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It is shown that the images, line profiles, and time evolution of different interstellar masing transi-
tions can be explained by the hypothesis that the population inversions giving birth to masers take
place in turbulent regions with extents that are orders of magnitude greater than the sizes of the maser
spots. It is shown that the images of methanol masers in the turbulent model persist within consider-
able time and do not prevent measurement of the annual parallaxes using data on the 12 GHz methanol
maser positions.

Introduction

It is well known that clusters of interstellar maser spots are observed in those parts of
star forming regions exposed to ionization and shock front propagation. The time behavior
and the spatial distribution of the maser emission show that chaos plays a crucial role in
these regions. The influence of turbulence on various features of astrophysical masers has
been explored in a number of previous investigations, including [1-4] and references
therein.

This paper considers the case when population inversions of maser levels exist in turbu-
lent regions with sizes which are orders of magnitude greater than those of related maser
“hot” spots. Indeed, analysis of multi-transitional observations of a masing molecule such as
methanol (CH;OH) shows that the sizes of the masing regions (i. e., regions where maser
emission forms due to the existence of population inversions) can be comparable to those of
associated molecular cores (see, e. g., [5, 6]). Although only weak masing is possible on
such large scales, there are indications that strong masers also form in rather extended re-
gions. Firstly, interferometric observations show that the strongest H,O and CH;OH maser
images have a “core - extended halo” structure [7, 8], OH and CH;OH masers form large-
scale filaments [9]. Secondly, absorption lines are detected that correspond to transitions
which are considerably overcooled only under conditions where the masing transitions are
strongly inverted [10]. One of these was observed with VLA [11].

1. Sizes of masing regions in W3(OH)

The BIMA interferometer was used to observe 24 methanol lines toward W3(OH) with spectral
resolution better than 1.2 km/s. This source is a prototypical class II methanol maser source. We de-
tected emission in new maser transitions toward it [3]. Analysis of these observations has brought con-
siderable improvement to the model of the masing region in front of W3(OH) and has predicted strong
absorption in 6 methanol lines with frequencies 84.52121, 85.56807, 94.54181, 95.16952, 105.06376,
and 109.15321 GHz. The profiles of these lines can be well fitted with a superposition of 2 gaussians
corresponding to common emitting and absorbing regions. Detailed analysis is currently underway,
but it is clear that the depths of the absorptions are in accord with the model predictions. Most impor-
tantly, the maps in these lines at the maser velocities are spatially anticorrelated with the maser emis-
sion. That means that the size of the masing region is about the total spread of the 6.7 GHz class II
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methanol maser spots. In the paper [10] it is shown that a comparison of the data and models for the
whole set of observed methanol lines at W3(OH) is in general agreement with the hypothesis that in
front of the ultracompact HII region (UCHII) are situated 2 methanol-rich regions: a rather hot metha-
nol emitting region with an angular size slightly exceeding that of the UCHII and a second region pro-
ducing the strong masers and absorptions. The latter has a size of a few arcseconds, which is about 3
orders of magnitude greater than that of individual maser hot spots and corresponds to the total extent
of the region where the strong class Il methanol masers are distributed. These observational data agree
with the hypothesis that the maser spots form due to irregularities in a relatively extended turbulent
region with a population inversion. These irregularities can be represented by correlations in the Dop-
pler velocities, inhomogeneities of other physical parameters or combinations of these quantities. This
turbulent nature leads to a chaotic distribution of the spots over the face of the region. Hence, the
spread of maser spots reflects the extent of the turbulent masing region. The sizes of the methanol
masing regions under this hypothesis have values from a few 10'® cm for the 6.7 GHz masers in
W3(OH) to a few 10'” cm for the 25 GHz methanol masers in OMC-1.

2. Images and variability of the 25 GHz methanol masers

Because of the exponential sensitivity of maser radiation to optical depth, it is likely that small ir-
regularities in the velocities of the gas play a role in selecting the Doppler velocities at which strong
maser emission is observed. In the paper [1] we described basic principles for the formation of maser
images and spectra in a medium with a turbulent velocity field. A comparison of smoothed images and
integrated spectra of the turbulent layer models has shown that velocity distributions that are some-
what steeper than the Kolmogorov power law reproduce the characteristic features of the observational
data on the 25 GHz methanol masers in OMC-1 obtained by Johnston et al. [12].

After that Johnston et al. [13] published images at high angular resolution along with information
on the time variability of the 25 GHz maser spots in OMC-1. In addition, a computer code for the cal-
culation of time variations in the turbulent velocity field became available to us (see [14]). This and
increased (though still modest) computing power allowed us to make calculations with better angular
resolution and to investigate the characteristics of particular maser spots [2]. These computations
demonstrated that the basic properties of the images of the 25 GHz methanol masers in OMC-1 can be
reproduced by a model consisting of a turbulent layer of gas. These properties include: 1) features
which appear to be single spots with a 3" beam are resolved into several spots in observations with a
0.07" beam; 2) maser images show significant changes with frequency even for cases when the fre-
quencies are separated by less than a thermal breadth; 3) the average sizes of the spots increase as the
spots become weaker, while the relation between the peak intensity and the size of the spot shows sub-
stantial scatter; and 4) maser hot spots are surrounded by extended regions which emit at frequencies
close to those of the associated spots. Time-dependent computations show that the evolution of the
turbulent velocity field can explain the observational fact that individual maser spots can vary on a
time scale of about a year, whereas the maser spectrum integrated over the entire masing region re-
mains relatively constant. The computations predict that changes in the integrated maser spectrum
might become detectable over about ten years. Thus, there is evidence that the observational properties
of the 25 GHz methanol masers in OMC-1 can be understood through a consideration of the turbulent
velocities alone. We do realize that variations in other physical quantities can be important for astro-
physical masers. However, the goal of our investigation is to see how well turbulent velocity field
alone can reproduce the observed characteristics for a class of masers where there is evidence that
variations in the other physical quantities are small.

3. Images and variability of the water masers

The existence of extended regions with spectral properties similar to those of nearby 25 GHz
methanol maser spots is reminiscent of the halos found around water maser spots [7] and around the
spots of the brightest class Il methanol masers [8]. The extended regions that appear in the above
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computations are considerably greater in size than these observed halos. A natural explanation for this
difference is in the much smaller amplification factors of the 25 GHz masers. An explanation in terms
of amplification factors is in agreement with the trend that the class II methanol maser halos are much
larger than those surrounding the much brighter water maser spots. In order to check whether halos
can form due to the turbulent velocity field, we performed calculations for a turbulent layer with char-
acteristics reproducing the general properties of water masers in W49A, as described in [15] and [16].
We found that the model with the turbulent spectrum b = 0.167, velocity dispersion 6,~ 5 v, and 1
corresponding to the brightest spot with 10'* K reproduces the following observational data: 1) spots
form clusters; 2) hot spot position can stay fixed or shift continuously with Doppler velocity; 3) halos
occur around numerous spots which have a wide range of peak fluxes; 4) spectra of the hot spots and
surrounding halos are often similar (see fig. 1); 5) fluxes of the spots vary on the timescale of weeks.

velocity (km/s) 0 0.04  0.16 0.36 0.64 1

Fig. 1. Image of the water maser spot in the turbulent model and spectra of the spot and its halo. Similarity of
the spectra is seen in the wide dynamic range

4. Variability of the images of the strong methanol masers due to the source rotation

It is well established that the strong masers display time variability. The reasons for variability of
the strong methanol masers were discussed in several papers (see, e. g., [17, 18]). Here we consider
how the rotation of the turbulent slab can change the image of the masing region. In order to do that
we considered images of the slab with dimensions 128x512x512 seen from the different viewing an-
gles. For W3(OH) which is about 2 kpc from us [19], has angular size of about 2 arcsec and has char-
acteristic proper motions of masers about 20 km/s [20] within 1 year the change of the viewing angle
of about 0.001 rad can be realized.

The main results of our calculations of the influence of the slab rotation on the images of maser re-
gion in the methanol maser line at 12 GHz are presented in Fig. 2. We find that the spots in our models
display noticeable changes with rotational angle of about 0.005 rad. Main patterns of the variability of
the images of the spot features are shown in Fig. 2: spot 1 shows positional shift; group of spots 2 —
increase of the spot size and appearance of additional spots; spot 3 — weak variability of extended fea-
ture; spot 4 shows an example of disappearance of the bright maser spot. As it was shown above this
changes are likely to be realized in the time period exceeding 5 years. So, the visual motions of maser
spots caused by the turbulent velocity field do not prevent measurement of the distances to the objects
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with the trigonometric parallax method used in [19, 20]. However, one has to be cautious using the
data with the difference of epochs exceeding 5 years.

Similar changes in the spot images of the 12 GHz methanol masers can be realized by the time evo-
lution of the turbulent velocity field but this requires greater periods of time.
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Fig. 2. Images are shown in the vicinity of the brightest spot for different viewing angles of the slab. The size of
an individual panel is 32%200. Panels show the evolution of the images with rotational angle. Relative intensity
in logarithmic scale is shown in grayscale. Changes in the images with rotational angle of the slab are seen (see
description in section 4)

Conclusion

This paper shows that the data on the images, spectral profiles and time evolution of the 25 GHz
methanol masers in OMC-1, class II methanol masers and non-maser methanol lines in W3(OH), and
water masers in W49A can be explained under the hypothesis that the masing parts of massive star
forming regions are represented by turbulent zones with sizes that are orders of magnitude greater than
those displayed by the maser spots. It is shown that changes of the methanol maser images in the tur-
bulent model are quite slow and do not prevent measurement of the distances by trigonometric paral-
lax method using data on the 12 GHz methanol masers.
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ported by NSF Grants AST 02-28953 and AST 99-88104.

References

. Sobolev A. M., Wallin B. K., Watson W. D. ApJ. 1998, vol. 498, p. 763.

. Sobolev A. M., Watson W. D., Okorokov V. A. ApJ. 2003, vol. 590, p. 333.

. Sutton E. C., Sobolev A. M., Ellingsen S. P. et al. ApJ. 2001, vol. 554, p. 173.
. Strelnitski V., Alexander J., Gezari S. et al. ApJ. 2002, vol. 581, p. 1180.

. Sobolev A. M. Astronomy Letters. 1993, vol. 19, p. 293.

. Slysh V. 1., Kalenskii S. V., Val'tts I. E. et al. ApJS. 1999, vol. 123, p. 515.

. Gwinn C. R. ApJ. 1994, vol. 431, p. L123.

. Minier V., Booth R. S., Conway J. E. A&A. 2002, vol. 383, p. 614.

. Harvey-Smith L., Cohen R. J. MNRAS 2005, vol. 356, p. 637.

10. Sobolev A. M., Sutton E. C., Cragg D. M. et al. Ap Space Sci. 2005, vol. 295, p. 189.
11. Wilson T. L., Johnston K. J., Mauersberger R. A&A. 1991, vol. 251, p. 220.
12. Johnston K. J., Gaume R. A., Stolovy S. et al. ApJ. 1992, vol. 385, p. 232.
13. Johnston K. J., Gaume R. A., Wilson T. L. et al. ApJ. 1997, vol. 490, p. 758.
14. Wallin B. K., Watson W. D., Wyld H. W. ApJ. 1999, vol. 517, p. 682.

O 001N LN B~ Wk —

Pagnodusuka u paguoactporomus, 2008, T. 13, Ne3 S79



A. M. Sobolev, E. C. Sutton, W. D. Watson, A. B. Ostrovskii, O. V. Shelemei

15. Gwinn C. R. ApJ. 1994, vol. 429, p. 253.

16. Walker R. C., Matsakis D. N., Garcia-Barreto J. A. ApJ. 1992, vol. 255, p. 128.

17. Goedhart S., Gaylard M.J., van der Walt D.J. MNRAS 2004, vol. 355, p. 553.

18. Sobolev A. M., Ostrovskii A. B., Kirsanova M. S., Shelemei O. V., Voronkov M. A., Malyshev A.
V. Proc. IAU. 2005, vol. 1, p. 174.

19. Xu Y., Reid M. J., Zheng X. W., Menten K. M. Science. 2006, vol. 311, p. 54.

20. Hachisuka K., Brunthaler A., Menten K. M., Reid M. J., Imai H., Hagiwara Y. ApJ. 2006,
vol. 645, p. 337.

Pa3mepbl Ma3epHbIX 00J1acTeli B pailoHax 00pa3oBaHMsi MACCUBHBIX 3B€3/1

A. M. Coboues, E. C. Carrton, B. /I. Yorcon, A. b. OcrpoBckuii, O. B. lllenemeii

[TokazaHo, 4T0 M300pakeHUsA, NTPOMOUITN JIMHUA W BpEMEHHAsT DBOJIIOIHS PA3IMIHBIX IIEPEXOI0B
MEX3BE3HBIX Ma3epOB MOTYT OBITH OOBSICHEHBI B paMKaxX THIIOTE3EI O TOM, YTO HHBEPCHUS HACCICHHO-
CTe, MPUBOAINAS K MOSIBIICHUIO Ma3epoOB, BO3HUKACT B TypOYJCHTHBIX paliOHaX C pa3Mepamu, mpe-
BBIIIAIONIMMH Pa3Mepbl Ma3ePHBIX MATEH HAa MOPSAKH BennduHbI. [loka3aHo Takxke, 4TO H300paKeHHS
METaHOJIbHBIX Ma3epoB B TYpOYJICHTHONW MOJIEIIH OCTAIOTCS HEM3MEHHBIMHU B TCUCHHUE TPOIOKHTEIh-
HOTO BPEMEHH, YTO MO3BOJISIET MIPOBOIUTH U3MEPEHHUS TOJAUYHBIX IMAPAIAKCOB IO TAHHBIM O TIOJIOXKe-
HUSIX METaHOJBHBIX MazepoB Ha 12 I'T'm.

Po3mip ma3epHux o0Jiacteil y pailoHaX YTBOPEHHS MACUBHHX 3ipoOK

A. M. Coboaes, E. C. Carron, B. JI. Yorcon, A. b. OcrpoBchkuii, O. B. llleaemeit

[ToxazaHo, mo 300pakeHHs, MPOdiTi JiHIA Ta YaCOBY €BOIIOIII0 PI3HUX MEPEXOIiB MIXK30PSIHUX
MasepiB MOYKHA TOSICHUTH B paMKaXx TIIIOTE3H PO Te, IO iHBEPCis HACEIIEHOCTEH, KOTpa MPU3BOIUTH
JI0 TIOSIBM Ma3epiB, BUHUKAE B TypOyJICHTHUX paiioHax 3 po3MipaMH BHUIIMMH 3a TaKi Ma3epHHUX IUISIM
Ha MOPSAAKH BeInyrHU. [TokazaHO TakoX, 110 300pakeHHs] METaHOJIBHUX Ma3epiB y TypOyJIeHTHIH Mo-
JIeITi 30CTal0TCsl HE3MIHHUMU TPOTSATOM JIOBTOTO 4acy, IO JT03BOJISIE BUMIPIOBATH PidHI Mapallakcy 3a
JTAHUMU TIPO PO3TAITyBAaHHS METAaHOJIBLHUX Ma3epiB Ha 12 ['T.
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