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Abstract

We have mapped an M giant star, IRC —10414, in the SiO J = 1-0 v = 1 line at 43.1 GHz with the
VLBA?! with a spatial resolution of better than 0.5 mas. The maser spots spread over on a circle having
a radius of about 7.1 mas. A velocity gradient in the east-west direction of ~ 0.7 km s~! mas~! is found.
Monitoring observations with Nobeyama 45-m telescope have shown that the intensity ratio of the SiO
J =1-0 v =1 to v = 2 maser line was quite unusual (5-40) for the period of 1997-1999 in this object; this
ratio was known to be close to unity in many late-type stellar objects, but was known to deviate strongly
from unity in young stellar objects. The unusual line intensity ratio of this star may suggest a chemical or
geometrical anomaly of the envelope of IRC —10414. A possible ring/disk model is discussed in order to
explain the distribution of the maser spots in this object.

Key words: Infrared: sources — Masers — Radio sources: lines — Stars: circumstellar shells — Stars:
individual (IRC —10414) — Stars: late-type

J =1-0v =1 to the J = 1-0 v = 2 transition is nearly
unity (Shwartz et al. 1979; Spencer et al. 1981; Nakada
et al. 1993). Though there had been arguments concern-
ing the intensity ratio of these two transitions (Nyman,
Olofsson 1986), the simultaneous observations of the two
transitions at Nobeyama have confirmed that this ratio
is about unity on average for galactic bulge stars, and
that almost 90% of the sources show this ratio to be in
the range of 0.5-2.0 (Jiang et al. 1995).

It is known that in young stellar objects this inten-

1. Introduction

The infrared source IRC —10414 (GL 2139, IRAS
18204—1344, or OH 17.551—0.126) is classified as a M6.5
giant (Lockwood 1985). It is a strong maser source de-
tected by OH 1612 and 1665/1667 MHz and by H20
and SiO (see Engels 1979; Ukita, Goldsmith 1984). The
mass-loss rate of this star was estimated from the infrared
spectrum as being 4 x 1076 Mg yr~! (Jura, Kleinman
1989).

In the course of a SiO maser survey in the galactic
plane with the Nobeyama 45-m telescope (Izumiura et
al. 1999), we noticed that the SiO J = 1-0 v = 2 line at
42.821 GHz of IRC —10414 was quite weak and almost
undetectable, although the SiO J = 1-0 v = 1 line at
43.122 GHz was strong, about T, = 10 K. In normal late-
type stars with SiO masers, the line intensity ratio of the
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sity ratio is frequently far from unity. For example, in
Sgr B2 MD5 the J = 1-0 v = 1 transition had been de-
tected, but almost no emission was found in the J = 1-0
v = 2 transition (see the profile in Shiki et al. 1997). In
W51 IRS2, it is opposite; only the J = 1-0 v = 2 line
has been detectable (Hasegawa et al. 1985; Fuente et al.
1989; Morita et al. 1992).

It may be suggested that the SiO line intensity ratio of
the J =1-0 v =1 to 2 transition has some clue to solve
the puzzle of SiO maser pumping in late-type and young
stellar objects. For this reason, we mapped emission of
the SiO J = 1-0 v = 1 transition in IRC —10414 with
the VLBA (Very Large Baseline Array). Based on the
mapping result, we discuss a possible link of this object
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s Table 1. IRC —10414 observational results (single dish).
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Date g e Vi Int. I rms TPk ypeak Vjave Int. I. rms  LLratio
(yymmdd) (K) (kms™!) (kms™!) (Kkms™!) (K) (K) " (kms™!) (kms™!) (Kkms 1) (K)
970124 13.16 39.51 41.86 58.0 0.32 0.55 40.73 36.70 24 0.19 23.8
970217 11.99 39.27 41.62 63.2 0.16 0.76 41.32 40.73 3.6 0.19 17.5
970426 20.27 39.14 41.11 72.3 0.12 0.53 39.29 41.45 1.9 0.14 37.1
980425 4.99 39.88 41.59 36.5 0.22 1.53 40.28 40.99 7.7 0.23 4.6
980606 5.85 36.73 40.02 30.5 0.24 0.70 38.94 53.31 2.7 0.23 10.9
990522 4.89 45.80 43.08 33.6 0.24 0.51 41.87 38.13 1.53 0.07 21.9
vp=1 J=2-1 v=2 J=2-1
990522/23 1.85 39.02 44.82 14.25 0.05 0.21 38.79 40.94 1.19 0.08 12.0

to young stellar objects.

2. Observations

Single-dish observations with the 45-m radio telescope
at Nobeyama were made during 1997-1999 in a SiO
maser survey of galactic-disk IRAS sources (Izumiura et
al. 1999). The object IRC —10414 was used as a pointing
check for the 45-m telescope during the survey observa-
tions simultaneously by the SiO J = 1-0 v = 1 and 2
transitions at 43.122 and 42.821 GHz, respectively. A
cooled SIS receiver with a band width of about 0.4 GHz
was used, and the system temperature (including atmo-
spheric noise) was about 200-300 K. The aperture effi-
ciency of the telescope was about 0.54 at 43 GHz and the
half-power beam width was about 40” at 43 GHz. The
conversion factor from the antenna temperature to the
flux density was 3.2 Jy K™!. An acousto-optical spec-
trometer array of high resolution was used, giving an
effective spectral resolution of 0.29 km s~!. Details con-
cerning the observations will be found in Izumiura et al.
(1999).

At the middle of 1997, we recognized that the inten-
sity of the SiO J = 1-0 v = 2 transition of the pointing
source IRC —10414 was unusually weak (7, < 0.5 K)
compared with the intensity of the J = 1-0 v = 1 transi-
tion (T, ~ 12 K). A summary of the 1997-1998 observa-
tions of IRC —10414 is given in table 1. The data were
taken twice every day during a-few-days to one-week ses-
sions of observations in 1997. The daily variation in the
line profile of the J = 1-0 v = 1 transition was unrec-
ognizable. Therefore we have shown the data taken in
one time observation in the session. All of the data of
IRC —10414 were taken in the 5-point pointing observa-
tion mode. Therefore, the integration was made using
only the spectra at the on-source position, and data at

the half-beam-off position were abandoned. Linear base-
line removal was applied for all spectra. We used the
data with low wind velocity (< 3 m s™!) when the av-
erage pointing accuracy was better than 5”. The daily
peak-intensity variation was found to be small (< 0.5 K).
We have shown only the data with the lowest wind ve-
locity in a session. In 1998, the intensity of the v = 1
transition became relatively weak (T, ~ 5 K), but the
profile of the v = 2 transition became recognizable on
the baseline. Figure 1 shows the profile change of the
SiO J=10v =1 and 2 in IRC —10414 in 1997-1999.
Additional observations were made on 1999 May 22 and
23 to check the intensities of the SiO J =2-1 v =1 and
2 lines of this star at 86.243 and 85.640 GHz, repectively.
An acousto-optical spectrometer having a low resolution
was used (giving a velocity resolution of 0.87 km s™! at
86 GHz) for the J = 2-1 lines. The J = 2-1 v = 2 line
was marginally detected (< 0.2 K), although strong emis-
sion of the J =2 —1 v = 1 line was seen (TP*** = 1.8 K;
6.5 Jy). Profiles for the J = 2-1 lines are shown in the
last pannel of figure 1 and line parameters in table 1.

A VLBA observation of the IRC —10414 SiO maser
was made at 12:30-18:30 UT on 1998 February 23 with
10 antennas of the VLBA and the single antenna of the
Very Large Array (VLA) in a dual circular polarization
mode. The 4-MHz band width was used to be centered
at Vi = 42 km s~ 1. In the observation, 13-18 min
scans were interleaved with 4-min scans of a nearby clock-
parameter calibrator, NRAO 530, and a polarization cali-
brator, OT 081. The data were correlated by the Socorro
FX correlator with cross-polarization mode. The VLA
position of IRC —10414 (18"20™27582, —13°44'24"1 for
the OH maser at the epoch of 1950; Blommaert et al.
1994) was chosen as a source position. The velocity spac-
ing of each spectral channel was 0.22 km s™1.

Calibration of the visibility data was performed in the

Poun! oaded {rom ot (@ AgtinonicaP Sueiety vi-Fapan *°*PidVided by the NASA Astrophysics Data System

on 17 Novenber 2017



.587I

. No. 5] SiO Masers in IRC —10414 589
Ty}
,_j T T T L B Ut S B
%] 15 prrrrprrrrprerr eI 15 preerpree o) % 3318 > 3550 Jan st -
& ; ] ; ] - 650+ 380Skms -
P 10 F 980425 QL 4 3803+ 4D4Blans! —
A ; ] - + 4048+ 4280 )ms
5F E ’5 A 4283+ 4633 km e
E v=l 1 B o 4533+ 417M8lma!l -
o p ~—
P C L v=2 E v - * -]
; = ] A
y o
10 Ciaaalaiaal 1 lisasl 1 1 8 “
o
15 T T T T LA Ld Tk 15 T T T T T T L] Q
% o
10f 980606 :ia; I_" B: A
_ sk E & f
3 =1
= 0 : * A +
] ve2 1 -
- -5 '.1 R e e
1 PR IR OS] (U S GRS N S O T M Ty
10 1 I 1 1 1 Laoaboaad 40 1 1 1 1 1 1 1 15 10 5 [V}
Relative R.A. offset (mas)
Fig. 2. Map of the SiO J = 1-0 v = 1 emission in IRC
—10414.
P o 1 5 et al. 1995). The resulting amplitude/phase corrections
a ] were applied to the entire velocity channels with maser
F 4 3
o0 Dusadinbanutiial losiad Liaad 5 1 L 1 1 [ Il P
0 10 20 30 40 50 60 70 BO 50 10 20 30 40 50 60 70 80 CHISSI01, ‘i i
Visr (km/s) Visr (km/s) The final synthesis images for the SiO masers were ob-
tained by the CLEAN deconvolution technique using the
AIPS. The FWHM width and position angle of the syn-
thesized beam were 0.80 x 0.45 mas and —1°, respec-
Fig. 1. Time variation of the spectra of the SiO J = 1-0 tively, in natural weighting. The obtained image cubes

v = 1 and 2 lines in IRC —10414. Observed date are
shown on the upper right corner in each panel in the
yymmdd format. The J = 1-0 v = 2 line was quite
weak in 1997 but was recognizable in 1998. The last
pannel shows the profiles of the J =2-1 v =1 and
2 lines.

NRAO AIPS package. For this paper, we used only the
data of a parallel circular correlation. An amplitude cali-
bration was accomplished using recorded system temper-
atures (80-300 K) and tabulated values for the antenna
gains at 43 GHz (0.030-0.098 K Jy~!). After calibrat-
ing for station clock offsets and clock-rate offsets using
the data of NRAO 530, calibration for fringe-rates was
performed using strong maser emission on the velocity
channel at 45.04 km s™!. Self-calibration for the visibil-
ity amplitudes and phases were performed on the velocity
channel at 45.04 km s™!. A solution interval of 24 s was
chosen to assure an adequate signal-to-noise ratio and to
avoid any decorrelation effect of the atmosphere. The
uncertainty of the absolute amplitude scale comes from
the uncertainty of the antenna gains (20%; e.g., Greenhill

consisted of individual channel maps with a field size
of about 40 mas x 40 mas between —50 km s~! and
—30 km s~1. The data near to the band edges were not
available because of including strong phase-calibration
tones and low sensitivity.

We determined the parameters of the individual maser
feature, consisting of a cluster of maser spots in the same
position within 1 mas, by quadratic fitting for the peak
intensities with respect to the velocities near to the most
intense maser spot. The obtained quantities of the de-
tected features (relative positions, peak intensities, and
velocity width) are given in table 2.

Figure 2 shows the map of maser spots of the SiO
J = 1-0 v = 1 transitions in IRC —10414. The map
exibits a tendency that the lower velocity components
(the filled marks) are concentrated on the left and the
higher velocity components (unfilled) are on the right of
the map. The average velocity gradient in the east-west
direction is about —0.7 km s™! mas™!. Table 2 summa-
rizes the observed quantities of the detected components:
positions, peak intensities, and velocity widths. Because
the components at 44.935 km s~! were used for the phase-
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s Table 2. Parameters of detected SiO maser features around IRC —10414.

w

&

§ Viee Relative R.A. offset Relative Dec. offset Peak Velocity

= R.A. offset! error Dec. offset! error intensity width?
(km s™1) (mas) (mas) (mas) (mas) (Jy/beam) (km s™1)
47.763 0.3315 0.0440 —1.1519 0.0292 0.560 2.176
46.048 0.6042 0.0444 —1.1638 0.0242 0.544 0.652
44 414 0.2769 0.0521 —~1.0119 0.1189 1.149 2.073
44.935° 0.0003 0.0915 —0.2246 0.0451 2.605 3.096
43.949 —1.3663 0.0271 —0.3048 0.0381 0.754 1.632
43.819 0.2236 0.0315 4.0006 0.0256 1.323 1.967
42.009 7.8179 0.0188 —3.3155 0.0361 0.692 2.188
39.980 —0.4285 0.0365 2.4645 0.0712 1.455 2.587
38.637 9.5667 0.0447 —3.8656 0.0649 1.077 2.380
39.695 0.2151 0.0367 2.8136 0.0638 0.557 2.103
35.259 11.6269 0.0238 —3.8502 0.0275 0.676 1.206
33.157 14.6448 0.1060 5.4601 0.1863 0.604 3.027

*Fitted intensity-peak velocity of maser feature.

TFitted intensity-peak position at the epoch of the observation.
IFitted full width at half power of the peak intensity.

¥Velocity channel used for phase-referencing.

referencing, the origin of the coordinates was shifted to

the west in this map. The positional errors are less than L T T e e moesmet
0.1 mas for most of the maser spots. The total integrated ol oy 8 sy ]
flux of the detected components is 27.5 Jy km s~1, which ™| el + :;;\\ e duns |
is about one third of the flux measured by the 45-m tele- CH 8 A 425+ WIImaT
scope on 1998 April 25. The correlated flux by the VLBA B [ / o 43 MBI
is probably about one third of the flux observed by the Bl :,’f-""—“_“h"'"“---.._,_ Xl
single-dish telescope. 5 H T \A'!,I
§ [ 3,
3. Discussion a 3 '\. A
8o \ A /A
3.1.  Circular and Rotating Ring Models i '\\ £ 1
The distance to IRC —10414 was deduced to be about - . b |
ttmstsebeduiisibonestes SN - Rt S g o
710 pc (Jura, Kleinman 1989), giving 1 mas as 1.1 x al S - ]
10*2 ¢m. The thin broken curve in figure 3 is an approxi- al ]
mate fit of the spot positions with a circle. The radius of . 1'5 et 1'0 e é : t; .

the circle corresponds to 1.6 x 104 cm. This is consistent
with the fact that the SiO masers are emitted in the re-
gion of 24 stellar radii (Diamond 1994) when the radius
of the photosphere of this type of stars is ~ 6 x 10!* ¢
(assuming Tphotosphere = 2000 K and L = 104 Lg). This

Relative R.A. offset (mas)

Fig. 3. Overlay of the rotating ring on the SiO J = 1-0

is consistent with the picture that SiO masers are emitted v = 1 map. The broken circle shows the fit by the
from the periphery of the photosphere and in a direction standard expansion model and the broken ellipse the
almost tangential to the radial expansion. In this case, fit by the rotating ring model.

the central star is probably located at the center of the

circle.

Fi_g}n:e 2 exhibits a Ve}OCit}’ gradi’ent Of.O-T k”_l s7! expanding/contracting rotating disk or ring. The thick
mas - 1n t}’ie. east-west dlrelct.lon. It is 90_551'31‘3 to Inter-  proken curve in figure 3 shows a least-squares fit by the
pret the origin of the velocity field as being due to the otating contracting ring model. Table 3 summarizes the
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B Table 3. Parameters of a rotating ring model. gF !M-H.na'ﬂu T M T T T '__
& 1 :
& Parameter Value Standard error s 1_{ g 1
o B -
Diameter 26.3 + 3.8 mas' Tt 1 | |
zo* 115 + 2.2 mas §.t | '
yo© 0.8 + 1.1 mas :j"‘_’ ; H ]
Inclination 110.5 + 6°8 I |
Position angle 2.4 - 9°5 [ :
Viotation® 12.2 + 1.4 km s~ ar # ‘ ]
Vexpansion® -3.3 + 1.6 km 57! 5
Vaystemic? 34.1 + 1.0 km s™* L ' . ) o e .
1] 60 100 150 200 250 300 350
*Position of the center of the disk model. Geametrical phese (dugroes)
P Error is defined by Ax? <1.
#Rotation velocity of the rotating ring model.
SExpansion velocity of the rotating ring model.
1Systemic velocity of the rotating ring model. Fig. 4. Plot of the radial velocity against geometrical
phase in a rotating ring model. The dotted curve is
the sine curve with period of 2m.
model parameters for the best-fit ring. A systemic veloc-
. . 1 - . o 1
ity of 34.6 km s~ and a rotation velocity of 11.6 km s 37-42 km s-1.

at the radius of 13.1 mas (1.39 x 10'4 cm) were obtained.
The contracting speed, —2.9 km s~!, seems to be in-
significant and not very different from zero. Contraction
is necessary to fit the feature of a north—south velocity
gradient on the spot complex at the right side of the fig-
ure. Figure 4 shows a plot of the radial velocity against
the geometrical phase of the ring position. The ring cen-
ter should be at (11.5 mas, 0.8 mas) on this map. If
the ring is gravitationally bound to the central star, the
position of the central star must coincide with the disk
center. Neglecting the contracting motion, we can derive
the mass of the central star (assuming the Keplerian mo-
tion) as 1.4 Mg. The rotation period of the ring is about
23 years.

The OH 1612 MHz double peaks in IRC —10414 ap-
pear at Vi = 27.3 and 59.1 km s} (Blommaert et al.
1994), giving a systemic (stellar) velocity of 43.2 km s~!.
The spectra of OH 1612 MHz which were taken by Ukita
and Goldsmith (1984) exhibited a complex profile of
the higher and lower velocity components splitting into
severals. It seems difficult to obtain an accurate sys-
temic velocity with applying a simple doublely-peaked-
profile picture to this source. The intensity-averaged
radial velocity of SiO maser spots in the VLBA ob-
servation in the present paper is 42.2 km s™!, which
is consistent with the systemic velocities derived from
OH 1612 MHz by Blommaert et al. (1994). Observa-
tions of HoO (Kleinman et al. 1978) give 29-44.5 and SiO
masers (Ukita, Goldsmith 1984) 37 km s~!. However,
Blommaert et al. (1994) noted that there is a disagree-
ment in the reference: ~20 km s~! (SiO J=10v=1;
Barcia et al. 1985). From these facts, we consider that
the systemic velocity of this star is probably in the range

The systemic velocity derived from the rotating-ring
model, 34.6 km s™!, is not totally inconsistent with
above systemic velocity derived from OH 1612 MHz and
Hz0/8i0 observations. However, the difference in the
systemic velocity derived by the rotating ring model
seems to be a bit large if we take the value 43 km s~1
derived from OH 1612 MHz observation by Blommaert et
al. (1994). This seems to suggest that the simple-minded
rotating-ring model cannot explain the velocity field of
the observed spots.

It is possible that the radial velocities of the spots are
produced simply by spherically symmetric expansion of
the envelope, in which the spots are fragments of gas.
The random distribution of the maser spots may pro-
duce, by chance, a velocity-gradient feature. In fact,
VLBI maps of maser spots in many other stars in the
SiO J = 1-0 v = 1 line exhibit similar levels of veloc-
ity gradient (for example, VX Sgr; Miyoshi et al. 1992;
Greenhill et al. 1996). However, we have to note that the
VLBA mapping provided the positions of strong maser
spots which contain only one third of the total SiO maser
flux. The maser spots which have been observed by the
VLBA may be somewhat biased in intensity, and ap-
preciable numbers of components are resolved out. The
multi-epoch observations are absolutely required to con-
firm this issue.

3.2.  Speculation on the Line Intensity Ratio

The transitions of the SiO J = 1-0 v = 1 and 2 lines
lies at approximately 1785 and 3570 K, respectively, from
the ground level. It is natural to consider that only one
of maser transitions in the v = 1 or 2 vibrational state is
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* activated at one position in the envelope. Then the dif- the J = 1-0 v = 2 line. The geometry of the envelope
'@ ferences in the physical conditions between the v = 1 and  (possibly a thin rotating disk) may help the escape of
2 2 masers should lead a large intensity difference between H,O line photons from the surface of the disk and lower
§ two maser transitions. However, in reality, the ratio is the excitation temperature of the H,O lines. In such a

nearly unity in many late-type stars. The VLBI observa-
tions of the J = 1-0 v = 1 and v = 2 transitions in the
normal late-type stars have shown that maser emissions
in both transitions come from almost the same spots in
the envelope (Miyoshi et al. 1992).

It has been suggested that the intensity ratio of
about unity of the two transitions of SiO is due to line
overlap of the SiO (J =0 v=1)«(J =1 v=2) tran-
sition (2-1 RO) with the H2O vibration-rotation line
(v2 = 01273 — w2 = 1 1lgs; Miyoshi et al. 1992).
This line overlap was originally proposed by Snyder and
Buhl (1975) to explain the weakness of the J =2-1
v =2 maser. The pump cycle in the SiO energy lev-
els (J=0v=1 = J=1v=2 - J=0v=2 =
J=1wv=1 — J=0 v=1) can produce the same
number of photons in the J=1-0 v =1 and 2 tran-
sitions when both masers are saturated. Here, the
transition (J=0v=1 = J=1 v=2) is pumped by
the H,O vibration-rotation transition and the transition
(J=0v=2= J=1wv=1) occurs due to a radiative
escape. Oloffson et al. (1985), Bujarrabal et al. (1996),
and Cho et al. (1998) investigated this further and found
that a clear trend favoring emission from the SiO J =2-1
v = 2 line in S type stars which are deficient in HoO. The
frequency difference between the SiO RO (v = 1) transi-
tion (J=0v=1= J=1v=2) of the H,O vibration-
rotation line is known to coincide within ~ 0.004 cm™!
(about ~1 km s~!) (Bujarrabal et al. 1996).

If this mechanism is a correct explanation, the weak-
ness of the J = 1-0 v = 2 line in IRC —10414 is due
to either of the two reasons: (1) the HoO vapor is defi-
cient in the envelope of IRC —10414, or the water vapor
content is time variable, and (2) the excitation tempara-
ture of the overlapped water line is significantly lower
than the excitation temperature of the SiO vibrational
lines. Detections of water maser emission in IRC —10414
and other young stellar objects seem to exclude reason
(1). Bujarrabal et al. (1996) calculated the excitation of
the H,0 and SiO lines by applying the overlap with the
quenching of the SiO J = 2-1 v = 2 line. In this calcula-
tion with the H2O line overlap, the J = 2-1 v = 2 maser
occurs when Ty (HO) < Tex (SiO), where the line overlap
works as a photon sink through the J = 1 v = 2 level
for the J =2-1 maser. In this case, the v = 2 J = 1-0
maser is quenched. Because the H2O vibrational lines
are more optically thick than SiO vibrational lines espe-
cially in low density (as nug, < 5 % 10% cm ™3 ; Bujarabal
et al. 1996), the excitation temperatures of H,O lines are
higher than those of SiO lines. The subtle difference of
the excitation temepartures of the relevant 8 um H,0
and SiO lines in the envelope can cause a quenching of

case, it is possible to quench the SiO J = 1-0 v = 2
maser with this line overlap. However, the failure of the
simple rotating-ring model, described in the previous sec-
tion, seems to exclude this case. Also, a SiO source such
as Orion TRC2, which has a disk structure (Plambeck et
al. 1990), exbibits almost an equal intensity ratio of the
v =1 to 2 line.

The weakness of the J = 2-1 v = 2 line in IRC —10414
in 1999 May (section 2) produces another puzzel for inter-
pretation; the quenching may be made without the H2O
line overlap, suggesting an effect due to a high density or
a low kinetic temperature in the envelope. Though there
is stil space to play a model with a complex structure
in the envelope (for example see Bujarrabal et al. 1996),
the line-ratio problem of the SiO v = 1 and 2 maser lines
seems to remain unsolved.

4. Conclusion

We observed IRC —10414 with the VLBA in the SiO
J = 1-0 v=1 transition. In this source, a single-dish
observation has shown that the line intensity ratio of
the SiO J=1-0 v = 1 to v = 2 transition is unusually
large. Though the obtained VLBA map with a spa-
tial resolution of better than 0.1 mas exhibits a veloc-
ity gradient in the east-west direction, it is difficult to
interpret the spatial distribution and radial velocities of
the maser spots using a simple, expanding/contracting-
rotating-ring model.
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