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Abstract. We present a distance measurement to the semi-regular variable star RX Bootis
(RX Boo). Using the VLBI Exploration of Radio Astrometry (VERA) telescope, we conducted
astrometric observations of a water maser spot associated with RX Boo, as well as of the
continuum reference source J1419+2706. Based on monitoring observations covering a full year,
the annual parallax of RX Boo was measured at 7.31 £ 0.50 mas, corresponding to a distance
of 136:1)0 pc. This distance uncertainty is smaller by a factor of two than those previously
published, allowing us to determine the object’s stellar properties more accurately. Using our
distance, we can determine the absolute magnitude and discuss more precisely the locus of
RX Boo on the period-luminosity (PL) relation. RX Boo exhibits two simultaneous pulsation
periods and is located on the fundamental and first overtone Mira sequences of the PL relation.
In addition, we calculated the radius and mass of the star.
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1. Introduction

Certain types of variable stars exhibit well-defined relations between their absolute
magnitudes and their periods. Such relations are called period-luminosity (PL) relations.
PL relations of long-period variable stars (for example, Miras or semi-regular—SRa or
SRb—variable stars) have long been investigated, since they have been found in the Large
Magellanic Cloud (Glass & Evans 1981; Wood 2000; Cioni et al. 2001; Ita et al. 2004). By
employing a PL relation, we can estimate a variable star’s absolute magnitude based on
its period. Armed with this absolute magnitude, and using the star’s apparent magnitude
from observations, we can calculate its distance. Detailed studies of PL relations have
revealed an intrinsic multiplicity, a feature usually explained by differences among excited
pulsation modes. For red, long-period variable stars, evidence of such multiplicity was
first reported by Wood (2000).

Although PL relations in our Galaxy have been studied extensively (e.g., Knapp et al.
2003; Glass & van Leeuwen 2007; Whitelock et al. 2008), further studies are required.
One of the difficulties associated with the PL relations in our Galaxy is that of measuring
precise distances. However, we must obtain precise distances to determine a precise PL
relation. Therefore, we measured the distance to our sample object, RX Bootis (RX Boo),
from its annual parallax using Very Long Baseline Interferometry (VLBI).
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We observed RX Boo with the Japanese VLBI telescope, ‘VLBI Exploration of Ra-
dio Astrometry’ (VERA). VERA consists of four antennas (located in Mizusawa, Iriki,
Ogasawara, and Ishigakijima). It can measure the annual parallaxes and proper motions
of many astronomical objects based on application of a phase-referencing method. Since
VERA is a dual-beam system, we observed our target and reference sources simultane-
ously. Using the system, we can cancel out the effects of atmospheric fluctuations between
two sources (Honma et al. 2008).

2. Observations and Data Reduction

We conducted monthly VLBI/VERA observations of water masers around RX Boo
from February 2008 to October 2009. We performed a total of 12 epochs of observations.
To obtain the positions of the maser spots of interest around RX Boo, we observed a
continuum source (J1419+2706) as an absolute position reference. The phase-tracking
centers of RX Boo and J141942706 are (32000.05632000.0) = (14724™11%.6206,+25°42’
12”.909) and (aJQO()()'(), (5‘]2000.0) = (1411191’159s.2971,+27006/25//.5530), respectively.

We reduced the data with the Astronomical Image Processing System (A1Ps) developed
by the National Radio Astronomical Observatory (NRAO). The data reduction method
and our approach to estimate the uncertainties have been published in detail in a number
of VERA papers (e.g., Honma et al. 2007; Nakagawa et al. 2008; Kamezaki et al. 2012).

3. Results

The spectral shapes did not change during the VLBI observations. Using least-squares
fitting, we determined the annual parallax and proper motion based on the single maser
spot we detected. We show the fit results in Figs 1 and 2. Based on these fits, we deter-
mined the parallax of RX Boo at 7.31 £ 0.50 mas, corresponding to a distance of 136:1)0
pc, as well as its proper motion, (i, cosd, us) = (24.55 4 1.06 mas yr—!, —49.67 4 2.38
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Figure 1. Relative position of the maser spot associated with RX Boo with respect to the

phase-tracking center, (a,d)=(14"24"11°.6206, +25°4212".909). Solid bullets with error bars:
observed positions; open circles: positions calculated from least-squares fitting.
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Figure 2. Time variation of the position of a maser spot near RX Boo in right ascension (top)
and declination (bottom) after subtracting the linear proper motion. Solid line: fit result of
the annual parallax; solid bullets with error bars: observed positions; open circles: positions
calculated from least-squares fitting.

mas yr~—!). The annual parallax measured by Hipparcos was 6.42+1.00 mas; our parallax
is consistent with the Hipparcos parallax. The Hipparcos proper motion was (g, cosd,
ps) = (21.74 + 0.90 mas yr—*, —49.70 & 0.49 mas yr—!). Our proper motion and the
Hipparcos proper motion are consistent in declination but differ in right ascension. This
is because we observed a maser source near RX Boo, while Hipparcos observed the star
itself. Therefore, the difference between our results and those based on Hipparcos data
reflects the internal motion of the water maser, i.e., 2.81 mas yr—! and 1.8 km s~! at the
distance of RX Boo.

4. Stellar Properties

We will now discuss the position of RX Boo on the PL relation. The multiple periods
of RX Boo have been studied previously (Taylor 1987; Andronov & Kudashkina 1988;
Mattei et al. 1997; Speil 2006; Samus et al. 2009). RX Boo exhibits two simultaneous
periods, a shorter period of ~ 160 days and a longer one of ~ 300 days. We adopted
159.6 days and 278.0 days, respectively, based on the most recent study (Speil 2006).
Using our distance, the absolute magnitude in the near-infrared K band was estimated
as Myx = —7.53f8:%“§ mag, based on an apparent magnitude of myx = —1.85 mag (Glass
& van Leeuwen 2007). The two periods were found on sequences C and C’, which describe
the relation for Miras and SRa stars, and that for some SRb stars, respectively. RX Boo
is found on sequence C if we consider the longer period, while it is located on sequence
C’ for the short period. This indicates that both periods of RX Boo may be related to its
basic stellar structural properties, and are unlikely due to any spontaneous occurrences.
One of the periods corresponds to a definite mode of pulsation, and the other to another
mode. The simultaneous enhancement of both modes may be evidence of the transient
nature of RX Boo between sequence-C and C’ stars.
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We also estimated the radius of RX Boo, using two methods: one was based on our dis-
tance and the stellar diameter obtained from infrared interferometry, and the other used
our distance and Stefan—Boltzmann’s law. In application of the former method, we used
the angular diameter of the Rosseland radius, 18.87 & 0.12 mas, based on Perrin et al.
(1998). The star’s Rosseland radius of 278 R was obtained by combining their radius
and the present parallax. In the latter method, we estimated the bolometric luminosity
using the V-band magnitude and a bolometric correction, and then we estimated the
radius from Stefan—Boltzmann’s law, the bolometric luminosity, and an effective temper-
ature. The bolometric correction is —6.5 mag for (V — K) ~ 9.85 mag (Worthey & Lee
2011). Since the mean V-band magnitude of RX Boo was my ~ 8.0 mag (e.g., AAVSO,
AFOEV, GCVS, etc.), we estimated the apparent bolometric magnitude at myo ~ 1.5
mag. Finally, we obtained My, = —4.2 mag, which gives a stellar luminosity of 3630 L.
When we use an effective temperature of 2750 K based on Worthey & Lee (2011), a ra-
dius of 266 R is obtained. At present, we assume a radius for RX Boo of approximately
270 Ry based on results obtained from two different procedures.

The radius of a pulsating star can be used to estimate the stellar mass when the char-
acteristic period, the pulsation constant (@), is obtained from theoretical considerations.
The detailed theoretical study of the radial pulsations of red giants performed by Xiong
& Deng (2007) gives the period ratio and @ for various models. The period ratio of
RX Boo is 0.61 for the results of Speil (2006) and we adopted @ ~ 0.039 from Xiong &
Deng (2007). From the period—density relation, we estimated the mass of RX Boo using
the pulsation constant, radius, and period. We obtained a mass for RX Boo of 1.13 Mg.
The mass estimated here will increase if we adopt a larger radius.
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