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We have measured the annual parallax of the Mira-type star UXCygni of 0.54± 0.06 mas us-

ing phase-referenced VLBI observations of its circumstellar water masers with the VLBA. The

corresponding distance is 1.85+0.25
−0.18 kpc. This is the first measurement of star’s annual parallax

based on the observations of water masers. Some kinds of variable stars, including Mira variables,

have period–luminosity relations, and so they are used as distance indicators. However, they are

only relative distance indicators because we do not know therelationships between periods and

absolute luminosities. If we could measure this relationship for Mira variables, it would become

an absolute distance indicator, allowing for an independent measurement of the distance to Large

Magellanic Cloud (LMC), which is important for the calibration of period–luminosity relations

for other kinds of variable stars. Our result is consistent with the period–luminosity relation of

Mira variables in LMC and its distance from present observations.
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1. Introduction

It is well known that there exist period–luminosity relations for some kinds ofvariable stars
such as Cepheids and RR Lyrae. These relationships between the variation periods and magnitudes
are used for distance estimations of near galaxies as parts of “distance ladders”. However, such
relations are not established well enough for any type of variables. Thus, they are relative distance
indicators now as we can estimate only the ratio of distances by comparing the period–luminosity
relations of two groups.

The period–luminosity relation for Miras has been studied using Miras in Large Magellanic
Cloud (LMC). For example, [1] shows the period–luminosity relation for 55 Miras in LMC. Espe-
cially, theK-band relation has a weak dependence on chemical composition of Miras and so it is
potentially useful for determining distances. However, the distance to LMC isnot established suffi-
ciently well, so we cannot establish the relation between variation periods andabsolutemagnitudes
for LMC Miras. Therefore, we need to establish it based on determinationsof distances to Galactic
Miras. Unfortunately, period–luminosity relation of solar-neighbourhoodMiras is not well estab-
lished compared to for LMC Miras. Even with Hipparcos results, which are the best measurements
of parallaxes to date, the errors from distance uncertainties are still largefor those Miras [2, 3, 4].
In [2], 16 Miras were used for finding period–luminosity relation. Among them, parallaxes of only
7 Miras satisfyϖ/ε(ϖ)≥ 3.0 andε(ϖ) < 1.75 mas (whereϖ is annual parallax,ε(ϖ) is the error
of ϖ) [5, 6]. The accuracy of Hipparcos’ parallaxes is, thus, not enough to measure the distances
to Miras.

In phase-referenced VLBI, the target source and a phase-reference source are observed si-
multaneously or within short intervals (see [7, pp.476–480], [8] and [9]) to make it possible to
remove the effect of fluctuations of the Earth’s atmosphere and use VLBIdifferential phase. We
can also get a nearly absolute position of the target by choosing a distant source as a phase ref-
erence. Therefore, phase-referenced observations are useful for detections of weak sources and
precise astrometric measurements. Among them, measures of annual parallaxes, which are direct
distance measurements without assumptions, are often performed for pulsars [10, 11, 12]. OH
maser observations are performed at 1.6 GHz for AGB stars, too [13]. These measurements attain
parallax accuracy of about 1 mas. This accuracy is still not enough to measure the distances to Mi-
ras because most of their parallaxes are of 1 mas or smaller. However, withwater masers observed
at 22 GHz, positional accuracies of the order of 0.05 mas can, in principle, be achieved [14]. One
of the reasons for this is that the synthesized beam width at 22 GHz is about1/14 of that at 1.6
GHz. Moreover, water masers are emitted at about 100 AU away from Miras, while OH masers are
at 1000 AU. Thus, we can trace stellar movements much better with water masersthan OH masers.

For this purpose, we selected five Miras which have bright water masers and bright reference
VLBI sources within 2 degrees with evenly distributed variation periods anddeclinations larger
than+10◦, so that they can be observed at high enough elevation to minimize the airmass correction
effect. In this paper, we show the results for UX Cygni, which has the longest period (565 days)
among the five [15]. The shapes of period–luminosity relation of Miras in LMCand in the Galaxy
are different in the range of variation period from 400 to 800 days [1, 16, 17]. Thus, it is worthwhile
to measure the distance of a long-period Mira UX Cygni.

In order to check the period–luminosity relation of solar-neighbourhood Miras, we have mea-

2



P
o
S
(
8
t
h
E
V
N
)
0
5
0

Parallax of a Mira, UX Cygni Tomoharu Kurayama

sured the annual parallaxes of water masers in the gas around them with phase-referenced VLBI.
This is the first measurement of a parallax using water masers.

2. Observation and analysis

The positions of 22-GHz water masers around UX Cygni were monitored over a period of al-
most one year with 10 stations of the NRAO VLBA1. Five-hour-long observations were performed
over four epochs: 22 Feb 2001, 12 Oct 2001, 11 Nov 2001 and 4 Feb2002. The antenna-nodding
cycle was 40 seconds, in which UX Cygni was observed for about 7 seconds and phase-reference
source was also observed for about 7 seconds.

The average of K-band magnitudes is 1.96 [18, 19]. The phase-reference source is J2050+3127,
whose redshift isz = 3.18 [20]. Separation angle between UX Cygni and the phase-reference
source is 1.◦38. The synthesized beam width is 0.8 mas in major-axis direction and 0.4 mas in
minor-axis direction. Position angle of the major axis of the synthesized beam is175◦.

3. Results

3.1 Water masers around UX Cygni

Figure 1a shows the distributions of maser spots in four epochs. Map origins are at the same
positions locked to the phase-reference source J2050+3127. The loop structure to the northeast of
the star is consistent with [21].

3.2 Fitting with a parallax and proper motions

Over four epochs of the observations, seven maser spots were detected in all epochs. Figure
1b shows their movements.

Assuming that the movements of maser spots are the sums of linear motions (propermotions)
and the parallax motion on the celestial sphere, we fit them with measured rightascensions and
declinations of maser spots in each epoch. Thus, theoretical equations are follows:

∆α(i) cosδ = ϖ(−sinα cos⊙+cosε cosα sin⊙)+(µ(i)
α cosδ )t (3.1)

∆δ (i) = ϖ(sinε cosδ sin⊙−cosα sinδ cos⊙−cosε sinα sinδ sin⊙)+ µ(i)
δ t (3.2)

where (∆α(i),∆δ (i)) are the displacements of observed positions ofi-th maser spot (positions
with the parallax and proper motions minus positions without the parallax and proper motions),
(µ(i)

α ,µ(i)
δ ) are the linear motions ofi-th maser spot (sum of inner motion and the proper motion

of UX Cygni itself), t is time,ϖ is annual parallax,(α ,δ ) are right ascension and declination of
source,⊙ is ecliptic longitude of the sun, andε is obliquity of the ecliptic [22].

The result of fitting isϖ = 0.54± 0.06 mas,(〈µ(i)
α cosδ 〉,〈µ(i)

δ 〉) = (−6.91,−12.52) mas,

where〈 〉 denotes the average. The linear motions of maser spots(µ(i)
α ,µ(i)

δ ) are listed in table
1. The distance to UX Cygni is 1.85+0.25

−0.19 kpc. We dropped the third-epoch data for maser spot

1The National Radio Astronomy Observatory is a facility of the Natural Science Foundation operated under coop-
erative agreement by Associated Universities, Inc.
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Figure 1: (a) Distribution of maser spots in each observation. Open circles are spots whose radial velocities
are negative, and filled circles are positive. The radial velocity of UX Cygni itself is estimated to be−0.2
km/s [21]. (b) Movements of maser spots and fitting results. Closed triangles show the observed positions,
solid lines show the fitting results. Open squares show the theoretical positions on observed dates. One cell
is 2 mas. For each maser spot, observed position for the first date is set to the intersection of division lines.

Maser µ(i)
α cosδ µ(i)

δ vLSR

ID mas/yr mas/yr km/s

A −6.32±0.29 −10.96±0.28 −2.0
B −6.09±0.29 −11.61±0.29 −2.4
C −6.73±0.29 −11.69±0.28 −4.0
D −6.82±0.29 −12.06±0.28 −3.9
E −6.92±0.29 −11.70±0.28 −2.9
F −6.92±0.29 −13.85±0.28 2.2
G −8.59±0.29 −15.79±0.28 2.8

average −6.91±0.75 −12.52±1.57

Table 1: Fitting results of linear motions. Annual parallaxϖ = 0.54± 0.06 mas. vLSR is an average of
radial velocities over time. Maser IDs (A–G) are corresponding to all figures. Errors in average columns are
standard deviations of seven spots.

B because its residual was much larger than the others (∼ 1 mas). Hereafter, we assume that the
average value is the proper motion of UX Cygni itself. Since we assume the inner motions of
maser spots to be linear motions, this method is unable to separate the inner motions from the
proper motion of UX Cygni itself, but it is able to separate the parallax from the other motions.
Because of the effect of inner motions,(µ(i)

α ,µ(i)
δ ) are different.

4



P
o
S
(
8
t
h
E
V
N
)
0
5
0

Parallax of a Mira, UX Cygni Tomoharu Kurayama

F

0.6

0

-0.6

-1.2R
A

 o
ffs

e
t [

m
a

s]

F

0

0.4

-0.6
-1de

c 
of

fs
et

 [
m

as

-0.2 0 1
Time [year]

0.6 0 10.6

0.8]

-0.2

Figure 2: Right ascention or declination versus time plot for maser F.Crosses and error bars are observed
data minus fitted linear motions. Dashed curves are the fittedparallax motions.

4. Discussion

4.1 Comparison with the period–luminosity relation in LMC

According to [1], the period–luminosity relation in LMC shows a bending at 420-day period.
From the data given in [1], the period–luminosity relation over 420 days is:

K = −5.22logP+23.7, (4.1)

whereK is K-band magnitude andP is variation period [day]. From this relation, our result
ϖ = 0.54± 0.06 mas andK = 1.96, the distance to LMC is 55.1+9.0

−7.2 kpc (its distance modulus
is 18.71+0.33

−0.31). The error in distance modulus consists of 0.24–0.27 mas from parallax error and
0.19 mas from the intrinsic width of the period–luminosity relation. This value is consistent with
50.1±0.5 kpc given by [23]. The period–luminosity relation for galactic OH/IR stars(they are a
kind of Miras) ranging between 400 and 800 days is lower than for other range of periods [16, 17],
and the relation for LMC Miras is higher. This difference of shape of period–luminosity relation
affects the central value (55.1 kpc) of our results.

4.2 Three-dimensional position and kinematics of UX Cygni in the Galaxy

From our result (ϖ = 0.54± 0.06 mas) we can calculate the position of UX Cygni in the
Galaxy. If we assume that the Sun lies on the galactic plane andR0 = 8.5 kpc, the cylindrical
coordinates of UX Cygni are(R,θ ,z) = (8.20±0.01 kpc,12.◦4+1.◦7

−1.◦3,−0.30+0.03
−0.04 kpc), where the

Sun lies at(R,θ ,z) = (R0,0,0) and the origin is at the Galactic centre.
Using our proper motion figure(µα cosδ ,µδ ) = (−6.91± 0.75,−12.52± 1.57) mas/yr, we

can estimate three-dimensional velocity of UX Cygni in the Galaxy. The three-dimensional ve-
locity of UX Cygni is (VR,Vθ ,Vz) = (−81.6+14.0

−15.3,204.0+3.6
−3.4,−12.1+10.2

−10.3) km/s. These values are
calculated assumingR0 = 8.5 kpc,Θ0 = 220 km/s and standard solar motion. We use the convert-
ing matrix from equatorial coordinates to galactic coordinates [24] in orderto convert the proper
motion in equatorial coordinates to that in galactic coordinates. We used the average of maser spots
(−1.46±2.60 km/s) for the radial velocity. Errors are estimated by root sum square of each error
(ϖ , 〈µ(i)

α 〉, 〈µ(i)
δ 〉 and radial velocity).

5. Conclusion

We observed water masers around a Mira-type star UX Cygni with phase-referenced VLBI
observations by using an extragalactic source as a phase-reference. We obtain the parallaxϖ =
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0.54±0.06 mas. Combining the period–luminosity relation in LMC, it shows a slightly larger value
of the distance to LMC, but it is affected by the displacement of the period–luminosity relation. We
can get the three-dimensional position and motion in the Galaxy from the parallax and the proper
motion.
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