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Abstract. This paper presents observations of SiO maser emission from
161 Mira variables distributed over a wide range of intrinsic parameters
like spectral type, bolometric magnitude and amplitude of pulsation. The
observations were made at 86.243 GHz, using the 10·4 m millimeter-wave
telescope of the Raman Research Institute at Bangalore, India. These are
the first observations made using this telescope. From these observations,
we have established that the maser emission is restricted to Miras having
mean spectral types between M6 and M10. The infrared period-luminosity
relation for Mira variables is used to calculate their distances and hence
estimate their maser luminosities from the observed fluxes. The maser
luminosity is found to be correlated with the bolometric magnitude of the
Mira variable. On an H–R diagram, the masing Mira variables are shown
to lie in a region distinct from that for the non-masing ones.
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1. Introduction
It is well known for more than a decade now, that many oxygen-rich Mira variables
exhibit the SiO maser phenomenon. This emission has been observed in rotational
transitions of excited vibrational states upto ν = 3, (Alcolea, Bujarrabal & Gallego
1989; Jewell et al. 1985). One of the basic questions that has remained poorly
investigated is that of the relationship between the maser emission and the intrinsic
properties of the Mira variables. This question has a bearing on the understanding
of both. So far, about 190 late-type stars have been observed by millimeter wave
telescopes, and about 40 per cent of them have shown maser emission (Engels & Heske
1989). Preliminary attempts at studying the correlation of the maser power with
spectral type were made by Cahn (1977) and Spencer et al. (1977).
Cahn (1977) reported a correlation between the absolute maser luminosity and the
spectral type at maximum light and concluded that a Mira variable of any mean
spectral type attains maximum value of maser power on approaching the zero phase
of pulsation corresponding to the maximum light. Then, knowing the spectral type
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and the pulsational phase of the star, one can predict its maser power, and use its
measured value to obtain the distance to the Mira variable. The range of spectral
types covered by Cahn was from M6 to M10, and 15 sources were considered in his
study. No negative detections were included. Subsequently, Dickinson et al. (1978),
found seven new Mira variables to be masing, and noted that all of them had spectral
types later than M4. Two of these, i.e. Υ Cas and RT Aql, were observed at near zero
phase and allowed easy confrontation with the above mentioned correlation. While
Υ Cas fitted with the correlation, RT Aql did not. The dependence of maser luminosity
on spectral type earlier than M6, not considered by Cahn, remained unanswered due
to lack of adequate observations.
Spencer et al. (1977) noted that at spectral types near M8, the probability for a
Mira variable to show SiO maser emission is greater than 40 per cent. Their sample
consisted of 81 stars with very few objects earlier than M6. Their detection limit was
30 Jy and their conclusions were based on fluxes, without taking distances into account.
In this paper, we report observations of 161 (mostly Mira) variables made at
86.243 GHz corresponding to the J:2→ 1, v=1 transition in SiO. One of the
motivations of these observations was to study the dependence of the SiO maser
luminosity on intrinsic properties of Mira variables. Therefore, we selected the sources
to cover a wide range in spectral type. These observations are the first ones made
using the Raman Research Institute (RRI) 10.4 m telescope at Bangalore, India. The
method of observation and the instrumental characteristics are briefly described in
section 2, (for more details see Patel 1990). In section 3, we present the list of sources
we have observed, and the results of our observations. The integrated fluxes are
converted to luminosities in section 4. The correlations between the maser luminosity
and the intrinsic properties of Mira variables, that have emerged from our observations,
are described in section 5. Finally, in section 6, we discuss these results and attempt
their interpretation.
2. Observations and results
2.1 Observations using the RRI 10.4 m Telescope
The 10.4 m millimeter-wave telescope at the Raman Research Institute in Bangalore,
is a Cassegrain type antenna on an altitude-azimuth mount, with the receiver at the
Nasmyth focus. This telescope is located on campus, at a latitude = 13° 00' 44.46",
longitude = 77° 34' 59.67", and at an elevation of 930 meters above mean sea level.
The front-end receiver is a wave-guide mounted Schottky-barrier diode mixer followed
by an IF Amplifier at 1.4 GHz, both cooled to about 20 K. The radiation is coupled
by a lens to a quasi-optical diplexer which is closely attached to the dewar containing
the mixer and the IF amplifier. The local oscillator is a Gunn-oscillator tunable from
85 to 120 GHz. The back-end used for the SiO observations consisted of a synchronousdetector for continuum measurements (for pointing and gain calibrations) and the
following spectrometers: a 256 channel filter-bank having a resolution of 250 KHz
(0.87 km/s at 86 GHz), and an acousto-optical spectrometer having an effective
resolution of 210 KHz (0.71 km/s at 86 GHz), over a total bandwidth of 120 MHz.
The observations reported here were made during three seasons in 1988, 1989 and
1990. The typical values of double side-band system temperatures at zenith were
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between 400 and 500 Κ. The observations were calibrated using a chopper-wheel
positioned between the diplexer and the lens. The zenith optical depth τ0(z), frequently
monitored by taking dip scans on the sky, had typical values between 0.1 and 0.5.
The r.m.s. pointing error was about 5 arcsec, as found from continuum scans of
Jupiter and 5-point grids made on strong SiO sources. The aperture efficiency ηΑ,
was calculated from continuum scans taken on Jupiter and Venus. The mean value
of ηA was 0.45, during 1988 and 1989; for the 1990 data, ηΑ was found to be a function
of elevation, due to a possible misalignment in the feed-horn inside the dewar. The
value of ηA during this season was between 0.3 and 0·4. The measured fluxes of sources
observed during this season, have been corrected for this effect. Furthermore, all
observations made between IST 12 hrs to 18 hrs have been corrected for a drop in
the gain of the telescope, due to the differential heating of the dish by the Sun. The
reduction in the sensitivity of the telescope during daytime is about 20 per cent.
The variations in the detected power due to the inhomogeneous and varying
atmosphere, and due to gain variations in the receiver, were cancelled by beam-switching
which was achieved by tilting the tertiary mirror. The amount of beam thrown on
the sky was about 80 arcsec (± 40 arcsec about the center of the beam).
Observations were made using a dual beam switching method. In this method two
beam switched spectra are acquired, in which the respective reference positions straddle
the source in azimuth. Α residual ripple with a peak to peak antenna temperature of
about 0.5 to 1K, which was present in each of these spectra, can be cancelled by
averaging, leading to a very flat baseline as seen in Fig. 1.
2.2 Selection of Sources
The observed Mira variables were selected mostly from The General Catalogue of
Variable Stars (Kholopov 1985, henceforth GCVS) and in a few cases from Gezari,
Schmitz & Mead (1984). Since one of our aims was to check the hypothesis that SiO
masers exist only in very late-type Mira variables (with mean spectral type greater
than M6), we included a substantial number of objects at spectral types earlier than
M6. We also attempted to select those objects which have been well studied at near
infrared wavelengths, so that we can obtain information about the variation of spectral
types during pulsation, and its relation to the maser emission. Thus, we had many
objects which are common to the catalogue of Lockwood (1972). To avoid very long
integrations, an attempt was made to exclude objects that are at a distance greater
than 1 kpc from the Sun, by restricting the visual magnitude to lie below 15 magnitudes.
The list of selected objects along with their intrinsic properties is given in Table 1
in cols. 2–7. Among these, period was available for 143 objects. Fig. 2 shows their
distribution in period. For 28 sources the spectral type was either unknown or not
M. The distribution of the remaining 133 sources in the mean spectral type is shown
in Fig. 3. The similarity of these histograms with the corresponding ones for the
galactic Mira variables (Ikaunieks 1975), shows that the sample we have selected is
unbiased.
The phases of pulsation (φ ) and the visual amplitude of pulsation (Δmv) for some
of our sources were provided by the American Association of Variable Star Observers
(AAVSO). These occur in cols. 8 and 17 of Table 1.
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Figure 1. Beam-switched spectra acquired with offsets in azimuth, to one side (top panel), to
the opposite side (middle panel) and their average (bottom panel).
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Figure 2. Distribution in pulsation period of the observed sources.

Figure 3. Distribution in mean spectral-types of the observed sources.

251

252

Nimesh A. Patel, Antony Joseph & R. Ganesan
2.3 Results

The results of our observations are presented in cols. 10–14 of Table 1. Of the 161
sources observed, 37 showed SiO maser emission. The fluxes ranged from 0.2 to 11Κ
(16 to 880 Jy) and the full width at half maximum from 1 to 10km/s. The 1σ noise
level was 0.04 to 0.11 Κ (about 3 to 9 Jy).
Among the positive detections, the following seven sources are new detections at
86 GHz not found in the compilation of Engels (1979), or Engels & Heske (1989):
R Cae, Τ Cnc, R Crt, R Hor, RU Hya, S Vir and SW Vir. Note that Τ Cnc is a C
type star (Vardya 1989). In these stars the oxygen to carbon ratio is < 1 and one
expects SiO to be a less dominant Silicon species compared to say SiS (Sahai 1987);
thus the presence of SiO maser emission in Τ Cnc is surprising (see also Lloyd Evans
1990). The spectra of some new detections, and of one negative detection baseline are
shown in Fig. 4(a) & (b). The parameters listed in cols. 9–14 of Table 1 are obtained by
fitting gaussians to the line-profiles. In case of multiple peaks within the profile, we have
fitted gaussians to the individual peaks, where we could discern the peaks to be
separate. In blended features, we have not fitted more than one gaussian. To obtain
upper limits on fluxes and luminosities for non-detections, we have used a mean value
of 5 km/s for the line-width, and 3σ, for an upper limit in antenna temperature, where
σ is the r.m.s. noise in the baseline.
3. Distances of the Mira variables
As a first step towards knowing the relationship between the maser phenomenon and
the properties of the Mira variables, we convert the observed maser fluxes into
luminosities.
To calculate the true maser luminosity, one needs to know or assume something
about its isotropy. According to Alcock and Ross (1986), the maser emission is likely
to be highly anisotropic. VLBI observations indicate emission from spots located
around the star over a region of angular dimensions about 5 times the stellar radius
(Moran et al. 1979; Lane 1984, McIntosh et al. 1989). It is likey that the emission is
beamed and some of it is aimed towards us appearing as spots. However, at present
there is not enough data (e.g., time-monitoring with VLBI), to conclude anything
about the geometry of the total emission from the source. We can do no better than
to assume that no matter from which direction one is looking at the Mira variable,
one would see more-or-less the same fraction and that the filling factor is the same
for all Miras. We have determined the distances to the Mira variables in our sample
and obtained the maser luminosities from the observed integrated fluxes under the
spectral lines by assuming isotropic emission.
Currently, the best available period-luminosity relation for Mira variables is in
terms of the K-magnitudes, and is given by,
MK = 0.53 – 3.291 log P

(1)

with r.m.s. of about 0.1 magnitude (Feast 1984). We have used this relation to derive
distances to Mira variables in our sample. Following Feast et al. (1982), we have
corrected the apparent magnitudes for interstellar extinction, i.e.,
(2)
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Figure 5. Comparison of our distances with the “Calibrator” distances (see text).

where r is the distance in kpc and b is the galactic latitude. The apparent Κ magnitudes
were obtained from Catchpole et al. (1979) and from Gezari, Schmitz & Mead (1984).
These derived distances, when plotted against the eight ‘calibration’ distances of
Robertson & Feast (1981) in Fig. 5, are in good agreement. IR distances are reliable
due to their relative insensitivity to extinction corrections and we have therefore
adopted them. These calculated distances and luminosities of the observed sources are
listed in cols. 15 and 16 of Table 1.
A correlation between distances and some intrinsic stellar property is not expected
unless there is a hidden bias in our distance determination method. A check confirmed
no correlation.
4. The SiO maser luminosity and intrinsic properties of Mira variables
4.1 Determination of Effective Temperature
The spectral type of a Mira varies during its pulsation. The spectral types listed in
column 6 of Table 1, are from the General Catalogue of Variable Stars (Kholopov
1985), and represent the extreme values during the pulsation cycles. The spectral types
for several Mira variables at optical maximum are given by Keenan, Garrison &
Deutsch (1974), and throughout the pulsation period by Lockwood & Wing (1971).
The calibration of the spectral type with effective temperature for the Mira variable
is full of uncertainties (Bessell et al. 1989).
Dyck, Lockwood & Capps (1974) have obtained colour temperatures from
black-body fits to their measured fluxes at 1.04 and 2.5 microns and have calibrated
these colour temperatures with the effective temperatures of seven cool stars whose
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Figure 6. Dependence of effective temperature on the spectral-type of a Mira variable (from
Dyck et al. 1974).

angular diameters have been measured. Their sample of stars contain Mira variables and
IRC stars. The effective temperatures determined by this method, are shown in
Fig. 6, which also shows a fitted polynomial. We have used this relation here. These
temperatures appear in col. 18 of Table 1. One must note that the measured points
are accurate to about half a division in spectral type. Since most of the energy is
emitted at infrared wavelengths, it seems reasonable to adopt these temperatures
which are obtained by measurements of fluxes and diameters at these wavelengths.

4.2 The H–R Diagram for Mira Variables
The absolute bolometric magnitudes from the P-L relation (Equation 1), and the
effective temperatures obtained from spectral types as mentioned above, are used to
plot an H–R diagram for the Mira variables in our sample. This. is shown in Fig. 7.
This figure may be compared with the H–R diagrams for Mira variables obtained
previously by Keeley (1970), Scalo (1976) and Tsuji (1981). The H–R diagrams given
by these authors are mainly for M-giant stars, including a very few Mira variables.
As far as we know, Fig. 7 shows for the first time, the evolutionary status of the
masing and non-masing Mira variables. From this we see that the masing sources lie
in the region Mbol – 4.8 magnitude and Log(Teff) 3.47. The four `#' symbols
indicate supergiants, i.e. S Per, AH Sco, μ Cep, and VX Sgr. The three SiO maser
sources with Mbol ≅ – 4.2 are R Crt, RT Vir and SW Vir whose variable types are
SRB or unknown (i.e. not Mira). The SiO luminosities of these are ≈ 0.03 photons
s-1 which are about 5 per cent of the typical values observed for Mira variables. The
cutoffs in Mbol and Teff mentioned above are only for Mira variables. A similar
⋝

⋝
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Figure 7. H–R diagram for the observed masing and non-masing sources. 'X' = maser,
'o' = non-maser and '#' = supergiant star.

conclusion for supergiants or variables of different types can be made only after more
such stars are observed.
The limiting values of Mbol and Teff may be indicating that a Mira variable has
to attain a certain age before the onset of the SiO maser emission. On the other hand,
using
(3)
the limiting values of Mbol and Teff imply a lower limit on the stellar radius of
≈ 300R~, below which the SiO maser emission is suppressed. A large value of radius
may simply allow a larger path length for the gain of the maser, and hence a greater
maser luminosity. It also implies the density of gas in the envelope to be low, a
condition which is favourable for non-LTE.
4.3 Correlation of Maser Luminosity with Spectral Type
and Bolometric Magnitude
In Figs. 8 and 9, we have plotted the maser photon luminosity, and the maser flux
as a function of distance. These figures show that the maser sources are not equally
luminous, and the variation in the luminosity is intrinsic to the source. Fig. 10 shows
the SiO maser photon luminosity as a function of the mean spectral type (MST). The
intrinsic properties of super-giants represented by ‘#’ are expected to be different from
those of the regular M-giant Mira variables. But for the three super-giants, all the
masing Mira variables have MST later than M6. As a Mira variable approaches the
maximum visual brightness during its pulsation (i.e. the zero phase), its spectral class
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Figure 8. The SiO luminosity of maser sources versus their distances.

Figure 9. The SiO flux of maser sources versus their distances.

approaches an earlier type (corresponding to a hotter temperature). The limiting spectral
type below which there is no maser emission is therefore expected to be even earlier in
terms of the zero phase spectral type (ZPST) than the MST. In a plot similar to
Fig. 10, instead of MST we used ZPST which was available for some sources from
Keenan, Garrison & Deutsch (1974). The limiting value in terms of ZPST was found
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Figure 10. A plot of the SIO maser luminosity versus the mean spectral-type of the star.
‘X’ = maser, ‘o’ = non-maser and ‘#’ = supergiant star.

Figure 11. Same as Fig. 10 except the stellar spectral-type is the pulsation phase at he epoch
of observation.

to be M5. Some of the sources for which we could find both, the distance as well as the
phase of pulsation at the time of observation, are plotted in Fig. 11. Although this
plot has a much smaller number of sources, we see that the masing Miras do not
show a preferred value of spectral type in the range M6 –M10. The range of spectral
types for which the maser emission occurs is thus not smaller than that for the MST.
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There are a substantial number of non-masers even in the spectral range M6-M10,
as listed in Table 2. To check if they are at phases which correspond to the minimum
SiO luminosity, we have plotted their distribution with phase (see Fig. 12). Although
the number of sources in this histogram is rather small, there is no indication of a
preferred phase implying that being at the phase of minimum SiO emission cannot
Table 2: Non-detections among Mira variables with mean spectral-type > M6.

Notes: a: Previous detection at 43 GHz.
b: Previous detection at 86 GHz.
c: Previous non-detection at 86 GHz.
*: Benson et al. (1990).
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Figure 12. Distribution in the pulsation phase of Mira variables in which SiO maser emission
was not detected.

be the sole cause behind their non-detection. Other possibilities are discussed in
section 5.
Thus, spectral type later than M6 is a necessary but not a sufficient condition for
masing. Fig. 13 shows that the masing Miras are brighter than – 4.2 in bolometric
magnitude. Thus, another limiting factor is the bolometric magnitude. In fact, many
of the non-masers in the spectral type range M6–M10 have bolometric magnitudes
fainter than – 4.8m. Fig. 13 also shows a tendency for the maser luminosity to
decrease with increasing bolometric magnitude; this is discussed in Patel & Shukre
(1992).
4.4 Dependence of Maser Luminosity on the Amplitude of Pulsation
Another possible intrinsic property of Mira variables to which the SiO maser may
be related, is the amplitude of pulsation. Mira variables show very large changes in
the visual magnitude. The amplitudes of pulsation at infrared wavelengths on the
other hand, are much smaller (about 1 magnitude at infrared, for an amplitude of
about 5 magnitude at visual). This is expected due to variation in the temperature
between 2000 Κ to 2500 Κ during pulsation, for a typical Mira variable. Apart from
changes in temperature, the amplitude of pulsation will reflect changes in the diameter
of the star; and since the SiO maser exists very close to the photosphere, we may
expect a physical connection between the maser process and the amplitude of
pulsation. To investigate this relation, we have plotted the SiO maser photon
luminosity versus the pulsational visual amplitude Δmv . Fig. 14 shows a tentative
anti-correlation between the maser luminosity and Δm v obtained from GCVS. In
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Figure 13. A plot of SiO maser luminosity versus the bolometric magnitude of the source,
‘X’ = maser, ‘o’ = non-maser and '#' = supergiant star.

Figure 14. A plot of SiO maser luminosity of Mira variables versus their visual amplitude of
the pulsation. The amplitude in magnitude units are from GCVS (Kholopov 1985. ‘X’ = maser
and ‘o’ non-maser.

GCVS (Kholopov 1985) a value of Δmv is available for almost all the sources in our
list. These are recent values of Δmv where as the AAVSO Δmv (and the ‘notes’ in the
third edition of GCVS) represent mean values which were not available for all the
sources in Fig. 14.
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This result needs to be confirmed by observing more sources and using the mean
values of Δmv. It may also be useful to check for this anti-correlation by plotting the
ratio of SiO maser and thermal (v = 0) emission against Δmv . We expect such a
comparison to be free of distance uncertainties and independent of SiO abundance
variation from source to source. Further, the visual amplitude has severe molecular
blanketing effects (Lockwood & Wing 1971, Whitelock 1990); hence it is perhaps
more reliable to use infrared amplitude where molecular absorption is minimal.
It is important to note that the correlations we have discussed are independent of
each other. The bolometric magnitude, spectral type and amplitude of pulsation for
stars in our sample, do not show any correlation with each other.
5. Interpretations
5.1 Non-detections
There are a large number of Mira variables with no detected SiO maser emission. In
Table 2, we see that there are several Mira variables in the range of spectral types
M6–M10, for which we only have upper-limits on the SiO maser luminosity. The
limits for several of these are much below the luminosities for the masing sources
detected in our sample. This raises the question— Why are these Mira variables such
weak masers if they are masing at all? In Table 2, we find that there are many sources
which have been detected previously, at 43 and 86 GHz. These sources are marked
by ‘a’ and ‘b’ respectively, in column 7. Generally, the 43 GHz emission is expected
to be about twice as strong as the 86 GHz (Snyder & Buhl 1975). Therefore, those
sources which are already weak at 43 GHz should be even weaker at 86 GHz and
thus will not be detectable with our sensitivity. On the other hand, there are many
sources previously detected at 86 GHz, which we have failed to detect. We look at
these and other non-detections in the light of the dependence of the maser power on
intrinsic stellar properties discussed above.
For those sources for which data is insufficient, obviously, no statement can be
made. Of the remaining, those which have M bol > — 4.8 are expected to be weak
masers.
The dependence on the phase of pulsation φ affects the maser emission in two
ways. Because the spectral type varies with φ, for some stars (e.g. R Com, R Tau) the
spectral type at the phase of our observation would have been earlier than M6,
suppressing the maser emission. Secondly, the maser output is expected to vary with
φ such that it will be low in the range 0.5 < φ < 0.9. This of course will be of more
significance for those sources whose stellar parameters have values close to the cut-offs
or are at a large distance (e.g., Τ Lep, RW Lyr).
The coordinates used for our observation of Υ Cas were not precise. For some
other sources (e.g., TCep, UUCen), the data is noisier than average (σ ≅0.10Κ). In
a few cases, just the large distance could push the flux level below our sensitivity
limit, e.g., comparing W Cnc and R Hya we see that the flux for the former would be
≈ 1/30 of that for the latter.
The non-detection of the maser emission from sources in Table 2 can thus be
understood in terms of the factors discussed above. It lends indirect support to the
conclusions of previous sections. Only two sources (RT Aql and S Ori) cannot be
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understood in these terms. It should be noted that at least a few of the sources are
expected to show maser emission if observations are made with better sensitivity
(e.g. W Cnc, W Eri) or at a proper phase (e.g. S CMi, X Hya).
5.2 Dependence of Maser Power on Spectral Type
The SiO maser power clearly must depend on the molecular abundance of SiO in
the atmosphere of the Mira variable. As seen earlier, one of the main results that has
emerged from our observations is that the masing Mira variables have spectral types
later than M6. Indeed, this dependence of the maser power on the spectral type could
simply be due to a lower abundance of SiO in stars having spectral types earlier than
M6. Such an abundance variation was in fact predicted by Johnson, Beebe & Sneden
(1975). Rinsland & Wing (1982)1 observed the vibrational-rotational transitions in
SiO, at 4 µm from several M-giants and a few Mira variables of various spectral types.
They found that the equivalent width of the absorption band increased with the
spectral type, showing that above a temperature of ~ 3000 K, there was a steep decline
in the value of the equivalent width which could not be due to the dissociation of SiO.
A similar effect is also expected for the abundance of water (Tsuji 1978). We therefore
suggest that a reduction in the abundance of SiO in earlier spectral types is the cause
for the observed dependence of the SiO maser power on effective temperature (spectral
type). This can be tested by future observations of SiO in thermal rotational transitions
from Mira variables covering a wide range of spectral types.
6. Conclusions
There seem to be two criteria which may inhibit a Mira variable from giving rise
to SiO maser emission at 86 GHz: They are: (1) Spectral type earlier than M6
(or log T eff 3.48) and (2) Bolometric magnitude fainter than — 4.8 magnitudes.
⋜
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