,0 maser line asymmetry. We have studied in detail the known
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mechanism of the origin of the line shape asymmetry due to the
existence of the hyperfine structure of the 6;¢ — 53 transition
and to different (not equidistant) positions of the corresponding
triplet components.

1. The triplet of the lines is characterized by the sum of the ex-
tinction factors that are continuously transformed to a single-
peaked asymmetric extinction coefficient with the increase in
the effective Doppler velocity up.

2. The noticeable asymmetry in an unsaturated maser line can
only arise at up < 0.5 km s~! for masers with very small
linewidths ~0.2-0.4 km s,

3. We found that our observed unsaturated maser lines have no
asymmetry, and saturated ones possess a fairly high degree
of the line asymmetry, 10-40%.

4. Most probably the large asymmetry of saturated masers oc-
curs when the rebroadening of the linewidth give rise to
the value comparable to the width of profile function with
up ~ 0.5 km s~!. This explains why the masers with large
asymmetry are rare.
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