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Abstract. We report observations with the VLA of 22 GHzfiguration (e.g Johnston etal. 1985). Other,® maser lines
H,O maser emission in the circumstellar envelopes of Hbwn to submillimeter wavelengths have been also detected
late-type stars. We model the maser emission towards six(efg. Menten & Young 1995).
them (IRC +60169, R Crt, U Her, RXBoo, RLMi, and RCas) Chapman & Cohen (1986) concluded from their study of
with a computer program we have developed, that fits thrabe supergiant VX Sgr that the SiO;8, and OH masers form
dimensional Gaussian sources (in position and velocity) to taeatural sequence at increasing radii from the star. Several au-
measured intensity distribution. This approach to the probldhors have found that, in a few objects, thgdHmaser emission
is superior to the standard procedure of fitting two-dimensional consistent with the expanding shell models (Spencer etal.
Gaussian models to images for each frequency channel, antbit9; Lane etal. 1987 on IK Tau; Diamond etal. 1987). This
is shown to be a powerful method of identifying blended and/@ras also reported by Reid & Menten (1990), who were able to
weak maser features. detect as well the photosphere of W Hya, providing the stellar

As a result, we find that the D maser emission is locatedradius and, for the first time, could locate the circumstellar maser
in a thin shell expanding from the star in four cases, despitearhission with respect to the central star. Nevertheless, in other
the fact that the emission is clumpy and the shells appear incasbjects there is evidence of non-spherical geometric distribu-
plete. Moreover, our maps indicate that th&Hmaser emission tions, where the standard expanding shell model fails to fit the
comes from inner parts of the circumstellar envelope, which aigO maser data (Johnston etal. 1985; Lane etal. 1987; Bowers
comparable in extent to the regions in which dust grains foretal. 1993; Bowers & Johnston 1994; Yates & Cohen 1994).
and in which the expanding envelope has not reached its ter@areful mapping of the position and velocity of the individual
nal velocity. maser features is necessary to illuminate this point, and new

Our analysis also provides the spectral linewidth of ea@pproaches of data analysis are needed particularly for studies
maser feature, which contains information about the physiegith instruments of moderate angular resolution like the VLA.
conditions in the emitting region. In particular, it provides atool It is also important to know whether the extent of the mas-
to discriminate whether or not these masers are saturated asiffgrregion increases with mass-loss rate, as this is predicted
unsaturated masers, theory predicts that a correlation betwbgmodel pumping calculations (Cooke & Elitzur 1985). Water
the strongest features and the narrowest linewidths should exisaser regions have been reported to show sizes in the range
This behaviour is found in at least U Her, RX Boo, and R Casl0'* c¢cm (or 6 AU; Spencer etal. 1979) to more theii® cm

(~ 1000 AU; Johnston etal. 1985; Yates & Cohen 1994). Lane

Key words: masers — techniques: interferometric — stars: cietal. (1987) find that KO masers in Mira-type stars are pro-
cumstellar matter — stars: late-type duced within regions of diamat® - 108 AU, while for super-
giant stars maser shell diameters of 300 - 720 AU are observed.
These results are consistent with those of Bowers etal. (1993).
An empirical correlation betweenJ® maser region size and
mass-loss rate has been found by Lane etal. (1987) and Yates
Interstellar and circumstellar maser emission from the wat&rCohen (1994).
molecule has been detected in a large number of objects (cat-Most of the mentioned studies, however cannot provide in-
aloged by Cesaroni etal. 1988; Brand etal. 1994). The mdgtmation on the sizes of individual spots due to lack of angular
extensively studied KD masers are th&s — 593 transitions resolution (the VLA is unable to resolve the spots, as its mini-
at\ = 1.35 cm (22 GHz), frequently found in the circumstelsnum fringe spacing i8”07). Spots were reported to be of the
lar envelopes produced by mass loss from evolved stars. Eatgler of 10** cm from VLBI data (Spencer etal. 1979; Dia-
VLBI observations were done by Spencer etal. (1979); manyond etal. 1987), however recent VLBI observations estimate
later studies have used the Very Large Array (VLA) in A conthat compact structures almost an order of magnitude smaller

(e.g ~ 3 10'2 cm; Imai etal. 1997) exist.
Send offprint requests toFrancisco Colomer (colomer@oan.es;

http://www.oan.es/)

1. Introduction
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An interesting problem that remains to be solved is to estalheref,, ; represents the synthesized beam (FWHM) in right
lish where the HO masers appear in the expanding circumstedscension or declination, respectivedy~ 1.5 is a digital pro-
lar envelope. The existing data suggest that the distance froessing factofT, is the geometric mean of the antenna system
the star at which these masers arise is smaller than the distarogperatures in Janskyd, is the number of participating tele-
at which dust is formed (measured by infrared interferometesgopesr the integration timeAv the channel bandwidth, arid
or by the thermal emission of SiO). This can be explained if thiee fitted Gaussian flux. The cumulative redugédalue for all
density is large enough inside the dust formation point, and ittfee Gaussian fits was close to unity, confirming the consistency
compatible with the moderate velocities seen in these masetd.the Gaussian fitting procedure, that had been already tested

on VX Sgr by Greenhill etal. (1995).

2. Observations

The observations were performed on 1990 June 2 and 3, withpgResults for the individual sources

antennas of the Very Large ArfVLA) in A configuration, e will discuss the results obtained for 6 late-type stars, selected
providing a minimum fringe spacing &f’07 at the frequency among our sample of sources because the other ones turned out
of theJ = 616 — 523 Mmaser transition of the water moleculgg pe too weak or appeared unresolved (seeSgtt. 4.7). The spa-
(rest frequency22235.080 MHz). A total of 11 late-type stars tig| distribution of H,O maser emission has been modelled as
were observed in snapshot mode (one or more scans per SOgrgRel| around the central star for 5 of them, whose character-
of 4.5 minutes duration), together with continuum calibratiogstics are listed in Tablgl 1. The distances to these sources have
sources. Good u-v coverage was obtained for all sources despégn derived from the Period-Luminosity relation of Feast et al.
of the short duration of the observations thanks to the VLA 3Q9989), using the K-magnitude values in Gezari etal. (1987).
instantaneous baselines. The VLA correlator setup provided i procedure has been demonstrated to be precise by Reid &
spectral channels cross-correlation spectra every 30 SecoRgisnten (1997). Mass-loss rates have been calculated using the

The total bandwidth covered wasl 25 MHz (or 42.2 km s'), method and CO intensities in Loup etal. (1993), rescaling their
resulting in a spectral resolution 633 kms!. values to the adopted distances.

3. Data analysis 4.1. RCrt

We have used the NRAO Astronomical Image Processing Sy$re star R Crt is known to show maser emission by the SiO,
tem (AIPS) in every step of the data reduction procedure. Ab39;0, and OH molecules. Being a semi-regular variable, it is not
lute amplitude calibration was attained by observing the quagsar what its intrinsic luminosity is, and its distance can only
0501 — 019 (with total flux assumed to b&36 Jy from a pre- pe crudely estimated. We assume R Crt is an overtone pulsator,
vious experiment) over a wide range of elevations. The calng addopt a distance of 186 pc in our discussion.
ibration solutions (amplitude and phase) were applied to the Gjven the complex frequency spectrum of R Crt (seelBig. 1),
H>O maser sources. A spectral channel with good signal-{pgas not easy to choose a good frequency channel to be used as
noise ratio (SNR) displaying little or no amplitude variatiophase-reference. We selected the intensity pebk &t km s
with changing baseline length (so, likely to be unresolved aggq extracted it from the database, proceeding to self-calibrate
isolated) was selected to be used as a phase-reference for gasRmission as described above. The resulting u-v database was
source. Self-calibration techniques, coded into AIPS, were usede ANed and mapped, producing a 128x128 pixels map with
to obtain complex gain corrections. 0”01x0701 pixel spacing. A Gaussian beam @f135x07095

We produced maps of the-® maser data, and processefippw at a position angle af2° was obtained for uniform
them with the 3D Gaussian fitting computer program “FG3yeighting. The whole database was mapped using a circular
(see the appendix at the end of this paper). This program hastoring beam 06”10 HPBW. Only channels in the velocity
been developed for the inspection and analysis of spectral I}gﬁge 0f2.4 t0 20.1 kms~! had emission. Then, we used the
data cubes. The obtained CLEAN components were inspectg@l,Gaussian fitting program to find true maser components. The
and the initial guesses for “FG3" were checked against themesylts are listed in Tabfé 2, and the equivalent map is shown in

We have used our 3D Gaussian fitting program to seargly [3. The area of the circles is proportional to the spot intensity.
for the sources responsible for the® maser emission in the The individual maser features are spatially unresolved in our
envelopes of these late-type stars. The fitted position esQss gpservations.
are in agreement with the statistical prediction of those errors The terminal velocity of the R Crtenvelope is estimated to be
based on the SNR, 11kms! from CO observations by Zuckerman & Dyck (1986).

B Tyys 0.5 The CO radius i$.6 10'® cm, and the star has a mass-loss rate

1
AN -D 2 T (1) of 5.5 1077 Mulyr (rescaling the values in Loup etal. 1993 to
the adopted distance). Dickinson etal. (1986) studied the OH

! The National Radio Astronomy Observatory is operated by Assoéflaser emission, which shows components at about 10kms
ated Universities, Inc., under cooperative agreement with the Natiodle stellar velocity), as well as intense blue emission around
Science Foundation. 2 kms!, and red emission in the range 16— 22 km,avhich

0'04’5 ~
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Fig. 1. Averaged cross-spectrum of the ® maser emission, respectively, in R Crt, U Her, IRC +60169, RX Boo, R Cas, and R LMi (from left

to right, and top to bottom).

suggests an expansion velocity-ofl0 km s~1. The overall dis- the implications of this correlation, that helps to discriminate if
tribution of H,O maser emission shown by Bowers & Johnstaihe masers are saturated. However, for R Crt it is not possible to
(1994), indicating a complex T-shaped morphology, is similairaw any strong conclusions from Higy. 3.
to ours, shown in Fig]2. We have tried to fit the ® maser
spot velocities versus distance to the centroid of emission,4a§_ U Her

(—07023, —07065) (very close to the midpoint between the
lowest velocity feature, &8.8 kms™!, and the highest veloc- The results for the Mira-type star U Her, whose spectrum is
ity feature, at19.1 kms™1), assuming a systemic velocity ofshown in FiglL, are displayed in Figs$. 4 amd 5. We find both sim-
10.8 kms~!, and an expansion velocity of 8 km's We have ilarities and differences between our results and those of Bowers
found a solution for a shell radius 6f082, or ~ 2.3 10'* cm & Johnston (1994). We find the® maser features spread in
at a distance of 186 pc. velocity along).5 km s~1, in contrast to their wider6.8 km s~1

The relation between the intensity fitted for each maser fézand. However, some of the strongest spectral features they ob-
ture and its linewidth is shown in Figl. 3. We discuss in $ect. 5s2rved appear at velocities where we also see emissiof[Fig. 1).
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Table 1. Characteristics of the $#0 maser sources discussed in 9éct. 4

Source IRC +60169 RCrt RXBoo U Her R Cas

a (2000.0) 06343488 110034.01 1424 11.58 162547.60 2358 24.40
4 (2000.0) 6056 33.19 —181929.29 2542 16.03 185333.00 512318.00

VLSR -20 10.8 1 -15 24
Vbandpass -26 6 3 -16 26
Spectral type M8.5 M7 M6.5e-M8llle M5e-M8e  M6e-M10e
Var. type OH/IR SRb SRb M M
ap - 160 340: 405 430
PMy, - -6.38 -7.77 -8.04 -8.13
‘my, - -1.3 -2.0 -0.3 -1.8
D 690 186 141 347 184
°M 4.90 0.55 0.56 0.52 1.01
"Vterminal 19.7 11 10 6 12
&¢Masers SHO SHO SH SHO SHO

# Period of the variable star in days.

b K-magnitude as obtained from the P-L relation of Feast etal. (1989).

¢ Apparent K-magnitude, from Gezari etal. (1987).

4 Distance in parsec, calculated from the definitiop — M}, = 5log D — 5, except for IRC +60169 (see details in SELt. 4).
© Mass loss rate in I Mg /yr. Rescaled from Loup etal. (1993), assuming the source distances doted

f Terminal velocity, in kms?.

& Molecules with detected maser emission (SiO coded as “8Q bk “H", and OH as “O").
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Fig. 3. Fitted maser linewidth versus fitted intensity, for R Crt.

-0.15

outer radius of 70 mas (6 10'* cm) might be compatible with
our data, using an expansion velocity-of km s~!. Such a size

is also compatible with the map in Hig. 4, and is much smaller
than the CO radius of 4.9 10'6 cm obtained by rescaling the
value in Loup etal. (1993) to the distance of 347 pc.

S S S RS SR N
0.1 0.05 0 —-0.05 -0.1

East offset (")

Fig. 2. Results of the 3D Gaussian fitting program “FG3” for the(H

masers in R Crt. See Talilé 2 for the spot velocity.
4.3. IRC+60169

Figs[6[7, and Tablg] 4, show the results for the supergiant star
They place the central star position at the midpoint between iRC +60169. The processing of the IRC +60169 data cube with
lowest and highest velocity emission, finding a shell structutiee 3D Gaussian fitting program “FG3" yielded very interesting
characterized by an asymmetric emission loop to the south résults. The spectrum of theB® masers in IRC +60169 (Figl. 1)
contrast, our results provide a much smaller number of featurslspws the existence of at least two groups of features. The fea-
which reproduce quite well the overall distribution (see Table 3ures around-31 to —36 kms™*, the most blue-shifted, coin-
Fig.[d shows that the $#D maser spots in U Her are distributecatide in velocity with the blue peak in the OH spectrum obtained
in a ring. We may try to fit a shell structure, choosing the stay Slootmaker et al. (1985). The features around the velocity of
position at(—0”05, +0”05), near the center of the distribution the star—23 km s~ (the center of the OH and SiO spectra), are
However, we find no simple solution to the fit. A thick shell oflistributed in a ring-like structure around the blue peak. We find
inner radius of 45 mag(3 10** cm for a distance of 347 pc) andthat such a KO maser distribution can be fitted by a spherical
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Table 2. Fitted H,O maser features in R Crt. Uncertain features are marked with an asterisk, as explainediniSect. A.4

Visr  ovigr 1 (3Y) o1 Aa(") OAa AS(" ons Av TAv

3.782 0.014 17.0 0.34 —0.035 0.0007 —0.003 0.0009 0.957 0.019
4290 0.003 19.3 0.30 —0.019 0.0004 -0.122 0.0011 1.241 0.010
4321 0.004 337 0.23 —0.025 0.0002 -0.062 0.0011 1.568 0.010
4.425  0.006 22.7 0.54 —0.026 0.0007  0.006 0.0009 0.761 0.009
5.845 0.007 14.4 0.52 —0.050 0.0013 -0.083 0.0018 1.128 0.015
6.049  0.001 92.1 0.55 —0.027 0.0002 —-0.047 0.0002 0.896 0.002
6.707  0.002 15.4 0.07 0.126 0.0004 -0.052 0.0004 1.040 0.008
7.440  0.008 26.0 0.17 —0.041 0.0004 -0.047 0.0004 1.928 0.031
7.753 0.001 85.1 0.19 —0.090 0.0002 -0.028 0.0002 0.802 0.001
7.791 0.163 2771 1006.4  0.122 0.0009 -0.048 0.0009 0.24 2.2

8.135 0.021 85 0.05 -0.012 0.0004 -0.112 0.0007 5.75 0.12

8.908 0.001 37.0 0.07 0.120 0.0002 -0.051 0.0002 0.942 0.003
9.582  0.002 38.1 0.06 —0.094 0.0002 —0.031 0.0002 1.248 0.006
10.637  0.001 98.3 0.67 0.046 0.0002 —-0.041 0.0002 0.847 0.002
10.872  0.002 54.9 0.67 0.029 0.0004 —0.009 0.0004 0.990 0.004
10.944  0.001 66.8 0.08 —0.094 0.0002 —-0.035 0.0002 0.907 0.002
11.873  0.001 60.4 0.10 0.038 0.0002 -0.030 0.0002 0.828 0.002
12.779  0.001 78.2 0.07 —0.095 0.0002 —-0.038 0.0002 0.909 0.001
14.243  0.002 18.0 0.12 —0.007 0.0007 —0.008 0.0007 0.541 0.003
15.295 0.006 34.2 0.06 0.006 0.0002 0.000 0.0002 2.220 0.017
16.215  0.002 23.7 0.12 —0.054 0.0004 —-0.082 0.0007 0.835 0.004
16.280 0.003 414 0.32 —0.011 0.0004 —0.008 0.0004 0.688 0.004
16.855 0.001 202.3 0.27 0.004 0.0002 0.006 0.0002 0.702 0.0008
16.938  0.001 94.7 0.07 —0.029 0.0002 -0.153 0.0002 1.223 0.001
18.714  0.005 18.3 0.17 —0.014 0.0004 —-0.073 0.0004 1.604 0.012
19.074  0.001 90.5 0.18 —0.011 0.0002 -0.106 0.0002 0.709 0.001

@17.7
S i
(148 @ﬁ@weéiw1 ?
? @102
2 o @,‘57 ok ] ‘. L] - ‘- ] ‘ L] |
é ! Line w\d(hz(km/s) K
@62 Fig. 5. Same as Fi@]3, for U Her.

T | tion may also play a role. There is no detected emission from
the red “cap”, expected at9.2 kms~!. Engels et al. (1988) did
not detect any KO maser emission at this velocity either.

Y S S B Slootmaker etal. (1985) show that the expansion velocity
0.05 0 -0.05 —-0.1

of the OH maser shell in IRC +60169 is abd&5 kms™!.

The terminal velocity of the envelope, as obtained from CO

Fig. 4.Same as Fif]2, for U Her. Each spot is labelled with the velocigbservations, could be in the range of 15 km éMargulis et al.

at the Gaussian center, in km's 1990) t019.7 kms~! (Nyman etal. 1992). Loup etal. (1993)
find CO within a radius ofl.6 1017 cm. We find that the KO
maser distribution may be fitted by a spherical shell centered at

shell. The strength of the blue peak can be explained by maser blue “cap” position (the image center), with radf955

amplification of the continuum emission from the central star Band expansion velociti2.5 km s!, consistent with the values

the radial direction towards the observer. The relatively strog@zen by Engels etal. (1988). This shell is sufficiently far away

emission at the stellar velocity shows that tangential amplificiiom the star for its expansion to be mostly radial; it would

East offset (")
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Table 3.Same as Tab[g 2, for U Her
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Av

Visr OVisr | (Jy) o1 AO&(H) JAa A(S(N) TAS OAv
—10.186 0.001 1.3 0.01 —0.080 0.0004 0.059 0.0004 0.825 0.003
—-14.110 0.001 3.7 0.01 —0.076 0.0002 0.085 0.0002 1.043 0.003
—14.607 0.001 117.2 0.22 0.002 0.0002-0.001 0.0002 0.586 0.0002
—14.795 0.002 20 0.01 0.037 0.0004 0.088 0.0004 1.914 0.008
—15.015 0.003 2.0 0.01 —0.102 0.0006 0.043 0.0006 1.020 0.007
—15.084 0.001 97.7 0.77 0.002 0.0002-0.001 0.0002 0.729 0.002
—15.130 0.011 17 0.01 -0.048 0.0004 0.087 0.0004 4.089 0.041
—15.317 0.002 76.9 0.67 —0.004 0.0002 0.001 0.0002 0.860 0.001
—15.591 0.003 29 0.01 -0.004 0.0002 0.007 0.0002 3.038 0.018
—16.156 0.004 20 0.01 -0.075 0.0002 0.015 0.0004 2.463 0.016
—16.554  0.004 1.3 0.01 —-0.063 0.0006 0.090 0.0006 1.041 0.012
—17.689 0.002 26 0.01 -0.038 0.0002 0.106 0.0002 1.281 0.007
—-18.277 0.001 11.0 0.01 -0.022 0.0002 —-0.009 0.0002 0.887 0.0006

Sl i .

50 -

Intensity (Jy)

L L L
0.8 1 1.4 1.6

North offset (")

1.2
Line width (km/s)

g1 Gas | Fig. 7. Same as Fi@3, for IRC +60169.

|
a few pixels demonstrate that these sources are real, and that
they can be separated in a position-velocity analysis even if
most spots are spatially blended. The extreme velocity features

= T T R appear close to thed®D maser distribution centroid, while the

| 0.05 0 —-0.05

features around the systemic velocity are distributed in a ring-
like structure. We have been able tofitthe data to a spherical shell
centered at—07100, 07015), with radius0”115 (2.4 10'* cm

at the addopted distance of 141 pc), and an expansion velocity
of 4 kms~!. The best fit is obtained if we consider the systemic
be consistent with a shell smaller than the OH one, that hagocity to bev,sg = 1 kms~!. Most of the spots seem to
not reached the terminal velocity. At the assumed distancefall near the model of the shell; the small differences could be
690 pc, the HO shell has a radius 6f7 10'4 cm, a small value caused by turbulent motions in the shell. The maser linewidths
for a supergiant star. However, the distance quoted has bebtained with “FG3” are displayed in F[d. 9; the fact that the
obtained from the bolometric flux of IRC +60169, assuminsfrongest features have narrower linewidths may indicate that
a luminosity of10* L, (Loup etal. 1993). If we would use these masers are unsaturated (see [Sekt. 5.2).

instead a luminosity 0of0° L, (a more reasonable value fora  Our results are consistent with those of Engels et al. (1993),
supergiant star), we would obtain a® maser shell of radius who fit a shell of0”’13 radius and an expansion velocity of

~ 1.8 10 cm. ~ 6 kms~!. This is smaller than the expansion velocity de-
rived from the thermal emission of SiO (9 km's see Lucas
etal. 1992, who also report that the emission extends’to

or 3 10'5 c¢cm), and also smaller than the terminal expansion
RX Boois asemiregular variable star. It displays strong, variablelocity of the shel 10 kms~! as obtained from CO, pro-
H,O maser emission, but no OH masers have ever been deteaeded within.6 10'6 cm (rescaling from Loup etal. 1993, as
We have been able to model the®Imaser emission in RX Boo explained before).

in terms of 15 Gaussian sources, down to the 0.5 Jy level (see The H,O spectrum of RX Boo has undergone strong changes
Table[®). The resulting map is shown in [ib. 8. Inspection af the last 15 years: a strong feature at 6 krh snapped by

Fast offset (")

Fig. 6. Same as Fidl4, for IRC +60169.

4.4, RXBoo
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Table 4. Same as Tab[g 2, for IRC +60169

VLSR OVisR | (Jy) o1 Aa(") OAx A(S(N) OAS Av OAv

—18.152  0.079 79 0.58 0.058 0.0023 0.007 0.0027 1.23 0.13
—19.062 0.013 28.0 0.97 0.057 0.0007 0.019 0.0011 0.97 0.03
—20.361 0.005 17.0 0.30 —0.053 0.0022 0.007 0.0013 0.93 0.01
—20.457  0.022 7.2 0.30 0.047 0.0047 0.010 0.0027 1.16 0.08
—22.232  0.021 6.7 0.19 0.024 0.0029 0.014 0.0032 1.19 0.07
—23.378  0.055 3.5 043 -0.006 0.0099 —-0.044 0.0086 1.20 0.13
—23.827  0.056 23 045 0.054 0.0182-0.009 0.0135 0.91 0.13
—29.527  0.028 48 0.15 0.025 0.0036 0.021 0.0036 1.30 0.09
—30.840 0.029 40 0.22 —-0.004 0.0056 —0.005 0.0054 0.85 0.08
—-32.615 0.017 40.2 0.33 —0.002 0.0004 —-0.001 0.0004 1.58 0.05
—33.899 0.004 904 7.78 -0.001 0.0009 -0.001 0.0007 0.85 0.02
—34.191 0.143 193 6.65 0.004 0.0020 0.002 0.0018 1.20 0.10

40

0.2

30 -

20 = 4

Intensity (Jy)

0.1

op %
4 Line width (km/s)

Fig. 9. Same as Fi@]3, for RXBoo.

North offset (')

@5,9

0.1

r 23.5
I . . . . I . . . . I . . ®

-0.1 -0.2

o

East offset (")

Fig. 8. Same as Fidl4, for RXBoo.

offset (")

Johnston etal. (1985) is not present in our data. Bowers etal. |
(1993), who studied the #D maser emission in this source with™
the same instrumental configuration, did not detect this feature |
either, but report a 27 Jy feature around.5 kms~! that we
don'tsee. Their map shows that the velocity groups of redshifted
and blueshifted maser features are separéféd. However,
they were not able to estimate the position of the central star
relative to the maser spots.

o b
|

Fast offset (")

4.5. RCas

. o Fig. 10.Same as Fi@l4, for R Cas.
We performed three snapshot observations of dur&tidmin-

utes each of the Mira-type star R Cas, and the resulting magisexpansion velocity of only 3 knt$, significantly smaller
shown in FigCID. We have modelled the® maser distribu- than the 10 kms! measured for thermal SiO by Lucas etal.
tion in R Cas in terms of 12 Gaussian sources with the progrg®92), and the 12 knts for CO by Loup etal. (1993). The
“FG3” (see Tablé ). Such a distribution is compatible with Bl,O maser shell is also contained inside the region of thermal
shell located near the red peak position (at the image cent&i) emission (with a radius ¢f.5 10'® cm), and that of CO
with a radius of)’13 (3.6 10'* cm for a distance of 184 pc) and(7.6 106 cm).
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Table 5.Same as Tab[g 2, for RX Boo

VLSR OVLsr | (Jy) o1 Aa(”) OAx Ad(”) OAS Av OAv

—4.784  0.005 15 0.02 -0.142 0.0006 0.046 0.0011 1.096 0.014
—4.627  0.003 2.0 0.02 -0.138 0.0005 0.113 0.0008 0.959 0.007
—-3.410 0.077 1.1 0.10 -0.078 0.0011 0.039 0.0008 140 0.11
—2.764  0.008 19 0.17 -0.066 0.0016 0.043 0.0008 0.92 0.08
—1590 0.031 09 0.01 -0.114 0.0005 0.060 0.0005 5.41 0.14
0.155  0.002 3.3 0.01 —0.060 0.0003 0.113 0.0003 1.020 0.005
0.572  0.001 7.5 0.02 -0.020 0.0002 —-0.081 0.0002 1.363 0.003
1473 0.001 20.2 0.08 —0.054 0.0002 0.118 0.0002 0.704 0.0009
1.481  0.003 15 0.01 -0.211 0.0005 0.024 0.0005 0.970 0.008
1.488 0.001 40 0.08 —0.010 0.0008 0.140 0.0005 0.633 0.004
1.725 0.010 15 0.01 -0.026 0.0006 0.076 0.0006 2.22  0.03
1.854 0.001 10.7 0.05 0.008 0.0002—-0.022 0.0002 0.938 0.003
2.159  0.009 3.1 0.06 —0.009 0.0003 —-0.033 0.0005 248 0.04
2,753 0.001 328 0.03 0.001 0.0002 0.001 0.0002 0.789 0.0007
4.755  0.007 1.4 0.01 -0.052 0.0003 0.004 0.0003 224 0.08

0.1

Intensity (Jy)
3
|

0.05
T

1 15
Fitted linewidth (km,/s)

Fig. 12.Same as Fif]3, for R LMi.

North offset (')

—0.05

its extent should be smaller thaf..8 he SiO maser emission at
43 GHz in RLMi was undetected in a VLBI experiment with
maximum fringe spacing of.2 mas (Colomer etal. 1992). In

ST, case the non detection of VLBI fringes were due to the fact that
0.15 0.1 0.05 0 —0.05 the source had been resolved out, this would set a lower limit to
East offset (") the size of the masing region ef 2 - 103 ¢cm at the assumed
distance of 355 pc.

Fig. 11.Same as FifLl4, for R LMi.

4.7. Other sources
The maser linewidths obtained with “FG3” indicate th bldd summarizes the observational status of the other sour
these masers are possibly unsaturated, with exponential amp fio'ey summarizes ine observational status oTthe other sources.

cation causing the narrower linewidths of the strongest featu H0 maser emission was found towards EU And (a carbon-
(see SecEB2). type star), while the emission was very compact towards the

other sources and the VLA A-configuration did not provide
_ enough spatial resolution to distinguish any structure. The ob-
4.6. RLMi tained beam sizes, which are upper limits for the sizes of the

The 3D Gaussian fitting program “FG3" successfully foun&_,bo maser regions, are quoted.

down to the0.4 Jy level, seven Gaussians as responsible for

the maser emission in the Mira-type star R LMi. Despite that Discussion
the inspection of the results (see Figl 11) suggests the existence .
of a ring-like structure, we have not been able to fit a shelle%cl' Morphology of the maser regions

the spot distribution, and we do not have any easy clue abdine spatial and velocity distribution of® maser spots has
the spatial structure of the maser environment. Bujarraballfen determined in 5 stars using the “FG3” program, described
Alcolea (1991) studied the CO emission but could only state thatthe appendix. In most of the cases, we have been able to
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Table 6. Same as Tab[g 2, for R Cas

VLSR OViskr | (Jy) o1 Aa(”) OAx Ad(”) OAS Av OAv

23496 0.009 02 0.01 0.048 0.0006 0.057 0.0006 2.46 0.04
23.765 0.024 0.4 0.01 0.120 0.0007—-0.047 0.0007 1.96 0.07
23.896 0.007 0B 0.01 0.124 0.0004 0.068 0.0004 2.62 0.03
24223 0.001 111 0.02 0.037 0.0002-0.115 0.0002 0.720 0.0009
24590 0.001 6.4 0.02 0.087 0.0002—-0.089 0.0002 0.858 0.0015
24.627 0.001 9.1 0.05 -0.021 0.0002 —-0.114 0.0002 0.678 0.0008
24650 0.001 234 0.05 0.011 0.0002-0.102 0.0002 0.712 0.0005
24,692  0.001 25 0.02 0.107 0.0004-0.052 0.0004 0.735 0.003
25.052  0.002 3.1 0.02 -0.016 0.0002 —0.079 0.0002 0.822 0.003
25.304 0.003 1.7 0.01 0.058 0.0002-0.058 0.0002 1.312 0.008
25.933  0.003 0.8 0.01 0.003 0.0004 0.112 0.0004 1.315 0.011
27.201 0.001 39.0 0.01 0.000 0.0002 0.000 0.0002 0.659 0.0001

Table 7.Same as Tabld 2, for R LMi

Visr  ovigr | (QY) o1 Aa(”) TAa A5 oas Av TAv

2902 0.014 0.4 0.01 -0.011 0.0010 —-0.001 0.0010 1.032 0.033

1.759  0.001 9.5 0.01 -0.001 0.0002 0.007 0.0002 0.919 0.002

0.683 0.001 18.1 0.01 —0.001 0.0002 0.010 0.0002 0.956 0.0008
—0.072  0.001 25 0.01 0.079 0.0002 0.071 0.0002 0.900 0.003
—0.150 0.008 0.6 0.01 0.058 0.0006—0.034 0.0006 1.935 0.022
—-0.629  0.005 1.4 0.01 0.031 0.0004 0.041 0.0004 1.775 0.016
—0.807  0.001 7.1 0.01 0.105 0.0002-0.001 0.0002 0.750 0.0008

locate the HO masers on an expanding shell around the central
star (see Tab[d 8). The semiregular stars R Crt and RX Boo, the
supergiant IRC +60169, and the Mira R Cas, are in agreement
with this kinematical scenario. However, for U Her we have
not been able to fit this simple model. In all cases, th®©H -, =
maser emission is not produced in a continuous shell butas
rather clumpy. The VLA lacks the resolution needed to resoI\Le
individual compact maser spots. o

Water masers in AGB stars appear distributed in a region of
4— 710" cm (30 to 48 AU) in extent. This result is consistent
with previous measurements (see Jdct. 1). IN L U Her R Crt i

Fig[13 demonstrates that the size of thaOHmaser region o
increases with the mass-loss rate. This effect was predicted by
Cooke & Elitzur (1985), and has been observed as well in other
sources by Lane etal. (1987) and Yates & Cohen (1994). A
least-squares fit to the points, : : - : : : .
Log Mass loss rate (Mgy,/yr)

=

IRC+60169

log R(AU) = (0.456 4= 0.008) log M( Mg /yr) Fig. 13.Fitted radii of the HO masers shell, plotted against the stars’
+(4.07 + 0.05) 2) mass-loss rates (rescaled from Loup etal. 1993; sed$ect. 4).

is represented by a solid line in Higl13. If we assume that t§& Maser linewidths and saturation
H>O maser needs a certain density to turn on, as predicted by

the models, this relation means that such a density is attai¥g have been able to accurately determine the linewidths of the
individual H,O maser features. In three sources there is a clear

at a distancer MO'5 which is the value expected for the ; . . :
expansion at constant velocity (such as that often found in C@nncorrelatlon between intensity and width of the features (see
cumstellar shells). See Sdct.]5.3 for more details. gs[5L9, anfL14 for U Her, RX Boo, and R Cas, respectively).
Radiative transfer theory can explain this effect. It is well
known that the profile of a maser transition is approximately
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Table 8. Model parameters inferred in the analysis of th&0Hmaser sources with program “FG3”

Source DR Shell Centerpositidh R.° R4

# spots Rs®  VLSR  Vexp
IRC +60169 12 2525  thin (0,0) 55 5.7 38 -20 12.5
R Crt 26 3353  thin (—23,—65) 82 23 15 10.8 8
RXBoo 15 741 thin (—100,15) 115 24 16 1 4
U Her 13 3483 thick (=50, 50) 45-70 2.3-3.6 15-24 -15 6
RCas 12 920 thin (0,0) 130 3.6 24 24 3

# Dynamic range in the map.
" Shell center positiofic, §) in milliarcseconds relative to the spot chosen as reference.

¢ Radius of the fitted shellR,, in milliarcseconds.

4 R, in units of10** cm.

¢ R, in AU.

Table 9. Other sources

Source «a (2000.0) 6 (2000.0) Comments Beam (mas)
U Ori 055549.20 +2010 30.00 Unresolved 150 x 90 (48 deg)
OH231.8+4.2 074216.84 —144250.99 Unresolved 219 x 95 (38 deg)
R LMi 094534.10 +343044.00 no shell fitting

RAq| 1906 22.00 +08 13 48.00 Unresolved 129 x 79 (56 deg)
V778 Cyg 2036 07.42 +600526.26  Unresolved 105 x 76 (36 deg)
EU And 232001.93 +471425.81 Undetected —

Gaussian and, for unsaturated amplification, has a linewidth
(FWHM) given by “r

Av ~

@ w
V 7w,
(Goldreich & Kwan 1974) where, = k, x, beingk, the opac-
ity of the medium andc the amplification path length. Thez
linewidth decreases as the maser grows until the center of the
maser line begins to saturate (ireaches its maximum effi- 1 ]
ciency). The linewidth can then broaden since the wings of the . ]
line continue to experience exponential growth and the center of | \l . = m]
the line grows more slowly, until the linewidth again equals the e e
thermal (Doppler) widtl\v . Therefore, it is expected that un- Fited fnevicth (km/<)
saturated masers should display a strong correlation betweerrige14. Same as Fi@]3, for R Cas. The dotted line represents the locus
strongest features and those with the narrowest linewidths, whifenaximum expected maser intensity (see $edt. 5.2).
saturated masers might always display linewidths approaching
the thermal width.

The anticorrelation between the intensity and width of théLBI observations are sensitive to the smallest structures, while
maser features is seen qualitatively in several cases discussadine other more extended (and intense) features are resolved
Sectl 4. We may now check quantitatively the consistency of tbat. The spot diameter must be then significantly larger than
measured intensities and linewidths. We will calculate the opéac-mas: an upper limit to the spot sizes might be30 mas
ities needed to explain both the expected linewidths (accordifig we would start seeing resolution effects in the data, as our
to Eq[3) and the brightness temperatures that corresponds tatieimum fringe spacing is 70 mas). We will also assume an
22 GHz H,O maser flux densities: excitation temperaturé, ~ —100 K in the HO maser region.
(Note that the opacity values obtained are not very sensitive to
the exact value of the temperature adopted.)

For each maser feature, the opacity needed to explain its
The individual maser spots appear unresolved in our data (dokensity allows us to determine, from the observed linewidth
to the limited spatial resolution of the VLA, 70 mas). Some Awv and using Ed3, the original linewidth of the & transition
authors have reported spot sizes as small asnas (Imai etal. before the effects of line narrowind\vp, the local velocity
1997); however they detect only about 10% of the total flux obdispersion. The obtained values, of the order of 2— 4 kin's
served with single-dish or the VLA. We thus assume that thogee too large to be thermal widths given the conditions in these

ntensity (Jy)

20

1
Ts(K) =8.9410° ——

I(Jy) ~Tye 7.
0(mas)> ()

(4)
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regions " < 700 K, thus Avp < 1.3 kms™1), and can best formed and the gas has not yet reached its terminal (high) veloc-
be explained by turbulent motions. Note that these values &@ye(Such a comparison can only be done statistically, since only
comparable to the largest linewidths measured in our data. for a few objects both parameters have been measured.) Studies

Of course, for each value of the local velocity dispersioof SiO masers in Mira-type stars have shown that the emission
we can get a variety of values ofv andT 'z, depending on the is distributed in a ring, with diameters 10 AU (1.5 104 cm;
opacity, which itself depends on the various sizes and physee Diamond etal. 1994; Colomer etal. 1996), which reaches
cal conditions in the emitting clumps. In any case, we expest 60 AU for the supergiant VX Sgr (Greenhill etal. 1995).
thatT = C/Avp for each component, where the constéht On the other hand, Danchi etal. (1994) have found from mid-
includes the pumping efficiency of the maser and the colurmfrared (10m) interferometry that the inner dust diameter in
density. Both parameters cannot grow indefinitely, so we c@nrich AGB stars ranges between 1 ahd0'* cm. A similar
assume that there is a maximum valu&othat is independent result was found by Dyck etal. (1984). The measurement of
of the “original” Avp. This maximumC would define aline in the extent of the SiO emission is an independent (though less
theT's versusAv diagram over which we do not expect to findlirect) way to estimate this parameter, since, in O-rich AGB
observational points. envelopes, the SiO emission is expected to come only from cir-

Fig[14 displays the locus of maximum intensities for eadumstellar regions in which the dust is not yet formed. Lucas
linewidth of any maser feature, calculated using one intenstal. (1992) have found that most of the SiO emission comes
spot as a calibrator of the constafitdefined above. As we from regions about 0 cm wide. These authors also found,
see, practically all features lie under the dashed line, partidtem the behavior of the different velocity components, that in
larly the most reliably determined ones. The consistency of auch a region there is still a significant velocity gradient, i.e
expectations on the relation betwe€p and Ar and the em- that the expansion velocity has not yet reached its final value.
pirical results strongly suggest that our assumptions on the line Therefore, the high spatial resolution images indicate that
formation mechanisms are correct, and, in particular, that ttee H,O maser emission comes from inner regions of the cir-
H,O masers are unsaturated (see also the discussion in Reicl&nstellar shells, quite comparable in extent with the grain for-
Menten 1990). mation regions.

Another point of interest is the fact that, despite the large This result is confirmed by the behavior of the®line
values of the opacity found using Ed. 4, there are no featufasfiles in not very reddened AGB stars (see Engels & Lewis
with spectral width smaller tham5 kms~t. One possible ex- 1996, and Sedfl 4), which in general show a very small extent in
planation would be the existence of hyperfine structure in thielocity spread and no clear two-peak structure. This property
J = 615 — 523 line of H,O (see Fig. 1 in Walker, 1984): theis in fact characteristic of objects with low mass-loss rates, since
line breaks into six hyperfine components, and the velocity séfngels & Lewis find that the kD profiles tend to show the char-
aration among the three strongest ones(atd5, 0.580, and acteristic two-peak structure for the denser envelopes of OH/IR
1.025 kms~! (Sullivan 1973). Thus the activation of any twastars. Moreover, the separation of the peaks is found to increase
of these lines would prevent the existence of maser featureswvith the mass-loss rate, approaching that of the OH maser lines.
linewidth narrower than- 0.5 kms™1. The narrow and peculiardD profiles in optically identified red

The hyperfine structure could also be the reason for the exggants can be easily understood if the maser arises from the inner
tence of weak features with moderate linewidths (but larger thdast formation regions. In these regions the expansion velocity
the Doppler value). The misidentification and further modelirig significantly smaller, and we expect the presence of a strong
of two (or three) of these lines as a single feature would causalial acceleration, which implies tangential maser amplifica-
an increase by a factor ef 2 in its wrongly fitted linewidth.  tion (for values of the logarithmic velocity gradienfv dv/dr,
larger than 1; where is the expansion velocity ands the dis-
tance to the center). Also, in these inner regions shock waves
may be propagating, yielding nonmonotonic velocity fields and
complex line profiles.

As we have seen, we find that in four AGB stars. (@ecluding The location of the KO masers inside the dust formation ra-
the red supergiant IRC +60169) the®lmasers occupy a regiondius, for objects with relatively low mass-loss rates, is also com-
with diameter between 4 and 7 't0cm. These values are inpatible with the results of pumping model calculations. Cooke
agreement with previous estimates, that yield diameters for &eElitzur (1985) found that for mass-loss rates smaller than
H>O emitting regions in these objects ranging betweed ¢ 10~ M /yr the density needed to pump the® masers is
and 10° cm (see Sedt]1). We note that such values only apmly attained at distances 10'® cm. The density is the critical
for optically identified red giants, since no VLBI observations giarameter for the D maser pumping, as it is essentially col-
H,O masers in very reddened OH/IR stars have been publishigsional. If the mass-loss rate in an object is constant with time,
Onthe other hand, inred supergiants the extent of i@ iHaser the density varies s M/r%, therefore the point at which a
region is significantly larger (Sectd and 4.B). certain density is attained depends on the velocity field, which

It is interesting to compare the extent of the@®maser is not well known in the inner regions. But we can assume, as
emission with the values found for the diameter of the innéiese authors did and we have discussed above, that for dis-
part of the envelope, in which the dust grains are not completéinces larger than 1®cm the velocity is practically constant.

5.3. The location of the $D masers
in circumstellar envelopes around red giant stars
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Therefore, the theoretical limit on the extent given by the modehred to the usual procedure of fitting positions in each spectral
calculations holds in our case, independently of the field in tkbannel map and later using these results to infer linewidths.
inner regions. In these regions the expansion velocity must ifhe maser linewidth contains information about the physical
crease outwards, from about zero to the final velocity. So, tbenditions in the region where the maser phenomena occur. In
critical density to pump the maser is actually attained at sorparticular, it provides a powerful tool to discriminate whether
point in this regions (even if not at the same distance as that denot these masers are saturated. For completely unsaturated
duced by Cooke & Elitzur), where the pump properties woultasers, maser theory predicts that the strongest features must
be similar to those calculated by those authors. have also the narrowest linewidths. We clearly see evidence for
line narrowing toward U Her, RX Boo, and R Cas, which indi-

5.4. Other applications of the 3D spectral line cates that these masers are unsaturated.

emission fitting code

We have applied our computer code to study the structure%ﬁpendix A: the 3D Gaussian fitting program “FG3”

several HO maser emitting sources, and discussed the implife have developed a computer program for the inspection and
cationsinthe preceeding sections. The “FG3” program allowsggalysis of spectral line cubes. In general, a spectral line cube is
disentangle the different components (spots) that form a magg—dimensional (3D) array in which two of the dimensions are
region. This is also of great importance in the understandiggy spatial coordinates (usually the right ascensicand the
of the maser structure because it provides information to distifeclinations or functions of them) and the third dimension is
guish whether these masing regions are due to condensationgeficity or frequency. The cube stores the intensity distribution
they are the result of velocity coherence along the field of viewt the source.
In the first case, we would expect a large masing area with dif- |n the study of astronomical maser emission, we can model
ferent velocity components, while in the second case the magff intensity distribution as produced by a number of (3D Gaus-
spots would appear much more compact, and the velocity cejan) spots. A spatially unresolved 3D Gaussian feature can
erage would be much smaller. be specified by eight parameters, which are the Gaussian peak
On the other hand, the method may be applied to the stugliensity ¢, = I(a,,d,,v,)), the Gaussian position center
of sources that show differences when observed with differgqs,,, 5,)) and velocity ¢,), the full linewidth at half powerd,)
spatial resolutions; the program would provide, in all cases, thad, finally, the Gaussian spatial form, which is determined by
basic source information that may be used to recreate an imag@atinterferometer beam shape (more specifically by the restor-
any desired resolution. Moreover, it could be used for comparifg beam); in a general case, it is a tilted ellipse specified by
the results obtained with moderate resolution instruments, sulfee parameters (the semimajor axjs,;, the semiminor axis
as the VLA, which is sensitive to extended emission, to thosg; ., and the tilting anglé, defined, for example, counterclock-
obtained by high resolution techniques such as VLBI, sensitigse from the X-axis to the major axis). A maser feature can be

only to the most compact structures. described, then, as

6. Conclusions I{a,d,v) = Ioexp{— In2 (A (@ —a,)’ +B(0—6,)°

We have performed observations of thedHmaser emission in )

the circumstellar envelopes of 11 late-type stars with the VLA. +C (o — @) (6 — 6,) + 4 (” — ”0) ) } (A1)
In order to study the maser spatial and velocity morphology, we Tv

have constructed a computer program (“FG3”, described in th

appendix). Using this program, we have been able to place fhaere

H>O masers on an expanding shell around the central star in b2, cos?(0) + b?naj Sin2(9)

five cases (IRC+60169, R Crt, RX Boo, U Her, and R Cas, sée = 22 (A2)
Tabld8), despite of the fact that the emissionis rather clumpy and mag e

the shells appearincomplete. A characteristic radius 26 AU _ biny 50°(6) + b72naj cos®(0) (A3)
emerges for KO maser emission in AGB stars. At this distance b2aj Vonin '
from the star, dust s still formlng (or dyst grains are s_t|II getting 2(b2,, — b2, ) cos(6) sin(6)

larger), so HO masers are in the region of acceleration, whergé = 72 ]b2 . (A.4)

maj “min

the expanding envelope has not reached its terminal velocity.

Moreover, our maps confirm that there is a correlation between e gerivatives of this 3D Gaussian function with respect to

the overall sizes of the #0 maser regions and the mass-losg,e eight parameters are

rate from the star, in agreement with the theoretical predictions.

Note that the VLA lacks the resolution needed to resolve th&I(c, d, v)

individual compact maser spots. di,
An important advantage in the use of “FG3", over earlieq 1(«, §, v)

studies, is the much better spectral linewidth estimate, com-"q, — ~ In21(a,d,v) (2A(a = ao) +C (6 =)

= I(a,0,v)/1,
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dI(o,0,v) = Wn21(a,8,0) (2B (6 —8,) + C (a—ay,)) whered is a M-vector,D is a Mx M matrix, anda is a vector

dd, o representing the parameters. Because of the nonlinear depen-
dl(a,d,v) S 12 (0. v — 1, dences, the minimization must proceed iteratively. Given the
dv, " (e, 8, v) 0,2 current trial parameter,,,.., an improved trial solution is ob-

tained as
I 21In2
M = I(a,d,v) 3n {((av — o) cos(6) 9
d bmaj brnaj Apent = Acyr — constant X 7 x*(acur) (A.8)
—(5 —6,) sin(6))}? and the procedure is repeated until stops decreasing. If the
dI(e,d,v) 21n2 . guadratic approximation is a good one, the minimizing param-
dbpn I(a,,v) B {((a — o) sin(6) eters can be written directly as
—(5 — 60) COS(@))}2 Amin — Acur + Dil : [_ v X2(acur)] (Ag)
dl(a,d,v) 9102 (o5 1 1 whereD is the second derivative matrix (Hessian matrix).
do = 2In2I{e,4,v) bfmj bgn in Because we know exactly the analytical formygf (as it
5 . is based on a model function specified by us), we can calculate
{((a — ) = (6 —10,) ) cos () sin(6) the gradient
+(a — ay) (6 — 8,) (sin?(#) — cos?(h))
dI(w,0,v) (v —1,)? } Qi I_I al()——Qﬁ k=1 M
——2 7 = 8In2I(a,8,v) 8ak Oay, b o
do, o3 i=1 o
and the Hessian matrix
A.1. The Levenberg-Marquardt method 8% - i 1 dI(a) 91(a) - I 921 (a)
The modeling of the spectral line data cube interms of 3D Gau$ay, da; P o? | dap O ! Oay, Oay
sian features can be studied as a least-squares fitting problem, _ 2(1; (A.10)

noting that the model does not depend linearly with the pa-
rameters. The intensity distribution is, in general, a non-lineBefining the curvature matrije] = 3D, we can write Eq. A9
function of M = 8G parameters (fofz Gaussian components),as

I(CY,&'U) = (Oé 9, ; Iozya’”o-o( 176170617U170v Vi 0;; Z g da; = (All)
i=1,....G). A5) =

We are looking for a method to find these parameters (that wiere this set is solved for the increments that, added to
willrepresentasa = {a;,i = 1,..., M} inwhatfollows), error the current approximatioal...,, give a,+. On the other hand,
estimates on them, and a statistical measure of the goodnedsfA.g translates to

the fit. Following the discussion and procedures shown in Pr%ss
etal. (1986), we will identify the probability of the data given
the parameters (a mathematically computable number) with figrthermore, the second derivatived ¢&) can be neglected in
likehood of the parameters given the data. A maximum likehotlte expression fou;.

estimate of the model parameters is obtained by minimizing the The Levenberg-Marquardt method has become the standard

= constant x (3;

value of chi-square, of the nonlinear least-squares routines. It varies smoothly be-

N ) tween the steepest descent method, used far from the minimum,

= Z Ii(aj,05,v5) — I(aj,05,v5;a) (A.6) and the inverse-Hessian method, used as the minimum is ap-
0;j ' proached. By using «;;6a; = (5; and defining a new matrix

J=1

/ P— ..
Atthe chi-square minimum, the following set of nonlinearequa{ O‘,J’J‘ B ajj(1+A) . (A.12)
tions must hold Gy, = Ok (J#k)

N we can rewrite
OZZ Ij(aj,éj,vj)—I(aj,éj,vj;a) "
i=1 o > agy dar = B (A.13)
(3[(04], v;; )) —

Oay, so when\ gets very large, the matrix’ becomes diago-
for k = 1,..., M. Sufficiently close to the minimum, the non-nally dominant, however whek approaches zero, we recover
linear expression foy? can be well approximated by a quadrati€q. [A11).
form The Levenberg-Marquardt method for obtaining the set of

) 1 parameters that minimizex? and produce the best fit of the
X(a)%'y—d-a+§a-D-a (A.7)  model to our data is:
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Fig. A.1. Spectrum (intensity in Jy as a function of velocity in ki Fig. A.2. Same as FifAl1, at positigh-0716, —0701).
of the H,O masers towards R Crt. (Bottom) Individual Gaussians as
obtained by “FG3". (Top) Sum of all Gaussian features, reproducing
the observed spectrum. the spatial beam axis,,; andb,,;,, and the tilting anglé, that
we can keep fixed to those of the restoring beam used to obtain
the CLEANed data cube for spatially unresolved maser spots.
In other cases, the iterative process may diverge due to an
“unfortunate” step in the parameter searching process. We might
want to force any parameter value to remain within a given
range (what we will call the selected accuracy of that parameter,
04,). The way to implement this effectis to calculatgin two
parts, one involving how well the model fits the data (as before),
and another involving how close the current parameter values
The iteration process can stop the second tifhdecreases by are to the initial ones. One has to be careful, however, as both
a negligible amount. Once the acceptable minimum has begymtributions are not of the same order of magnitude (there are
found, N data points, but only? parameters), and can only be added
(C] = [o] " if they are normalized before .in some way. If we want that
everyo,; parameter; changes in an iteration counts the same
is the estimated covariance matrix of the standard errors in #igeeverys; the intensityl;(«a;, d;,v;; a) changes, we need to
fitted parameters, calculated by setting = 0. multiply the selected accuracy contribution by the number of
data pointsV, so that

(I jilaj, 65,v5) —

— Select a set of initial trial parameters.

— Calculatey?(a).

— Set a modest value for, sayA = 0.001.

— (1) Solve the linear equations féa and evaluatg? (a+da).

— If x*(a+ 6a) > x?(a) then increase\ and return to {).
Otherwise, decrease update the trial solutioa < a+da,
and go back tof).

A.2. Implementation

I(c,85,053a) )

We have written a computer program to implement t}"?é Z )
Levenberg-Marquardt method of flttlng for the parametets
{a;,i = 1,..., M} that minimizey?, providing the best fit of N Z (acur,j — aim‘,j)z
the resulting model to our data (see Colomer 1996). The pro-
gram is fed with the spectral line data stored in FITS format,
and performs the fitting to a user-defined function (in our cageorder notto use the selected accuracy feature, itwill be enough
3D Gaussians), plus a variety of functions such as guessingwfssign a large value tg,;, and that term will not contribute
initial parameters, RMS calculation, plotting of data and fittet 2.
solutions, model substraction and inspection of residuals, etc.

The power of “FG3” is shown in Figs. Al1 ahd A.2.

9j

=1 7e;

A.4. Notes on the reliability of the solutions

The Levenberg-Marquardt method solves a nonlinear problem
by an approximation that has some limitations. First, the fitting
The process of modeling the intensity distribution of a spectqalocedure converges only if the initial values for the param-
line source as a function @f tridimensional Gaussian source®ters are sufficiently close to the real ones. This limitation is
requires, in our general case, to fiRd= 8G parameters. Some-overcome in the code by the parameter guessing routines. The
times, however, we have additional information that constrainember of Gaussian features to fit is a user input parameter, and
the values those parameters can take. One obvious examplagpection of the fit residuals is needed to select which value

A.3. Using constraints on the parameters
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of such number is best. On the other hand, artifacts may appe&mond P.J., Johnston K.J., Chapman J.M., etal., 1987, A&A 174,
when the user specifies a very unapropriate number of Gaus-95

sians to fit: a number too large produces very narrow featuf@ig@mond P.J., Kemball A.J., Junor W., etal., 1994. ApJ 430, L61
without any physical meaning, while a number too low resulf¥ckinson D.F., Turner B.E., Jewell P.R., Benson P.J., 1986, AJ 92,
in features of large linewidths. Such features can also be seen in627 ) )

regions of low intensity, as a consequence of the large resid §k H.M., Zuckerman B., Leinert Ch., Beckwith S., 1984, ApJ 287,

. 801
obtained. Engels D., Schmid-Burgk J., Walmsley C.M., 1988, A&A 191, 283

The mathematicall solutions should thus be inspected éﬂgels D., Winnberg A., Brand J., Walmsley C.M., 1993. In: Proc. “As-
check that these solutions correspond to real features. One tesqphysical Masers” conference, A.W. Clegg and G.E. Nedoluha

would be that the fitted Gaussian is associated with a spatial (Eds). Lecture Notes in Physics, Vol. 412, pp. 403. Springer—
or velocity peak in the data. Uncertain solutions are marked in Verlag, Berlin.

Table$? t¢ B, and should be used with caution. Engels D., Lewis B.M., 1996, A&AS 116, 117
Feast M.W., Glass I.S., Whitelock P.A., Catchpole R.M., 1989, MN-
RAS 241, 375
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