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ABSTRACT

We report the detection of SiO maser lines from highly excited rotational states, including thev=1,J=6-
5 transition in R Leo—the highest rotational transition detected to date. Maser emission from the v =1,
J = 5-4 transition appears to be fairly common in evolved stars, with detectability mainly determined by tele-
scope sensitivity. Photon emission rates in the v = 1, J = 54 transition are typically 1-50 times less than in
the v = 1, J = 2-1 transition (86 GHz). The detection of v = 1, J = 6-5 emission may be sensitivity limited,
although we find evidence that the photon flux in this transition is significantly diminished relative to the
lower energy transitions. VX Sgr and possibly VY CMa show v =2, J =54 emission and v =3, J =54
emission may be present in VX Sgr. In general, we find that emission from the v =2 and v = 3 states is rare
in the high rotational transitions; however SiO maser emission is largely confined to states with v <3 and
J < 6. The correlation of velocity features in the high rotational transitions with the v = 1, J = 2-1 emission
features is extremely poor. Hence, theories that predict a cascade of photons within rotational ladders may

have limited relevance.

Subject headings: masers — stars: circumstellar shells

I. INTRODUCTION

Maser emission from evolved stars has to date been
observed from 12 rotational transitions in four vibrational
states of the silicon monoxide molecule. Since these transitions
arise from energy levels of ~0-5300 K above the ground state,
a variety of excitation mechanisms and spatial regions may be
responsible for the emission. Efforts to understand the emis-
sion have focused on comparisons between intensity, polariz-
ation characteristics, and radial velocity patterns of the
different transitions and evolution of these properties with time
(Schwartz, Zuckerman, and Bologna 1982; Clark et al. 1982;
Barvainis and Predmore 1985; Snyder et al. 1986). Since the
SiO molecule is thought to reside in an accelerating outflow (or
infall) region, emission lines from different spatial locations are
expected to show different radial velocities (e.g., see Moran et
al. 1979; Elitzur 1980). Some theoretical models of SiO maser
excitation have made predictions about the locations and the
characteristics of emission from different states. Elitzur,
Watson, and Western (1983), for example, have predicted
“chains” of rotational transitions within a given vibrational
state with the peak flux occurring near the central J value.
Such chains would share a common radial velocity emission
pattern. The more rotational states that are inverted, the
greater the emission in each state. Langer and Watson (1984)
expect v = 2 emission to occur near the photosphere in con-
trast to the v = 1 emission which they predict will originate
several stellar radii away from the star. Therefore the latter

1 The National Radio Astronomy Observatory is operated by Associated
Universities, Inc., under contract with the National Science Foundation.

should have a substantially different radial velocity pattern
than the former.

It is clear from these and other theoretical efforts that a
knowledge of the extent of the inversion, both vibrationally
and rotationally, and the extent and correlation of the emission
velocity patterns between transitions are essential to under-
standing the silicon monoxide maser in evolved stars. Thus,
our primary purpose in these observations was to place rea-
sonable limits on the vibrational and rotational excitation of
the SiO molecule. Previous work on high rotational transitions
of SiO has been performed by Schwartz, Zuckerman, and
Bologna (1982), who observed v =1, and v = 2 transitions
through J = 4-3, and Clemens and Lane (1983), who detected
v =1, J = 5-4 emission in three stars and v =2, J = 5-4 in
one.

II. OBSERVATIONS AND DATA

The observations were performed with the NRAO 12 m tele-
scope located on Kitt Peak, Arizona. The J = 5-4, J = 6-5,
and several of the J = 2-1 observations were performed 1986
May 15-19, and the remaining J = 2-1 observations were
made 1986 July 13-20. The SiO line rest frequencies were taken
from Manson et al. (1977) and are (in MHz): v =1, J = 2-1,
86243.350(2); v = 1, J = 54, 215596.035(52); v =1, J = 6-5,
258707.489(86); v = 2, J = 5-4,214088.594(61); v = 3,J = 5-4,
212582.560(62). The J = 5-4 and J = 6-5 SiO observations
were made with cooled, dual polarization, Schottky mixer
receivers operating in a double sideband mode. Position
switching was employed with the off position 10’ away in
azimuth. Two filter spectrometers (256 x 500 kHz and
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TABLE 1
RESULTS OF SiO MASER OBSERVATIONS

V (LSR) Velocity Range

rTI87A

Source «(1950) 8 (1950) Transition (kms™?) (kms™1!)
m ()] 3 (C)] ®) (6)
Mira .......ooeeeenn.. 2816™49°0 —3°12'13” v=1J=2-1 472 43.7-53.3
v=1J=54 450 .
v=2J=54 450
TXCam ................. 4 56 43.0 56 647 v=1,J=2-1 11.3 0.9-18.3
v=1,J=54 83 34-13.8
v=2J=54 10.0
v=1,J=6-5 10.0
IRC +50137 ............ 5 7197 52 48 53 v=1J=2-1 2.8 —0.65-6.3
v=1J=54 5.0
50m cooiviiiiiiiien, 526 32.7 —4 4352 v=1,J=2-1 12.7 8.4-17.0
v=1,J=54 14.0
UOrm ......ooovvennn.. 552 51.0 2010 5 v=1,J=2-1 —403 —43.8--25.5
v=1,J=54 —39.0
VCam ................... 5555715 74 3023 v=1J=2-1 74 —0.43-15.2
v=1J=54 0.0
IRC +60169 ............ 630 0.6 60 58 49 v=1J=2-1 —213 —28.3--17.8
v=1,J=54 —-235
VYCMa................. 7 20 54.7 —254012 v=1,J=2-1 223 14423
v=1,J=54 23.1 0.8-28.6
Ww=2J=54 -53 —74-—46
v=1J=6-5 21.0
RLeo ..coocvvvvinnn... 944 522 11 3941 v=1J=2-1 1.2 —23-7.1
v=1,J=54 6.2 —5.6-9.7
v=2J=54 1.0
v=1J=6-5 71 —0.4-94
RHya.................... 13 26 58.5 —23 125 v=1,J=2-1 —11.0 —15.3-1.2
v=1J=54 —83 —139-14
v=1,J=6-5 -10
WHya ...........ooenl . 13 46 122 -28 7 17 v=1J=2-1 423 35.649.6
v=1,J=54 36.2 35.5-459
v=2J=54 40.0 .
v=1,J=6-5 40.0
RUHer .................. 16 8 8 251159 v=1,J=2-1 —13.2 —-17.5--79
UHer ............o...... 16 23 349 19 017 v=1,J=2-1 —15.7 —-209--8.7
v=1,J=2-1 —15.7 —-20.0--9.6
v=1J=54 —135
OH 26—-04 ............. 17 50 109 —26 56 0 v=1J=54 —4.0
VX Sgr..ooooeviiiiininn 18 5 32 —2214 6 v=1J=2-1 8.2 —-9.2-22.1
v=1,J=54 5.3 —15.6-20.6
v=2J=54 14.1 12.0-16.1
Ww=3J=54 17.3
v=1,J=6-5 6.0
WS1IRS2%.............. 19 21 22.6 14 2511 v=1J=54 45.0
v=2J=54 450
ACYE i 19 48 38.5 324711 v=1,J=2-1 8.2 3.8-143
v=1J=6-5 9.5
NML Cyg ...cc.cue...... 20 44 339 39 5556 v=1,J=54 0.0
RPeg ..oooovnviiiinn. .. 23 4 82 10 16 21 v=1J=2-1 . 260 20.8-29.5
v=1,J=2-1 26.0 21.7-27.8
v=1J=54 17.8 13.6-18.5
v=1J=6-5 23.0
RCas.....c..oovvennnnn.n. 23 55 51.7 51 635 v=1,J=2-1 238 20.4-28.2
v=1,J=54 26.0
750
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Table 1.—continued

s, Rms S, dv @, 1986 Stellar
Jy) Jy) (107°Wm™? @, Date Phase
Y ® ) (10) (11) (12
Mira ...ooovveeneinennnnnn. 758 5.4 611 ’ ... Jul 20 0.33
<219 44 <486 >31 May 16 0.19
<16.1 32 . <400 >38 May 18 0.19
TX Cam .....covvvennennen 1240 35 169.0 Jul 15 0.33 '
172 22 57.8 73  May 16 0.22
<210 42 <632 >6.6  May 18 0.23
<534 10.7 <225 >23  May 17 0.22
IRC 450137 ............. 209 29 19.2 Jul 15
<204 4.1 <317 >13  May17
500 .ooiiinieineiinnnnn. 26.4 24 30.3 Jul 15 0.45
<304 6.1 <527 >14  May 16 0.31
UOH oo 75.6 32 719 Jul 15 0.64
<254 5.1 <578 >34  May 17 0.48
Veam .....coooounnnnn.. 51.6 40 81.2 Jul 15 0.21
<389 7.8 <935 >22  May 17 0.09
IRC +60169 ............. 30.7 38 432 Jul 15
<414 83 <94.1 >12  May17
VYCMa .....ccovnee. 1566 8.3 3123 Jul 14
273 34 217 36 May 16
21.1 3.0 <762 >102 May 18
<383 1.7 <249 >38 May 17
RLEO «oovvnvenainnnnn. 170 5.6 196 Jul 13 0.80
59.6 22 248 20 Mayl16 0.62
<94 19 <210 >23 May 19 0.63
41.7 52 162 36  May 18 0.62
RHya ..coooovvvnennnnn. 25.7 3.0 29.7 Jul 15 0.89
39.3 2.8 131 06 May 16 0.74
<542 10.8 <138 >07  May 18 0.74
WHya ..oooovneevnnnnnn. 1109 102 1131 Jul 14 0.40
81.4 3.7 236 12 May 16 0.24
<141 2.8 <322 >87 May 19 0.25
<413 82 <114 >30 May 18 0.24
RUHer .......c.coneen.. 119.5 33 100 May 18 0.46
UHer ....ooovvvnenn. 62.8 3.8 118 May 18 0.85
87.5 57 137 Jul 15 1.00
<129 26 <36.0 >82 May 16 0.85
OH26—04 ............. <192 3.8 May 16
VX SEE oo, 4222 2.8 1307 May 18
172 1.7 123 26 May 16
31.2 3.7 50.1 65 May 19
7.5 15 May 19
<394 79 <209 >19 May 17
WS51IRS 2 ..., <182 3.6 May 16
<6.90 14 May 19
L CYE ceveeeeiiaeeiiinnn 254.6 3.1 263 May 18 0.76
<319 6.4 <759 > 10 May 18 0.76
NML Cyg .....ovvnnvnnnn <311 6.2 May 16
RPeg..coveeaneannnnn. 53.0 3.1 52.7 May 18 0.06
374 3.6 4.5 Jul 15 0.22
8.0 18 15.1 87 May 16 0.06
<18.6 3.7 <444 >36  May17 0.06
RCAES oovvneeinenaneannn. 389 40 299 . May 18 0.86
<264 53 <463 >16 May 16 0.86

2 This emission was previously detected by Clemens and Lane 1983.
® A possible line in W51 IRS 2 was detected at 214060 MHz with an intensity of ~0.10 K. This is
probably background emission from an unidentified species.
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256 x 1 MHz) were used in parallel. Each filter bank was
divided into halves, with each half accepting an orthogonal
linear polarization channel. The spectra and tabular results
reported here are an average of the two polarization channels.
The 1.5 GHz IF frequency of the receiver allowed the v = 1
and v = 3 J = 54 lines to be observed simultaneously, with
one in the upper sideband and the other in the lower.

The data were calibrated by the chopper wheel technique
which corrects for atmospheric attenuation and antenna spill-
over losses and results in temperatures expressed on the T%
scale (Kutner and Ulich 1981). The effective system tem-
perature, T, which results from the calibration scale was
1200-1500 K at the J = 54 frequency and 2500-3000 K at
the J = 6-5 frequency. The flux density scale was set by obser-
vations of Jupiter. The conversion factor from T% to flux
density was 53 Jy K ™! at the J = 5-4 frequency and 80 Jy K !
at the J = 6-5 frequency. The FWHP of the antenna beam was
32" at the J = 54 frequency and 26" at the J = 6-5 frequency
as determined by five point maps of Saturn.

The J = 2-1 observations were made with a 3 mm cooled,
dual polarization, Schottky receiver. The observing technique
was identical to the higher frequency observations except that
the filter spectrometers used were 100, 250, or 500 kHz per
channel. The FWHP was 70" at the J = 2-1 line. T%, was
750-1000 K, and the conversion from T% to flux density was
32JyK~ 1

Table 1 summarizes the results of the high J observations
and the associated v = 1, J = 2-1 observations. Source names,
coordinates, and transition quantum numbers are given in the
first four columns. The next two columns list V(LSR), the
radial velocity with respect to the local standard of rest of the
strongest emission feature, and the velocity range of all detect-
able emission. The next three columns contain S,, the peak flux
density of the strongest emission feature which was identified
in the V(LSR) column; rms, the root mean square noise level of
the spectrum; and | S, dv, the flux density integrated over the
velocity range listed in the sixth column. The next column
contains ®,_,/®,, the ratio of photon fluxinthe v = 1, J = 2-1
transition to the photon flux of the transition listed in the
fourth column. The last two columns list the dates of observa-
tion and the stellar phases at those epochs, if that information
was available. The phase information was obtained from the
American Association of Variable Star Observers (Mattei
1986a, b) and the General Catalogue of Variable Stars
(Kukarkin et al. 1969). Figures 1-7 present the high-excitation
lines along with their J = 2-1 counterparts for the seven detec-
tions.

III. DISCUSSION

a) Emission Characteristics

Figure 1 shows the v = 1, J = 6-5 spectrum of SiO in R Leo
together with the v=1, J =54 and the v=1, J=2-1
spectra. The features at 2.4 and 6.5 km s™! in the J = 6-5
spectrum correspond well in velocity with two prominent fea-
tures in the J = 5-4 spectrum. However, the high J profiles do
not correspond at all with the J = 2-1 profile. the J = 54
profile actually has a substantially larger width than the other
transitions. These profiles suggest that maser cascade chains
might occur over a few levels, but the correlation between the
upper and lower members of the ladder eventually breaks
down. We note that the J = 2-1 observation was made 2
months after the high J observations. Clark et al. (1984) have
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R Leo

SiO Masers
V=1, J=6+5
1986 May 18

20 Jy

V=1,J=5—+4

40 Jy 1986 Moy 16

V=1, J=2-1
1986 July 13

PR NI RN S NS T R
-0 -l10 0 10 20 30

VLSR (km S-])

F1G. 1.—R Leo SiO masers in the v = 1, J = 6-5 (258707.489 MHz), v = 1,
J = 54 (215596.035 MHz), and v = 1, J = 2-1 (86243.350 MHz) transitions.
The J = 6-5 maser is the highest frequency SiO maser yet detected. The stellar
phase was 0.62 for the 1986 May observations and 0.80 for the 1986 July
observation.

— 1 T 1 T T T T T T T T 0

TX Cam
SiO Masers

V:l, J=5+4
1986 Moy 16

50 Jy V=1, J=2~1

1986 July 15

! | | 1 | ! ] ) |
-20 -10 0 10 20 30 40

VLSR (km S_])

F1G. 2—TX Cam SiO masers in the v=1, J =54 and v = 1,J=2-1
transitions. The stellar phase was 0.22 for the 1986 May observation and 0.33
for the 1986 July observation.

L | 1
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FiG. 3—VY CMa SiO masers in the v=1,J =54 and v=1,J =2-1
transitions. Stellar phase information was not available for this source.

shown that SiO maser emission characteristics can undergo
significant changes shortly after stellar maximum. Emission
properties (intensity, velocity pattern) can show more uniform
changes throughout the stellar cycle (e.g., Lane 1982; Clark et
al. 1984). R Leo was at phases 0.62 and 0.80 at the two dates of

R Hya
SiO Masers

V=1, J=5-—-4

20 Jy 1986 Moy 16

Vi1, g2
1986 July 15

PR I TR NN SRR NN T NN NN S
-40 -30 -20 -10 0 10 20 30
Visr (km's -

FI1G. 4—R Hya SiO masers in the v = 1,J = 54 and v = 1, J = 2-1 tran-
sitions. The stellar phase was 0.74 for the 1986 May observation and 0.89 for
the 1986 July observation.
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observations, so it probably did not experience radical
changes.

Figure 2 shows the J = 54 and J = 2-1 emission from TX
Cam. The J = 54 emission lies within the velocity range of the
J = 2-1 emission complex, but the strongest features do not
coincide in velocity. Figure 3 shows the J = 54 and J = 2-1
emission from VY CMa. This is one of only two sources
showing good velocity correspondence between the J = 54
and J = 2-1 emission. Figure 4 shows the J = 54 and J = 2-1
emission from R Hya. This source is remarkable since the
photon flux of the J =54 (May 16) actually exceeds the
J = 2-1 photon flux (July 15). We did not detect J = 6-5 emis-
sion, however. R Hya was at phases 0.74 and 0.89 at the two
dates of observation. Strong emission occurs near — 11 kms ™!
in both transitions. Figure 5 shows the J = 54 and J = 2-1
emission from W Hya. The emission complexes cover a similar
velocity interval, but the prominent velocity features in each
transition do not correspond. Figure 6 shows the VX Sgr
J = 5-4 emission spectra in the v = 1 state (and possibly the
v = 3 state) and the v = 2 state, followed by thev =1, J = 2-1
emission spectrum. The v = 3, J = 5-4 feature was in the lower
sideband of all the v = 1, J = 5-4 upper sideband observa-
tions, and, if our suggested assignment is correct, it would be
the highest excitation maser known. However, VX Sgr is near
the galactic plane so we cannot absolutely rule out the possi-
bility that this feature could be background emission from an
unknown species. Moreover, our method of data averaging
was referenced to only the upper sideband so any lower side-
band v = 3 line would be artificially broadened and reduced in
intensity. The spectrum in the small inset was obtained by
properly averaging the data for the lower sideband, so it shows
the correct width and intensity for the possible v = 3 feature.
All the J = 5-4 emission falls within the J =2-1 emission
interval, but none of the prominent emission features align in
velocity. The J = 54 line intensities for VX Sgr are more

W Hya
SiO Masers

V=1, J=5—=4
1986 Moy 16

50 Jy

V=1, J=2—1

500 Jy 1986 July 14

!
10 20 30 40 50 60 70

Visg (km S—])

Fi1G. 5—W Hya SiO masersinthev=1,J = 54and v = 1, J = 2-1 tran-
sitions. The stellar phase was 0.24 for the 1986 May observation and 0.40 for
the 1986 July observation.
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VI=3,J=5"4(?) VX Sgr
15Jy

SiO Masers

V=1, J=5-+4
1986 May 16

20 Jy

V=2, J:5-+4
1986 May 19

200 Jy

V=1, J=2—1
1986 Moy 18

| I I S N SR ENN WS NN S NN S

|
-60 -40 -20 O 20 40 60 80
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FI1G. 6.—VX Sgr SiO masers in the v=1, J = 54, v =2, J = 5-4, and
v =1, J = 2-1 transitions. The feature in the v = 1, J = 54 upper sideband
spectrum at an apparent velocity of —35 to —45 km s~ ! is the suspected
v =3, J = 5-4 emission from the lower sideband which has been broadened
and reduced in intensity from local oscillator shift alignments for the upper
sideband. The spectrum in the small inset was obtained by properly averaging
the data for the lower sideband to show the proper width and intensity for the
possible v = 3 feature. Stellar phase information was not available for this
source.

uncertain than for the other sources because of disagreement in
the literature over the best source coordinates. The VX Sgr
J =2-1 emission was mapped for peak intensity, but the
J = 54 emission, which was observed with a different receiver
configuration, was too weak to map. Figure 7 shows the
J = 5-4 and J = 2-1 emission from R Peg. Again, little corre-
spondence between the strongest velocity features exists.

Only upper limits were obtained for the v = 1, J = 54 emis-
sion from Mira (o Ceti), IRC +50137, S Ori, U Ori, V Cam,
IRC +60169, S CrB, U Her, OH 2.6—0.4, W51 IRS 2, NML
Cyg, and R Cas. Most of these sources are weaker in the
J = 2-1 line than are those that produced positive results. The
limit on the photon flux ratio ®,_,/®, , ranged from 1 to 31
for the nondetections. The upper limit on integrated flux
density, from which photon flux is derived, was defined as
56Av,_,/\/N, where o is the rms noise of the transition of
interest, Av, , is the frequency width of the v =1, J = 2-1
emission, and N is the number of channels in the frequency

Vol. 323

interval. Two of the sources listed above, Mira and R Cas, are
strong in the J = 2-1 line. The photon flux ratio ®,_,/®5_, is
greater than 31 for Mira and greater than 16 for R Cas.

Figure 8 is a plot of v = 1, J = 54 flux density versus v = 1,
J = 2-1 flux density. This plot provides three notable results:
(1) the Mira sources have a large scatter in their J = 5-4 to
J = 2-1 flux density ratios, suggesting that this particular SiO
emission characteristic is strongly influenced by random
events; (2) the two supergiants, VX Sgr and VY CMa, lie close
to a line through zero flux and may thus have a more regular
behavior in flux density ratios, although the statistics indicat-
ing this trend are obviously small; (3) the points all lie in the
upper diagonal of the plot, which suggests that S,[J = 54] >
1/15)8,[J = 2-1].

Upper limits for v = 1, J = 6-5 emission were obtained for
TX Cam, VY CMa, R Hya, W Hya, VX Sgr, x Cyg, and R Peg.
For the sources VY CMa, W Hya, and VX Sgr, all of which
have strong v = 1, J = 2-1 and v = 1, J = 5-4 emission, limits
on @, ,/®, 5 > 19-38 were obtained. Upper limits were also
obtained for v = 2, J = 54 emission from Mira, TX Cam, R
Leo, W Hya, and W51 IRS 2. Hasegawa et al. (1986) have
reported v = 2, J = 1-0 emission from the vicinity of W51 IRS
2, a star-forming region. The lower bounds on the v = 2,
J =2-1and v = 2, J = 54 photon flux ratio ranged from 7 to
100. With the exception of VX Sgr, no evidence of v = 3 emis-
sion was seen.

IV. CONCLUSIONS

1. From the six detections, we conclude that the v = 1,
J = 5-4 SiO maser is fairly common. Considerable variation
from star to star occurs, but the photon flux ratio ®, ,/®s_, is
typically 1-50. Most of the strongest J = 2-1 sources showed
J = 5-4 maser emission as well—Mira and R Cas were excep-
tions. From detections and nondetections, we find the possible
relation S,[J = 5-4] > (1/15)S,[J = 2-1]. As the sensitivity of
telescopes improves, probably many new v = 1, J = 54 maser
sources will be discovered.

| T ] T ] T | T [ T ] T ] T I
R Peg
SiO Masers

V=1, J=5—-4
1986 May 16

5Jy

V=i, J=2—=1
1986 Moy 18

| |
-20 -10 0 10 20 30 40 50

Visg (kms™!)

FiG. 7—R Peg SiO masersin the v = 1, J = 54 and v = 1, J = 2-1 tran-
sitions. The stellar phase was 0.06 for these observations.
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FI1G. 8—Flux-flux plot of observed v = 1,J = 5-4 vs.v = 1, J = 2-1 flux densities. Data were taken from Table 1.

2. At present sensitivities, maser emission in the v =1,
J = 6-5 transition is rare; the excitation of this transition is
significantly diminished relative to lower lying transitions. R
Leo showed relatively strong J = 6-5 maser emission, but
upper limits on J = 6-5in VY CMa, W Hya, and VX Sgr were
stringent. These latter three sources all had strong J = 54
lines. In general, SiO maser excitation appears to be confined
tov<3andJ <6.

3. The observations of this study do not support theories
advocating a cascade of photons down the entire SiO rotation-
al ladder. Four of the six detections showed little similarity in
the velocity profiles of the J = 5-4 and J = 2-1 transitions (all
of the observations were made within a 2 month time period).

The J = 5-4 and J = 6-5 profiles in R Leo had some simi-
larity, however, which suggests that maser chains might exist
over a few levels. Barvainis and Predmore (1985) have also
found little correspondence between velocity and polarization
features of J = 1-0 and J = 2-1 masers.
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