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Abstract

We report on the results of monitoring observations of 242 stellar H2O masers, which have been made with
the Iriki 20 m telescope of the VLBI Exploration of Radio Astrometry (VERA) from 2003 July to 2006 November.
The present paper mainly focuses on 85 stellar H2O masers that have been tightly observed with a time spacing
of typically 1–2 months. In particular, 46 masers out of them have been recognized concerning their periodic flux
variation and have light-curve data of stellar visual light. Thus, the present paper shows some statistical views of the
observed time variability properties of stellar H2O masers. We found a good correlation between a time delay of the
variation in the H2O maser flux with respect to that in the stellar visual light and the stellar pulsation period. The
corresponding phase lags are mildly scattered, but are mainly concentrated in the range, 0:7 � ∆� � 1.5. We also
measured line-of-sight velocity drifts of the individual spectral peaks of H2O maser emission, which indicate radial
acceleration of mass-loss outflows from the evolved stars. We discuss possible pulsation-driven shock waves that
are enhanced near the stellar surface, and are propagating outwards in the circumstellar envelope.
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1. Introduction

H2O masers are seen in star-forming regions and around
evolved stars (e.g., Reid & Moran 1981; Elitzur 1992a).
Especially in the latter case, most of them are associated with
the asymptotic giant branch (AGB) stars with copious mass
loss ( PM & 10�8Mˇ yr�1, e.g., Bowers & Johnston 1994),
some of them also with the post-AGB stars in which their
copious mass loss has just finished (e.g., Miranda et al. 2001).
Such evolved stars have thick circumstellar envelopes (CSEs),
and the spatio-kinematical structures of the outward flows in
the CSEs have been elucidated through radio interferometric
observations of H2O masers (e.g., Chapman & Cohen 1986;
Bowers et al. 1993; Bowers & Johnston 1994; Yates & Cohen
1994; Richards & Yates 1998; Bains et al. 2003). Even for
a limited number of stellar H2O maser sources, very long base-
line interferometry (VLBI) observations with higher angular
resolution can identify individual maser gas clumps, or maser
features. Their relative proper motions have been measured,
allowing us to elucidate the three-dimensional spatio-
kinematical structures of the CSE flows (e.g., Marvel 1997;
Ishitsuka et al. 2001; Imai et al. 2003). Except for a small
number of extreme cases with highly collimated, fast stellar

jets (e.g., Imai et al. 2002) or with bipolar flows seen in
supergiants (e.g., Richards et al. 1996), the CSEs traced by
H2O maser emission exhibit roughly spherical expansion with
velocity amplitudes in the range of 5–20 km s�1. The velocity
amplitudes are larger than those of SiO masers located closer to
the central stars (e.g., Diamond & Kemball 2003), and slightly
smaller than those of 1612 MHz OH masers located at the outer
regions of CSEs (e.g., Chapman & Cohen 1986; Richards &
Yates 1998; Sjouwerman et al. 2000). These suggest that the
CSE flows are radially accelerated outwards in the H2O maser
regions (e.g., Bains et al. 2003).

Such AGB stars with H2O masers are also long-period vari-
able stars, such as Mira and semiregular variables. A periodic
behavior of the CSEs is also well seen in the wide range of
distances from the central stars, which is traced by all of the
SiO, H2O, and OH masers, and has been reported mainly in
single-dish observations (e.g., Hjalmarson & Olofsson 1979;
Lane 1982; Herman & Habing 1985; Nyman & Olofsson
1986; van Langevelde et al. 1990; Le Bertre 1993; Berulis et al.
1994; Mendoza-Torres et al. 1997; Berulis et al. 1998; Lekht
et al. 1999; Alcolea et al. 1999; Esipov et al. 1999; Pashchenko
& Rudnitskii 1999; Rudnitskii et al. 1999; Etoka et al. 2001;
Pardo et al. 2004; Pashchenko & Rudnitskiı̆ 2004; Rudnitskij
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et al. 2000; Rudnitskiı̆ & Pashchenko 2005; Lekht et al. 2005).
Note that the periodic variation in H2O masers is expected to be
attributed to a periodic variation of the density and the velocity
field of the CSE, not to that of the infrared stellar luminosity, as
seen in the OH maser variation (see review of Elitzur 1992b).
Shock waves driven by stellar pulsation may be enhanced by
radiative pressure on circumstellar dust formed at the outer side
of the “molecular atmosphere” around the central star. Some
theoretical studies suggest the existence of such shock waves
propagating through the H2O maser region in the CSE, but such
theoretical models have been made for mainly CSEs of carbon-
rich stars, and not those of oxygen-rich stars that harbor a much
larger fraction of H2O maser sources (e.g., Höfner et al. 1995,
1998). Monitoring observations of stellar H2O masers may
provide some constraints on the theoretical models of shock
waves in CSEs of oxygen-rich Miras and semiregular variables.
In particular, the time and phase lags of periodic flux variation
between an H2O maser and optical/infrared stellar emission
should provide a great opportunity to estimate travel times of
shock waves from the stellar surface. The detection of accelera-
tion (or deceleration) motions of individual H2O maser features
should also provide a good opportunity to directly measure the
shock-wave propagation. The apparent acceleration motions
have been found in H2O maser spectral peaks as drifts of
their line-of-sight velocities (e.g., Imai et al. 1997b; Lekht
et al. 1999). VLBI observations by Imai et al. (2003) toward
RT Vir detected an acceleration motion of an H2O maser
feature in its proper motion, implying the passage of such
a shock wave in the CSE.

Statistical analysis of the maser kinematics may be one of
the good approaches for finding a general property of the CSEs,
in which the H2O maser kinematics are complicated due to
turbulence. Some characteristics of the CSEs may be found
as deviations from a cluster of data points attributed to the CSE
turbulence. Although it is difficult to distinguish H2O maser
emission into individual maser features or maser gas clumps in
single-dish observations, they can collect the necessary sample
of acceleration detections and the phase lags mentioned above
in stellar H2O masers.

Here, we report on single-dish monitoring observations of
a large sample of stellar H2O masers using the Iriki 20 m tele-
scope of the VLBI Exploration of Radio Astrometry (VERA).
VERA is a VLBI array dedicated for high-precision astrometry
of H2O and SiO masers, and aims to measure annual paral-
laxes and secular motions of these masers. Because they are
highly variable, the maser flux densities of the targeted sources
should be monitored for planning suitable schedules of astro-
metric observations with VERA. There already exist several
monitoring observations of stellar H2O masers spanning longer
than 10 years, as cited above, while our observation program
has a larger sample of stellar H2O masers with a monitor span
of three years.

Section 2 describes in detail the sample selection and the
single-dish monitoring observations. Section 3 presents the
statistical properties of the observed H2O masers. Section 4
mainly discusses shock waves in the CSEs based on the phase
lags of the H2O maser variability, and velocity drifts of the
spectral peaks in the H2O maser emission.

2. Observations

2.1. Sample Selection

At first we selected stellar H2O masers cited from the
Arcetri H2O maser source catalogue (Comoretto et al. 1990;
Brand et al. 1994; Valdettaro et al. 2001) and the list of
stellar H2O masers observed with the Kashima 34 m tele-
scope of the Kashima Space Research Center (KSRC) in the
Communications Research Laboratory (CRL) (Takaba et al.
1994, 2001). They are identified as stellar sources in the IRAS
Point Source Catalog (e.g., van der Veen & Habing 1988). We
have selected and observed 242 stellar H2O masers, which
have either flux densities bright enough for VERA astrom-
etry (> 10 Jy) or good candidates for position and fringe-phase
reference continuum emission sources within 2:ı2. They are
listed in table 1. In the early stage of the monitoring obser-
vations, we have focused on finding maser sources that are
constantly detectable. Finally, 85 masers have been observed
at a sufficient number of epochs to make the flux variability
analysis shown in the present paper. They are listed in table 2.

2.2. Single-Dish Observations

We have observed the stellar H2O 616–523 maser lines at
a rest frequency of 22.235080 GHz since 2003 July using the
20 m VERA Iriki telescope. On- and off-source spectra at
positions separated by 100 were obtained every � 2 min. The
received signals are digitized and filtered using the VERA
digital filter unit (Iguchi et al. 2005) in a base band channel
with a band width of 16 MHz or 32 MHz, corresponding to
a radial velocity coverage of 216 km s�1 or 432 km s�1. These
data were correlated, then Fourier transformation was made
to the correlated data to obtain the total-power spectra of the
maser emission with a velocity channel spacing of 0.21 km s�1.
The conversion factor from the antenna temperature to the flux
density is about 20 Jy K�1. Most of the maser spectra have rms
noises, � � 0.05 K, in integration time of 10–30 min. Because
corrections of the antenna temperatures for the optical depths
and the antenna gain variation were not applied in the present
data, the scales of the antenna temperatures have relative uncer-
tainties in the range of 5–20%.

2.3. Analysis of H2O Maser Spectra

To obtain time-integrated maser spectra, we performed
data calibration using the NewStar Package developed in
Nobeyama Radio Observatory. A raw spectrum was obtained
by subtracting an on-source spectrum from an off-source spec-
trum. The raw spectra were integrated to obtain a maser
spectrum with lower noise, as mentioned above. A polyno-
mial function was used to find a spectral baseline, which was
subtracted from the integrated spectrum.

Using our original software, we derived parameters of indi-
vidual peaks in the maser spectra; a local-standard-of-rest
(LSR) velocity at the temperature peak, an antenna tempera-
ture at the temperature peak, and a velocity width (FWHM) of
the Gaussian emission profile, through automatically finding
the spectral peaks and performing Gaussian fitting to the iden-
tified peaks. Each peak was identified as a component that has
at least three successive velocity channels with maser emission
detected above a specific signal-to-noise ratio (TA � 5 �). We
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Table 1. Stellar H2O maser sources observed with the VERA Iriki

20 m telescope.

IRASname Alternative RA(J2000) Dec(J2000) H2O*

designation h m s ı 0 00

00007+5524 Y Cas 00 03 21.5 +55 40 52.1 Y

00050�2546 SY Scl 00 07 36.3 �25 29 39.0 Y

00340+6251 TY Cas 00 36 59.4 +63 08 02.0 Y

00428+6854 V524 Cas 00 45 57.4 +69 10 59.0 Y

01037+1219 WX Psc 01 06 26.0 +12 35 53.4 Y

01037+1219 ... 01 06 26.9 +12 34 44.0 Y

01085+3022 IRC +30021 01 11 16.0 +30 38 06.0 N

01217+6049 BT Cas 01 24 59.9 +61 04 39.7 N

01304+6211 V669 Cas 01 33 48.8 +62 26 59.0 N

01556+4511 V370 And 01 58 41.8 +45 26 16.0 N

02143+4404 W And 02 17 33.0 +44 18 17.8 N

02168�0312 o Cet 02 19 20.8 �02 58 36.8 Y

02192+5821 S Per 02 22 51.7 +58 35 11.4 Y

02251+5102 RR Per 02 28 28.7 +51 16 20.2 N

02316+6455 V656 Cas 02 35 44.7 +65 08 58.7 N

02339+3402 R Tri 02 37 02.2 +34 15 50.0 N

02404+2150 YY Ari 02 43 16.7 +22 03 34.0 Y

02395+6244 ... 02 43 29.1 +62 56 59.0 Y

02420+1206 RU Ari 02 44 45.0 +12 19 03.0 Y

03030+5532 IO Per 03 06 51.3 +55 43 39.0 N

03597+1115 NML Tau 03 53 28.9 +11 24 22.3 Y

04064+3321 V394 Per 04 09 37.0 +33 29 38.0 N

04094�2515 W Eri 04 11 31.0 �25 08 02.3 Y

04255+1003 R Tau 04 28 18.0 +10 09 44.7 Y

04280+2722 V779 Tau 04 31 7.3 +27 29 26.0 Y

04355+0814 RX Tau 04 38 12.8 +08 19 32.0 Y

04396+0647 BZ Tau 04 42 21.4 +06 52 39.0 Y

04575+1251 ... 05 00 23.8 +12 56 06.0 N

04566+5606 TX Cam 05 00 51.1 +56 10 54.0 N

05027�2158 T Lep 05 04 50.8 �21 54 16.0 Y

05073+5248 NV Aur 05 11 19.4 +52 52 33.6 Y

05151+6312 BW Cam 05 19 48.9 +63 15 59.0 Y

05365�1404 RW Lep 05 38 52.7 �14 02 26.0 Y

05368+2841 AW Aur 05 40 00.7 +28 42 48.8 N

05388+3200 U Aur 05 42 09.1 +32 02 24.3 N

05411+6957 BX Cam 05 46 44.0 +69 58 25.0 N

05443+2707 AW Tau 05 47 27.5 +27 07 34.0 Y

05466+2316 ... 05 49 41.8 +23 17 04.0 N

05506+2414 AFGL 5171 05 53 44.8 +24 14 45.0 Y

05528+2010 U Ori 05 55 49.2 +20 10 30.7 Y

05559+7430 V Cam 06 02 32.7 +74 30 27.0 N

06300+6058 AP Lyn 06 34 33.5 +60 56 29.0 Y

06346+1444 UU Gem 06 37 28.2 +14 42 16.9 N

06349+0121 SY Mon 06 37 31.3 �01 23 43.6 N

06363+5954 U Lyn 06 40 46.5 +59 52 01.6 Y

06500+0829 GX Mon 06 52 45.4 +08 25 20.0 Y

07051+6601 IRC +70074 07 10 05.8 +65 56 24.9 N

07209�2540 VY CMa 07 22 58.3 �25 46 00.3 Y

07232�0544 TT Mon 07 25 40.5 �05 51 02.0 N

07304�2032 Z Pup 07 32 38.0 �20 39 29.2 Y

07308+3037 OZ Gem 07 33 58.4 +30 30 34.0 N

07399�1435 QX Pup 07 42 16.8 �14 42 51.0 Y

07400+2334 S Gem 07 43 02.5 +23 26 57.0 Y

07542+2127 XY Gem 07 57 09.2 +21 19 10.0 N

07585�1242 U Pup 08 00 50.6 �12 50 31.0 N

08138+1152 R Cnc 08 16 33.8 +11 43 34.6 Y

09069+2527 W Cnc 09 09 52.6 +25 14 53.8 Y

09235�2347 LP Hya 09 25 50.9 �24 00 37.9 N

09331�1428 X Hya 09 35 30.3 �14 41 28.6 Y

09429�2148 IRC �20197 09 45 15.2 �22 01 44.7 N

09425+3444 R LMi 09 45 34.5 +34 30 27.0 Y

09448+1139 R Leo 09 47 33.9 +11 25 48.0 N

10411+6902 R UMa 10 44 38.4 +68 46 37.0 Y

10521+7208 VX UMa 10 55 40.2 +71 52 13.0 Y

10580�1803 R Crt 11 00 33.9 �18 19 29.6 Y

11252+1525 AF Leo 11 27 52.8 +15 08 49.0 Y

Table 1. (Continued)

IRASname Alternative RA(J2000) Dec(J2000) H2O*

designation h m s ı 0 00

11462�2628 IRC �30182 11 48 44.9 �26 45 29.0 Y

11501�0719 S Crt 11 52 45.1 �07 35 48.0 Y

11577�0954 SV Vir 12 00 20.9 �10 11 07.0 Y

12016+1903 R Com 12 04 15.2 +18 47 00.0 Y

12341+5945 T UMa 12 36 23.5 +59 29 12.0 Y

12366+5845 RS UMa 12 38 57.8 +58 29 01.0 Y

12449+3838 U CVn 12 47 19.8 +38 22 31.0 Y

13001+0527 RT Vir 13 02 38.0 +05 11 08.4 Y

13068�0927 IRC �10278 13 09 31.6 �09 43 27.0 N

13172+4547 V CVn 13 19 27.9 +45 31 40.0 Y

13269�2301 R Hya 13 29 42.8 �23 16 52.9 N

13303�0656 S Vir 13 32 60.0 �07 11 47.0 N

13462�2807 W Hya 13 49 02.0 �28 22 03.5 Y

14040+1343 Z Boo 14 06 29.4 +13 29 02.0 N

14086�2839 RU Hya 14 11 34.3 �28 58 07.4 Y

14106�2940 LT Hya 14 13 32.8 �29 54 17.0 N

14219+2555 RX Boo 14 24 11.5 +25 42 15.0 Y

14247+0454 RS Vir 14 27 16.4 +04 40 44.0 Y

14349+2657 R Boo 14 37 11.8 +26 44 11.0 N

15060+0947 FV Boo 15 08 25.7 +09 36 17.0 Y

15090�0549 Y Lib 15 11 41.3 �06 00 35.0 Y

15193+3132 S CrB 15 21 24.0 +31 22 02.6 Y

15193+1429 S Ser 15 21 40.6 +14 18 30.0 Y

15214�2244 RS Lib 15 24 19.8 �22 54 39.7 N

15255+1944 WX Ser 15 27 47.1 +19 33 44.5 Y

15262+0400 ... 15 28 43.8 +03 49 43.0 Y

15298+0348 WW Ser 15 32 24.6 +03 38 26.0 Y

15528�1242 SW Lib 15 55 33.4 �12 51 05.0 N

15576�1212 FS Lib 16 00 23.3 �12 20 55.0 Y

16081+2511 RU Her 16 10 14.5 +25 04 14.4 N

16235+1900 U Her 16 25 47.5 +18 53 33.0 Y

16260+3454 V697 Her 16 27 51.0 +34 48 07.0 N

16306+7223 R UMi 16 29 57.8 +72 16 49.1 Y

16325+6651 R Dra 16 32 40.3 +66 45 15.0 Y

16503+0529 RX Oph 16 52 47.7 +05 24 29.0 N

16523+0745 V970 Oph 16 54 46.4 +07 40 27.0 N

17050+1714 VY Her 17 07 17.5 +17 10 21.0 N

17119+0859 V2108 Oph 17 14 19.3 +08 56 02.0 Y

17123+1107 V438 Oph 17 14 39.9 +11 04 08.0 N

17229�0301 AH Oph 17 25 35.7 �03 03 57.0 Y

17230+0113 ... 17 25 36.4 +01 11 04.0 N

17256+0504 V2296 Oph 17 28 07.8 +05 02 18.0 Y

17329+5359 SY Dra 17 33 55.7 +53 57 32.8 N

17338+0051 ... 17 36 26.5 +00 49 34.0 N

17482�2824 ... 17 51 26.8 �28 25 37.0 N

17501�2656 V4201 Sgr 17 53 18.5 �26 56 36.0 Y

17528+1144 ... 17 55 13.6 +11 43 46.0 N

17541+1110 RT Oph 17 56 31.9 +11 10 10.0 N

17579+2335 ... 18 00 03.8 +23 35 36.0 Y

17594+0826 ... 18 01 49.6 +08 27 01.0 N

18009�2019 V4120 Sgr 18 03 56.5 �20 19 01.3 N

18039�0813 IRC �10395 18 06 42.7 �08 13 13.0 N

18050�2213 VX Sgr 18 08 04.1 �22 13 26.6 Y

18069+0911 V2302 Oph 18 09 19.0 +09 12 18.0 N

18076+3445 ... 18 09 24.5 +34 46 22.0 N

18164�1631 ... 18 19 14.7 �16 30 06.0 Y

18170+0353 ... 18 19 33.3 +03 54 48.0 N

18176�1848 OH 12.8�1.9 18 20 31.5 �18 44 23.0 N

18203+0723 ... 18 22 43.7 +07 24 54.0 N

18204�1344 IRC �10414 18 23 17.8 �13 42 48.5 Y

18223+1217 ... 18 24 37.3 +12 19 18.0 N

18231+0855 ... 18 25 33.8 +08 56 48.0 N

18254�1118 ... 18 28 13.2 �11 16 08.0 N

18262+0934 ... 18 28 36.6 +09 36 47.0 N

18270+0326 V2571 Oph 18 29 34.4 +03 28 12.0 N

18307�1159 ... 18 33 34.2 �11 56 48.0 N
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Table 1. (Continued)

IRASname Alternative RA(J2000) Dec(J2000) H2O*

designation h m s ı 0 00

18347+1113 V640 Oph 18 37 08.7 +11 16 15.0 N

18349+1023 V1111 Oph 18 37 20.7 +10 25 38.0 Y

18348�0526 V437 Sct 18 37 32.5 �05 23 59.4 N

18359+0847 X Oph 18 38 21.0 +08 50 02.0 N

18375+0510 ... 18 39 59.8 +05 13 12.0 N

18387�0423 IRC +00363 18 41 25.3 �04 20 32.1 Y

18398+1035 V665 Oph 18 42 10.0 +10 38 54.0 N

18413+1354 V837 Her 18 43 34.5 +13 57 34.0 Y

18420+1137 ... 18 44 24.6 +11 40 10.0 N

18436+4334 RW Lyr 18 45 19.9 +43 38 07.0 Y

18432�0149 V1360 Aql 18 45 53.2 �01 46 46.0 N

18441+2216 ... 18 46 12.9 +22 20 08.0 N

18450�0148 W 43(OH) 18 47 42.1 �01 45 10.0 Y

18494�0130 V1364 Aql 18 52 01.9 �01 26 38.0 N

18498�0017 V1365 Aql 18 52 22.1 �00 14 06.0 N

18512+2029 ... 18 53 26.6 +20 33 29.0 N

18560+0638 V1366 Aql 18 58 30.1 +06 42 57.6 N

18569+1722 ... 18 59 10.8 +17 27 01.0 N

19039+0809 R Aql 19 06 22.2 +08 13 48.8 Y

19059�2219 V3880 Sgr 19 08 56.0 �22 14 21.0 Y

19087+0323 ... 19 11 17.0 +03 28 22.0 N

19107+4113 RU Lyr 19 12 18.7 +41 18 04.0 N

19116+1511 ... 19 13 58.3 +15 16 55.0 N

19134+2131 ... 19 15 34.8 +21 36 32.0 Y

19161+2343 ... 19 18 14.6 +23 49 26.0 Y

19160+0755 ... 19 18 26.9 +08 00 35.0 N

19192+0922 ... 19 21 36.6 +09 27 56.0 N

19243+7135 YZ Dra 19 23 45.5 +71 41 14.0 Y

19255+2123 K3 35 19 27 43.4 +21 30 03.0 Y

19256+0254 ... 19 28 08.1 +03 00 24.0 N

19265+3116 ... 19 28 31.0 +31 22 23.0 Y

19288+2923 ... 19 30 50.3 +29 29 57.0 N

19303+1553 ... 19 32 35.8 +15 59 38.0 N

19312+1950 ... 19 33 24.3 +19 56 55.0 Y

19334�0033 V1319 Aql 19 36 03.5 �00 26 50.0 N

19344+0016 ... 19 36 59.3 +00 23 08.0 N

19356+1136 RT Aql 19 37 57.2 +11 43 09.0 Y

19386+1513 V1433 Aql 19 40 55.2 +15 20 19.0 N

19387+1527 ... 19 41 03.0 +15 34 15.0 N

19422+3506 ... 19 44 06.9 +35 14 07.0 N

19462+2232 ... 19 48 25.7 +22 39 55.0 N

19467+2213 ... 19 48 52.4 +22 21 16.0 N

19474�0744 GY Aql 19 50 06.3 �07 36 52.6 N

19486+3247 � Cyg 19 50 33.9 +32 54 50.6 N

19488+1346 ... 19 51 09.3 +13 54 35.0 N

19493+2905 ... 19 51 21.4 +29 12 59.0 N

19490+1049 ... 19 51 24.7 +10 57 22.0 N

19495+0835 ... 19 51 57.9 +08 42 56.0 N

19499+2141 ... 19 52 07.9 +21 49 30.0 N

19511+3935 ... 19 52 51.8 +39 43 24.0 N

19508+2659 ... 19 52 57.6 +27 07 42.0 N

19520+2759 ... 19 54 05.4 +28 07 37.0 N

19536+3237 V468 Cyg 19 55 37.9 +32 45 34.0 N

19550�0201 RR Aql 19 57 36.1 �01 53 10.8 Y

19566+3423 ... 19 58 31.9 +34 31 32.0 N

also obtained velocity-integrated flux densities from the spec-
tral channel data with maser emission.

Several plots of individual H2O maser sources are presented
in figures 7 and 8 of appendix 1.

Table 1. (Continued)

IRASname Alternative RA(J2000) Dec(J2000) H2O*

designation h m s ı 0 00

20000+4954 Z Cyg 20 01 27.1 +50 02 34.0 N

20047+1248 SY Aql 20 07 05.5 +12 57 01.0 Y

20052+0554 V1416 Aql 20 07 43.3 +06 03 13.0 N

20077�0625 V1300 Aql 20 10 27.9 �06 16 13.6 N

20097+1107 ... 20 12 09.0 +11 16 50.0 N

20113+4917 AC Cyg 20 12 49.5 +49 27 00.0 N

20123+0429 ... 20 14 50.1 +04 38 56.0 Y

20137+2838 ... 20 15 47.3 +28 47 52.0 N

20171+2732 ... 20 19 10.9 +27 42 10.0 N

20194+1707 UW Del 20 21 44.5 +17 17 25.0 Y

20246+2813 ... 20 26 45.8 +28 23 53.0 N

20246+1456 WX Del 20 26 56.8 +15 06 02.0 N

20267+2105 ... 20 28 57.0 +21 15 35.0 Y

20305+6246 BF Cep 20 31 27.8 +62 56 44.6 N

20350+5954 V778 Cyg 20 36 07.7 +60 05 25.0 Y

20403+3143 ... 20 42 20.4 +31 54 29.0 N

::: NML Cyg 20 46 25.5 +40 06 59.6 Y

20440+0412 BR Del 20 46 33.3 +04 23 38.0 Y

20443+0215 V Aqr 20 46 49.7 +02 26 15.0 N

20460+3253 ... 20 48 03.6 +33 05 02.0 Y

20482+3325 ... 20 50 18.2 +33 36 32.0 N

20529+3013 UX Cyg 20 55 05.5 +30 24 52.1 Y

20547+0247 U Equ 20 57 16.3 +02 58 46.0 N

21088+6817 T Cep 21 09 31.9 +68 29 27.6 N

21120+0736 ... 21 14 29.2 +07 48 33.0 Y

21174+1747 ... 21 19 45.2 +18 00 33.0 Y

21286+1055 UU Peg 21 31 03.8 +11 09 33.0 Y

21306+5540 ... 21 32 11.5 +55 53 55.0 N

21306+5540 ... 21 32 13.0 +55 52 56.0 Y

21381+5000 V645 Cyg 21 39 58.3 +50 14 20.0 Y

21426+1228 TU Peg 21 45 04.6 +12 41 55.1 N

22017+2806 TW Peg 22 03 57.2 +28 21 04.0 N

22035+3506 SV Peg 22 05 42.0 +35 20 55.0 N

22134+5834 ... 22 15 07.6 +58 49 10.0 Y

22177+5936 ... 22 19 27.6 +59 51 21.0 N

22177+5936 OH 104.9+2.4 22 19 29.3 +59 51 37.6 N

22277+4534 IRC +50434 22 29 53.6 +45 50 10.0 N

22305+5803 ... 22 32 24.3 +58 18 58.0 N

22402+1045 MP Peg 22 42 46.8 +11 00 51.0 N

22480+6002 IRC +60370 22 49 59.2 +60 17 55.0 Y

22516+0838 KZ Peg 22 54 11.2 +08 54 09.0 Y

22556+5833 V627 Cas 22 57 43.3 +58 49 34.9 N

23004+5642 ... 23 02 31.6 +56 57 23.0 Y

23041+1016 R Peg 23 06 38.9 +10 32 38.0 Y

23173+2600 W Peg 23 19 49.9 +26 16 44.0 N

23176+4658 EU And 23 20 01.9 +47 14 26.0 Y

23182+3920 RY And 23 20 37.1 +39 37 14.0 Y

23212+3927 BU And 23 23 39.8 +39 43 40.0 N

23312+0601 IRC +10537 23 33 46.9 +06 17 57.0 N

23412�1533 R Aqr 23 43 49.5 �15 17 04.2 N

23416+6130 PZ Cas 23 44 05.4 +61 47 39.0 Y

23425+4338 EY And 23 45 02.3 +43 55 26.2 N

23496+6131 V657 Cas 23 52 04.8 +61 48 12.0 N

23528+4821 RS And 23 55 21.8 +48 38 18.0 N

23558+5106 R Cas 23 58 25.7 +51 23 18.0 Y

*H2O maser detection. Y: detection, N: negative detection.

3. Results

3.1. Correlation between Maser and Optical Light Curves

In order to investigate the correlation of H2O maser emission
with optical stellar emission, optical light curve data provided
by the American Association of Variable Star Observers
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Table 2. Stellar H2O masers selected for flux variablity analysis.

Plot Alternative Variable* P * AAVSO2

ID
IRAS name

designation type (d) data?

1 : : : 00007+5524 Y Cas Mira 413.48 Y

2 : : : 00050�2546 SY Scl Mira 411 F

3 : : : 00428+6854 V524 Cas Mira ... N

4 : : : 01037+1219 WX Psc Mira 660 N

5 : : : 02168�0312 o Cet Mira 331.96 Y

6 : : : 02192+5821 S Per SRc 822 Y

7 : : : 02404+2150 YY Ari unknown ... N

8 : : : 02420+1206 RU Ari Mira 353.5 F

9 : : : 03597+1115 NML Tau Mira 470 Y

10 : : : 04255+1003 R Tau Mira 320.9 Y

11 : : : 04280+2722 V779 Tau SRb ... N

12 : : : 04355+0814 RX Tau Mira 331.8 Y

13 : : : 04396+0647 BZ Tau SR? 400 N

14 : : : 05027�2158 T Lep Mira 368.13 Y

15 : : : 05151+6312 BW Cam Mira ... N

16 : : : 05365�1404 RW Lep SRa 149.9 N

17 : : : 05443+2707 AW Tau Mira 654.4 F

18 : : : 05528+2010 U Ori Mira 368.3 Y

19 : : : 06300+6058 AP Lyn Mira ... N

20 : : : 06363+5954 U Lyn Mira 433.6 Y

21 : : : 06500+0829 GX Mon Mira 527 N

22 : : : 07209�2540 VY CMa Lc ... Y

23 : : : 07304�2032 Z Pup Mira 508.6 Y

24 : : : 07399�1435 QX Pup unknown 684 N

25 : : : 07400+2334 S Gem Mira 293.23 Y

26 : : : 08138+1152 R Cnc Mira 361.6 Y

27 : : : 09069+2527 W Cnc Mira 393.22 Y

28 : : : 09331�1428 X Hya Mira 301.1 Y

29 : : : 09425+3444 R LMi Mira 372.19 Y

30 : : : 10411+6902 R UMa Mira 301.62 Y

31 : : : 10521+7208 VX UMa Mira 215.2 Y

32 : : : 10580�1803 R Crt SRb 160 F

33 : : : 11252+1525 AF Leo SRb 107 F

34 : : : 11501�0719 S Crt SRb 155 N

35 : : : 11577�0954 SV Vir Mira 295.33 Y

36 : : : 12341+5945 T UMa Mira 256.6 Y

37 : : : 12449+3838 U CVn Mira 345.65 Y

38 : : : 13001+0527 RT Vir SRb 155 Y

39 : : : 13462�2807 W Hya SRa 361 Y

40 : : : 14086�2839 RU Hya Mira 331.5 Y

41 : : : 14219+2555 RX Boo SRb 340 Y

42 : : : 14247+0454 RS Vir Mira 353.95 Y

43 : : : 15060+0947 FV Boo unknown ... N

44 : : : 15090�0549 Y Lib Mira 275.7 Y

Plot Alternative Variable* P * AAVSO2

ID
IRAS name

designation type (d) data?

45 : : : 15193+3132 S CrB Mira 360.26 Y

46 : : : 15193+1429 S Ser Mira 371.84 Y

47 : : : 15255+1944 WX Ser Mira 425.1 F

48 : : : 15298+0348 WW Ser Mira 365.8 Y

49 : : : 15576�1212 FS Lib Mira 415 N

50 : : : 16235+1900 U Her Mira 406.1 Y

51 : : : 16306+7223 R UMi SRa 325.7 Y

52 : : : 16325+6651 R Dra Mira 245.6 Y

53 : : : 17119+0859 V2108 Oph SR ... F

54 : : : 17229�0301 AH Oph Mira 353.2 N

55 : : : 17256+0504 V2296 Oph Mira ... N

56 : : : 17501�2656 V4201 Sgr SR/Mira ... N

57 : : : 18050�2213 VX Sgr SRc 732 Y

58 : : : 18164�1631 ... unknown ... N

59 : : : 18204�1344 IRC �10414 unknown ... N

60 : : : 18349+1023 V1111 Oph Mira ... N

61 : : : 18413+1354 V837 Her Mira ... N

62 : : : 18436+4334 RW Lyr Mira 503.75 Y

63 : : : 19039+0809 R Aql Mira 284.2 Y

64 : : : 19059�2219 V3880 Sgr Mira 510 N

65 : : : 19243+7135 YZ Dra Mira 347.6 Y

66 : : : 19312+1950 ... unknown ... N

67 : : : 19356+1136 RT Aql Mira 327.11 Y

68 : : : 19550�0201 RR Aql Mira 394.78 Y

69 : : : 20047+1248 SY Aql Mira 355.92 Y

70 : : : 20194+1707 UW Del unknown ... N

71 : : : 20350+5954 V778 Cyg Lb ... F

72 : : : ... NML Cyg unknown ... N

73 : : : 20440+0412 BR Del Mira 336.55 Y

74 : : : 20529+3013 UX Cyg Mira 565 Y

75 : : : 21120+0736 ... unknown ... N

76 : : : 21286+1055 UU Peg Mira 456.5 F

77 : : : 22134+5834 ... unknown ... N

78 : : : 22480+6002 IRC +60370 Mira ... N

79 : : : 22516+0838 KZ Peg Mira ... N

80 : : : 23004+5642 ... unknown ... N

81 : : : 23041+1016 R Peg Mira 378.1 Y

82 : : : 23176+4658 EU And SR ... F

83 : : : 23182+3920 RY And Mira 393.4 Y

84 : : : 23416+6130 PZ Cas SRc 925 Y

85 : : : 23558+5106 R Cas Mira 430.46 Y
� Type and period of the optical light curve are cited from Benson et al.

(1990) and GCVS Kholopov et al. (1985).
� Y/N: With/without optical data provided by AAVSO. F: Few data

points in the AAVSO data.

(AAVSO) were used. The optical data are available for 56
out of the 85 masers that are available for the time series anal-
ysis. Table 2 lists the 56 sources along with the magnitude
variation types and periods cited from Benson et al. (1990) and
the General Catalog of Variable Stars (GCVS: Kholopov et al.
1985, 1992).

The photometric magnitude and the velocity-integrated flux
of the H2O masers were fitted to sine functions, respectively,
described as follows:

mlight =
∆mlight

2
sin

2�.t � ∆tlight/

P
+ Nmlight (1)

and

FH2O =
∆FH2O

2
sin

2�.t � ∆tH2O/

P
+ NFH2O; (2)

where ∆mlight and ∆FH2O are the peak-to-peak amplitudes

of the optical magnitude variations and the H2O maser flux,
respectively, P the period of the optical magnitude varia-
tion estimated in the GCVS, ∆tlight and ∆tH2O the zero-phase
time lags of the optical magnitude and the H2O maser flux
variations, respectively, with respect to the date reference
JD 2453000; NFH2O and Nmlight are the means of the maser fluxes
and the optical magnitudes, respectively. Although an optical
magnitude is a logarithm of the optical flux density, a compar-
ison between the maser flux density and the optical magni-
tude is still valid as long as only the phase lag is discussed.
The variation amplitudes of the maser flux densities, or their
correlations with those of the optical magnitudes are not
discussed in the present paper, because the amplitude changes
from one periodic cycle to another, and more careful and
quantitative analysis methods for such variable amplitudes
have to be developed.
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Table 3. Parameters of the fitted sinusoidal functions.�

IRAS name Alternative AAVSO optical data Note�

designation ∆mlight ∆tlight
� Nmlight

(mag) (d) (mag)

VERA Iriki H2O maser data Note�

∆FH2O ∆tH2O
� NFH2O

(K) (d) (K)

00007+5524 Y Cas 4.27˙ 0.12 140.52 ˙ 1.54 12.80˙ 0.05 ...
2.11˙ 0.66 156.9 ˙ 23.1 1.13˙ 0.26 ...

02168�0312 o Cet 4.72˙ 0.04 117.36 ˙ 0.49 6.91˙ 0.02 ...
1.49˙ 0.61 160.7 ˙ 27.4 0.84˙ 0.31 ...

02192+5821 S Per 1.43˙ 0.04 665.12 ˙ 2.66 10.71˙ 0.01 ...
0.90˙ 0.90 792.5 ˙107.0 6.07˙ 0.32 Bad

03597+1115 NML Tau 4.25˙ 0.30 350.85 ˙ 3.37 15.68˙ 0.13 ...
2.62˙ 0.40 398.5 ˙ 10.9 1.50˙ 0.14 ...

04255+1003 R Tau 5.34˙ 0.10 279.71 ˙ 0.69 11.21˙ 0.04 ...
12.35˙ 4.69 209.7 ˙ 23.0 4.29˙ 1.61 ...

04355+0814 RX Tau 4.05˙ 0.08 196.79 ˙ 1.35 12.32˙ 0.04 ...
4.51˙ 1.71 201.3 ˙ 20.7 1.61˙ 0.68 ...

05027�2158 T Lep 4.77˙ 0.14 256.67 ˙ 1.32 10.86˙ 0.06 ...
4.45˙ 0.91 301.5 ˙ 10.0 2.86˙ 0.29 ...

05528+2010 U Ori 6.40˙ 0.06 312.49 ˙ 0.42 10.23˙ 0.03 ...
3.91˙ 0.78 118.9 ˙ 10.7 2.93˙ 0.27 ...

06363+5954 U Lyn 4.05˙ 0.15 268.71 ˙ 2.31 12.39˙ 0.05 ...
0.10˙ 0.11 43.7 ˙ 85.0 0.27˙ 0.05 Bad

07209�2540 VY CMa ... ... ... Bad
... ... ... Bad

07304�2032 Z Pup 7.25˙ 0.41 270.99 ˙ 3.28 12.63˙ 0.16 ...
2.15˙ 0.37 341.7 ˙ 13.4 1.01˙ 0.14 ...

07400+2334 S Gem 5.04˙ 0.10 165.99 ˙ 0.94 12.09˙ 0.04 ...
0.90˙ 0.13 207.8 ˙ 6.9 0.80˙ 0.05 ...

08138+1152 R Cnc 3.99˙ 0.05 186.98 ˙ 1.04 9.39˙ 0.02 ...
1.24˙ 0.36 227.1 ˙ 19.4 0.71˙ 0.15 ...

09069+2527 W Cnc 5.12˙ 0.17 224.46 ˙ 3.09 11.80˙ 0.09 ...
0.66˙ 0.34 335.7 ˙ 24.0 0.34˙ 0.14 ...

09331�1428 X Hya 3.98˙ 0.11 36.46 ˙ 1.11 10.83˙ 0.04 ...
2.09˙ 0.55 142.9 ˙ 10.5 1.40˙ 0.18 ...

09425+3444 R LMi 4.45˙ 0.06 256.39 ˙ 0.89 10.82˙ 0.02 ...
0.15˙ 0.08 5.5 ˙366.69 0.37˙ 0.03 ...

10411+6902 R UMa 5.52˙ 0.03 65.70 ˙ 0.28 10.59˙ 0.01 ...
5.92˙ 0.35 152.7 ˙ 3.4 3.90˙ 0.14 ...

10521+7208 VX UMa 3.84˙ 0.24 26.82 ˙ 4.94 12.79˙ 0.12 ...
0.41˙ 0.10 54.1 ˙ 15.0 0.47˙ 0.04 ...

11577�0954 SV Vir 5.27˙ 0.38 45.76 ˙ 3.15 12.09˙ 0.16 ...
0.45˙ 0.11 159.9 ˙ 9.1 0.26˙ 0.04 ...

12341+5945 T UMa 5.26˙ 0.04 2.28 ˙ 0.27 10.30˙ 0.01 ...

1.18˙ 0.19 159.9 ˙ 6.2 0.93˙ 0.07 �

12449+3838 U CVn 5.60˙ 0.19 128.83 ˙ 1.42 13.19˙ 0.08 ...
0.41˙ 0.13 241.6 ˙ 20.2 0.99˙ 0.05 ...

13001+0527 RT Vir 0.43˙ 0.10 141.83 ˙ 6.03 8.82˙ 0.04 Bad
2.79˙ 6.33 143.1 ˙ 59.1 20.47˙ 2.29 Bad

13462�2807 W Hya 1.93˙ 0.08 223.09 ˙ 2.07 7.92˙ 0.03 ...
38.54˙ 7.53 292.5 ˙ 11.2 20.43˙ 2.67 ...

14086�2839 RU Hya 5.40˙ 0.27 329.72 ˙ 3.22 11.25˙ 0.13 ...
2.57˙ 0.58 65.9 ˙ 13.2 1.21˙ 0.20 ...

14219+2555 RX Boo 0.27˙ 0.04 259.97 ˙ 6.48 8.08˙ 0.01 Bad
0.83˙ 0.71 152.9 ˙ 42.0 1.72˙ 0.24 Bad
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Table 3. (Continued)

IRAS name Alternative AAVSO optical data Note�

designation ∆mlight ∆tlight
� Nmlight

(mag) (d) (mag)

VERA Iriki H2O maser data Note�

∆FH2O ∆tH2O
� NFH2O

(K) (d) (K)

14247+0454 RS Vir 6.72˙ 0.17 115.61 ˙ 1.23 11.70˙ 0.08 ...
2.83˙ 0.51 165.8 ˙ 9.9 2.15˙ 0.18 ...

15090�0549 Y Lib 5.62˙ 0.11 98.66 ˙ 0.78 11.45˙ 0.04 ...
0.87˙ 0.36 119.5 ˙ 19.3 1.45˙ 0.13 ...

15193+3132 S CrB 5.95˙ 0.05 231.98 ˙ 0.53 9.94˙ 0.02 ...
3.78˙ 0.62 289.9 ˙ 8.4 2.10˙ 0.21 ...

15193+1429 S Ser 4.89˙ 0.12 157.31 ˙ 1.78 11.52˙ 0.06 ...
3.29˙ 1.45 108.1 ˙ 20.5 2.19˙ 0.45 Bad

15298+0348 WW Ser 3.68˙ 0.22 356.16 ˙ 2.86 11.98˙ 0.09 ...
1.51˙ 0.73 403.6 ˙ 18.6 0.49˙ 0.28 ...

16235+1900 U Her 4.50˙ 0.11 10.65 ˙ 1.24 9.72˙ 0.04 ...
1.95˙ 0.86 136.2 ˙ 26.7 1.99˙ 0.29 ...

16306+7223 R UMi 0.98˙ 0.03 58.01 ˙ 1.67 9.79˙ 0.01 ...
0.14˙ 0.44 15.6 ˙310.1 0.76˙ 0.15 Bad

16325+6651 R Dra 5.13˙ 0.04 88.48 ˙ 0.31 10.20˙ 0.02 ...
0.68˙ 0.20 176.6 ˙ 12.8 0.66˙ 0.08 ...

18050�2213 VX Sgr 2.92˙ 0.11 689.24 ˙ 4.78 10.63˙ 0.04 ...
41.23˙80.24 595.6 ˙ 85.1 21.32˙16.96 Bad

18436+4334 RW Lyr 4.56˙ 0.16 424.08 ˙ 2.42 14.07˙ 0.06 ...
0.24˙ 0.26 445.4 ˙ 72.3 0.40˙ 0.09 ...

19039+0809 R Aql 3.21˙ 0.03 105.90 ˙ 0.46 8.55˙ 0.01 ...
20.37˙ 5.59 157.2 ˙ 11.1 9.04˙ 1.91 ...

19243+7135 YZ Dra 4.70˙ 0.44 103.88 ˙ 4.43 13.06˙ 0.19 ...
7.03˙ 2.16 150.6 ˙ 16.3 2.89˙ 0.76 ...

19356+1136 RT Aql 4.79˙ 0.08 63.03 ˙ 1.06 11.66˙ 0.04 ...
1.78˙ 0.98 154.8 ˙ 25.0 2.69˙ 0.32 ...

19550�0201 RR Aql 7.09˙ 0.34 183.96 ˙ 1.52 12.72˙ 0.15 ...
14.76˙ 4.74 270.6 ˙ 20.0 7.07˙ 1.76 ...

20047+1248 SY Aql 4.95˙ 0.20 268.40 ˙ 2.34 12.72˙ 0.08 ...
4.38˙ 0.32 9.0 ˙ 4.8 3.26˙ 0.13 ...

20440+0412 BR Del 4.30˙ 0.41 7.35 ˙ 3.54 13.16˙ 0.12 ...
1.24˙ 0.55 34.8 ˙ 6.8 �0.05˙ 0.25 ...

20529+3013 UX Cyg 7.59˙ 0.64 389.70 ˙ 4.88 14.47˙ 0.25 ...
0.70˙ 0.22 444.1 ˙ 23.4 0.47˙ 0.08 ...

23041+1016 R Peg 5.07˙ 0.05 267.94 ˙ 0.68 10.67˙ 0.02 ...
0.54˙ 0.11 328.7 ˙ 12.4 0.67˙ 0.04 ...

23182+3920 RY And 4.52˙ 0.27 343.46 ˙ 4.73 12.73˙ 0.13 ...
1.10˙ 0.49 312.5 ˙ 29.5 1.14˙ 0.17 Bad

23416+6130 PZ Cas 0.40˙ 0.13 508.06 ˙ 49.73 8.98˙ 0.05 Bad
0.91˙ 0.22 656.0 ˙ 41.6 1.71˙ 0.08 ...

23558+5106 R Cas 5.15˙ 0.05 20.60 ˙ 0.74 8.97˙ 0.02 ...
0.93˙ 0.49 55.4 ˙ 24.0 0.29˙ 0.15 ...

� The periods of H2O maser flux and optical magnitude variations are assumed to be equal to those cited from AAVSO.
� Time offset at the optical magnitude or H2O maser flux maxisimum with respect to the date JD2453000.
� “Bad” denotes bad fitting.
� The period (p = 256.60d) was reestimated using the AAVSO data.
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Table 4. Phase lags between H2O maser flux and optical maginitude variations and expansion velocities of the circumstellar envelopes.

IRAS name Alternative ∆t ∆� Vexp Vsys
� Note

designation (d) (kms�1) (kms�1)

00007+5524 Y Cas 16.4˙ 24.7 0.04˙0.06 23.3 2 ∆� = 0.2–0.4 (Rudnitskiı̆ & Pashchenko 2005)
00050�2546 SY Scl ... ... 1.8 23
00428+6854 V524 Cas ... ... 9.8 �27

01037+1219 WX Psc ... ... 14.3 9�

02168�0312 o Cet 43.3˙ 27.9 0.13˙0.08 0.6 47
02192+5821 S Per 127.4˙109.7 0.15˙0.13 19.0 �38 ∆� = 0.01–0.5 (Lekht et al. 2005)
02404+2150 YY Ari ... ... 2.6 �39
02420+1206 RU Ari ... ... 1.3 20
03597+1115 NML Tau 47.7˙ 14.2 0.10˙0.03 11.9 35
04255+1003 R Tau 250.9˙ 23.7 0.78˙0.07 18.0 32
04280+2722 V779 Tau ... ... 6.2 �5
04355+0814 RX Tau 4.5˙ 22.0 0.01˙0.07 2.2 �44
05027�2158 T Lep 44.9˙ 11.3 0.12˙0.03 4.8 �28
05151+6312 BW Cam ... ... 11.5 50
05365�1404 RW Lep ... ... 8.0 �58
05443+2707 AW Tau ... ... 5.2 �14
05528+2010 U Ori 174.7˙ 11.1 0.47˙0.03 7.7 �45
06300+6058 AP Lyn ... ... 17.6 �30
06363+5954 U Lyn 208.6˙ 87.3 0.48˙0.20 1.4 �9
06500+0829 GX Mon ... ... 10.0 �10
07209�2540 VY CMa ... ... 17.0 18
07304�2032 Z Pup 70.7˙ 16.7 0.14˙0.03 5.1 3
07399�1435 QX Pup ... ... 13.8 29
07400+2334 S Gem 41.8˙ 7.8 0.14˙0.03 1.1 95
08138+1152 R Cnc 40.1˙ 20.5 0.11˙0.06 3.0 13
09069+2527 W Cnc 111.3˙ 27.1 0.28˙0.07 4.6 32
09331�1428 X Hya 106.4˙ 11.7 0.35˙0.04 4.9 27
09425+3444 R LMi 110.3˙ 37.0 0.30˙0.10 6.8 �4
10411+6902 R UMa 87.0˙ 3.7 0.29˙0.01 4.8 38
10521+7208 VX UMa 27.3˙ 20.0 0.53˙0.05 2.6 �50
10580�1803 R Crt ... ... 6.1 10
11252+1525 AF Leo ... ... 9.7 4
11501�0719 S Crt ... ... 3.8 38
11577�0954 SV Vir 114.2˙ 12.2 0.39˙0.04 0.8 �3
12341+5945 T UMa 0.5˙ 65.1 6.41˙0.25 0.0 �88
12449+3838 U CVn 112.7˙ 21.7 0.33˙0.06 0.1 �23
13001+0527 RT Vir 1.3˙ 65.2 0.01˙0.42 8.6 15
13462�2807 W Hya 69.4˙ 13.3 0.19˙0.04 2.7 42 ∆� = 0.0–2.1 (Pashchenko & Rudnitskii 1999)
14086�2839 RU Hya 67.7˙ 16.4 0.20˙0.05 8.8 2
14219+2555 RX Boo 232.9˙ 48.5 0.69˙0.14 18.9 �14
14247+0454 RS Vir 50.1˙ 11.1 0.14˙0.03 2.1 �14 ∆� = 0.05–0.35 (Lekht et al. 2001)
15060+0947 FV Boo ... ... 5.5 �7
15090�0549 Y Lib 20.8˙ 20.1 0.08˙0.07 3.7 15
15193+3132 S CrB 57.9˙ 8.9 0.16˙0.03 4.9 �1
15193+1429 S Ser 322.7˙ 22.3 0.87˙0.06 1.9 22
15255+1944 WX Ser 47.4˙ 21.5 0.11˙0.06 8.1 7
15298+0348 WW Ser ... ... 1.3 21
15576�1212 FS Lib ... ... 7.8 �12
16235+1900 U Her 125.6˙ 27.9 0.34˙0.07 4.5 �15
16306+7223 R UMi 252.1˙152.6 0.77˙0.47 2.3 �7
16325+6651 R Dra 88.1˙ 13.1 0.36˙0.05 2.5 �120
17119+0859 V2108 Oph ... ... 21.6 5
17229�0301 AH Oph ... ... 1.2 53
17256+0504 V2296 Oph ... ... 0.5 26
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Table 4. (Continued)

IRAS name Alternative ∆t ∆� Vexp Vsys
� Note

designation (d) (kms�1) (kms�1)

17501�2656 V4201 Sgr ... ... 19.8 �4
18050�2213 VX Sgr 638.4˙ 89.8 0.87˙0.12 34.7 �11 ∆� = 0.0–1.0 (Berulis et al. 1998)
18204�1344 IRC�10414 ... ... 16.0 40
18349+1023 V1111 Oph ... ... 20.9 �40
18413+1354 V837 Her ... ... 19.1 �9
18436+4334 RW Lyr 21.3˙ 74.7 0.04˙0.15 3.3 �23
19039+0809 R Aql 51.3˙ 11.5 0.18˙0.04 3.9 49
19059�2219 V3880 Sgr ... ... 23.5 11
19243+7135 YZ Dra 46.7˙ 20.8 0.13˙0.06 5.9 15
19356+1136 RT Aql 91.8˙ 26.1 0.28˙0.08 5.7 �33
19550�0201 RR Aql 86.6˙ 21.6 0.22˙0.06 5.0 26 ∆� = 0.2–0.5 (Pashchenko & Rudnitskii 1999)
20047+1248 SY Aql 96.5˙ 7.2 0.27˙0.02 2.7 �50
20350+5954 V778 Cyg ... ... 17.4 �34

... NML Cyg ... ... 24.6 �19
20440+0412 BR Del 27.4˙ 10.4 0.08˙0.03 3.4 �52
20529+3013 UX Cyg 54.4˙ 28.3 0.10˙0.05 7.8 2
21120+0736 ... ... ... 7.9 29
21286+1055 UU Peg ... ... 12.9 24
22516+0838 KZ Peg ... ... 5.8 2
23041+1016 R Peg 60.8˙ 13.1 0.16˙0.04 1.7 23
23176+4658 EU And ... ... 4.0 �30
23182+3920 RY And 362.4˙ 34.2 0.92˙0.09 3.9 �2
23416+6130 PZ Cas 147.9˙ 91.3 0.16˙0.10 1.3 �43
23558+5106 R Cas 34.8˙ 24.7 0.08˙0.06 4.4 21 ∆� = 0.2–0.3 (Pashchenko & Rudnitskiı̆ 2004)

� Systemic LSR velocity cited from Benson et al. (1990).
� From Bujarrabal, Gómez-Gonzárez, and Planeas (1989).

Table 3 gives the parameters obtained in a sine function
fitting. We thus obtained 42 and 37 maser sources with good
fitting solutions and 4 and 9 maser sources with bad fitting solu-
tions in the optical emission and the H2O maser data, respec-
tively; 35 maser sources have good fitting solutions in both
of the H2O and optical emission data. The good identifica-
tion fraction of the periodic variation in the H2O maser sources
(37/85) is smaller than, but comparable to, those found in SiO
and 1612 MHz OH masers.

In order to derive the relative time and phase lags of the peri-
odic variation between the H2O maser and the optical stellar
emission, we assume that the former variation has a positive
time delay with respect to the latter variation (∆tlight < ∆tH2O).
We then obtain the time and phase lags, ∆t and ∆�, respec-
tively, as

∆t = ∆tH2O � ∆tlight � 0 and ∆� =
∆t

P
: (3)

Table 4 gives the obtained time and phase lags for the 37 maser
sources. We find that all time lags, except for the semi-
regular variable, VX Sgr, are shorter than 400 d, corresponding
to phase lags smaller than 0.5. The latter is roughly equal
to those found between the SiO maser and the optical emis-
sion (0.1–0.3, e.g., Hjalmarson & Olofsson 1979; Lane 1982;
Nyman & Olofsson 1986; Le Bertre 1993; Alcolea et al.
1999; Pardo et al. 2004). Note that H2O masers are located
at larger distances from the central star than are SiO masers.

The obtained time lags may have an nP ambiguity (∆�true =
∆�obs + nP ), where n � 0 in an integer. This possibility is
discussed in subsections 3.2 and section 4. In fact, some phase
lags were larger than 0.5 in the present work. Modulation of
the periods of the H2O maser flux variation should also be
taken into account, which has been pointed out by previous
observations (e.g., Berulis et al. 1998; Rudnitskii et al. 1999;
Pashchenko & Rudnitskii 1999; Pashchenko & Rudnitskiı̆
2004; Lekht et al. 2005; Rudnitskiı̆ & Pashchenko 2005).
However, this cannot be discussed in the present paper because
the present observations span only three years.

3.2. Expansion Velocities of the Circumstellar Envelopes

In order to compare the derived time and phase lags
mentioned above with other physical parameters of the CSEs,
we estimated one of the physical parameters, an expansion
velocity of each CSE projected in the line of sight, Vexp, from
the maximum LSR velocity offset and from the systemic or
stellar LSR velocity, Vsys, cited from Benson et al. (1990)
(table 4). Most of the derived expansion velocities are smaller
than 15 km s�1, but note that they are underestimated in the
case where there are a few peaks or less in the spectra. In
addition, different from spectra of 1612 MHz OH masers,
an H2O maser spectrum often has brighter components near
the systemic or stellar velocity, as well as blueshifted and
redshifted components that better reflect the CSE expansion
velocity. The former may reflect that the maser components
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1086 M. Shintani et al. [Vol. 60,

Fig. 1. CSE expansion velocity against (a) period of the maser flux and optical magnitude variation, (b) amplitude of the optical magnitude variation,

(c) time lag between the H2O maser flux and optical magnitude variations, and (d) phase lag between the H2O maser flux and optical magnitude variations,

respectively. A dashed line indicates a slope of the linear fit made for the correlation investigation. A gray shadow in the sub-panel d indicates the gap in

the phase lags mentioned in the main text.

are moving on the celestial sphere, rather than along the line
of sight (cf. Takaba et al. 1994, 2001). Nevertheless, the
derived expansion velocities are still physically meaningful
when discussing only the dynamical and physical conditions
of the H2O maser regions in CSEs. Table 4 also gives the esti-
mated CSE expansion velocities. Figure 1 plots the periods
and the amplitudes of the optical light curves and time/phase
lags of the H2O and optical variations, P , ∆mlight, ∆t , and
∆�, respectively, against the expansion velocity, Vexp. We find
a weak correlation between P and Vexp (a correlation coeffi-
cient �corr = 0.41). It is difficult to find any correlation between
∆mlight and Vexp(�corr = 0.28). A weak correlation between ∆t
and Vexp (�corr = 0.51) is also found. The slope of the linear
fit has a gradient of 8.6 d (km s�1)�1 and a zero-expansion-
velocity period of 56 d. The phase lag ∆� seems to be constant
in the range of ∆� < 0.5 (�corr = 0.30) against Vexp. No corre-
lation is found between ∆� and P .

However, as mentioned in subsection 3.1, nP ambiguities in
the time and phase lags have to be taken into account. Figure 2a
shows ∆t against P . Although the correlation between the
two parameters is quite weak (�corr = 0.30) in all of the orig-
inal data points we can roughly see two slopes in the ∆t–
P plot. The time lag increases with the period in the first
slope, while it is roughly constant against the period in the
second slope. We find that there is a gap at ∆� = 0.5–0.7 in the
phase-lag distribution (figure 1d), and that the second slope is
composed of data points with ∆� < 0.5. By adding one light-
curve cycle days to the original time lag for the data points with
∆� < 0.5, we newly found a much better correlation (�corr =
0.92) between ∆t and P (figure 2b). This time-lag shift well
unifies the two slopes. There is no gap in the phase lag by
larger than 0.1 in the range 0:7 � ∆� � 1.5 (figure 3b). In this
case, a weak correlation between ∆t and Vexp is marginally
found, but the correlation coefficient is only 0.17 (figure 3a).
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No. 5] VERA Single-Dish Observations of Stellar H2O Masers 1087

Fig. 2. Time lag between the H2O flux and optical magnitude variations against the period of the variation. A black thin-dashed line indicates slope of

the linear fit to the plot. (a) Original plot (∆t = 0:28P , �corr = 0.35). The possible two slopes mentioned in the main text are drawn by gray thick-dashed

lines. (b) A light-curve period is added to the original time lag for the data points that have phase lags, ∆� < 0.5, and denoted by gray filled circles (∆t =

1:06P + 28, �corr = 0.92).

Fig. 3. (a) Same as figure 1c but for the case in which a light-curve period is added to the original time lags for the data points where ∆� < 0.5. (b) Same

as (a) but for the phase lags calculated from the modified time lags. A dashed line indicates the slope of a linear fit made for a correlation investigation

(�corr = 0.43).

A better correlation between ∆� and Vexp is found (�corr =
0.43) (figure 3b).

3.3. Line-of-Sight Velocity Drifts

We identified H2O spectral peaks detected at almost the
same LSR velocities (within � 0.2 km s�1) at two successive
epochs as the same maser component. The velocity variation in
each of the peaks was sometimes well fitted to a linear velocity
drift during specific epochs. An expansion velocity projected

in the line of sight was also calculated at each of H2O maser gas
clumps, corresponding to each of the spectral peaks with such
linear velocity drifts. Table 5 gives the parameters of the linear
fit, the velocity drift and the expansion velocity of each spec-
tral peak. We find by eye that 135 out of 282 identified spectral
peaks exhibit periodic variations in the flux density and in the
velocity with a period roughly equal to that in the optical light
curve (see column 9 of table 5 and figure 8 in page 1112). In
this case, the derived velocity drift gives its mean value through
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Table 5. Linear LSR velocity drifts with time seen in the maser spectra.

IRAS name Alternative ID� PV Vmax
� Vmin

� T amax
� T amin

k Note#

designation (106 kmyr�2) (kms�1) (K)

00007+5524 Y Cas 1 �1.08˙ 2.29 �18.3 �19.8 3.6 0.1 Y
2 9.01˙ 2.59 �17.3 �17.6 4.2 0.1 N
3 1.86˙ 1.45 �16.5 �17.0 0.5 0.1 N

00050�2546 SY Scl 1 �0.53˙ 0.24 21.3 21.2 2.3 0.5 Y
2 �3.35˙ 1.44 23.1 22.2 1.0 0.1 Y
3 �1.47˙ 1.57 23.8 23.2 0.7 0.2 N
4 3.27˙ 1.47 24.8 24.3 0.8 0.2 N

00428+6854 V524 Cas 1 �5.51˙ 1.88 �25.6 �26.3 0.8 0.2 Y
2 �1.72˙ 1.08 �23.8 �24.5 0.9 0.2 N
3 2.06˙ 2.77 �22.9 �23.9 0.5 0.1 N

01037+1219 WX Psc 1 �8.34˙ 0.64 �2.7 �3.7 6.9 0.2 Y
2 �6.81˙ 1.28 �1.1 �2.4 1.6 0.1 Y
3 1.78˙ 5.76 �0.4 �2.1 0.8 0.1 N
4 13.50˙ 1.97 22.7 21.0 2.4 0.2 Y
5 10.40˙ 1.71 23.8 22.4 3.7 0.3 Y

02168�0312 o Cet 1 �1.24˙ 0.44 47.6 47.4 3.3 0.2 N
02192+5821 S Per 1 3.14˙ 1.33 �56.5 �56.9 1.6 0.1 N

2 11.00˙ 1.20 �47.2 �48.3 7.7 3.1 N
3 �5.70˙ 1.08 �46.7 �47.2 6.8 2.0 N
4 6.33˙ 1.16 �45.2 �46.1 3.2 0.7 N
5 0.15˙ 0.93 �41.7 �42.1 2.2 0.4 N
6 �20.60˙ 4.31 �37.8 �38.9 5.3 1.1 N
7 14.90˙ 2.45 �37.7 �38.1 2.8 1.7 N
8 �5.76˙ 0.86 �36.2 �36.8 7.1 3.5 N
9 23.50˙ 1.46 �32.8 �34.9 1.7 0.4 N

10 11.20˙ 0.59 �30.9 �31.9 2.2 0.4 N
11 2.27˙ 0.28 �29.3 �29.5 2.6 0.7 N

02404+2150 YY Ari 1 �5.77˙ 0.76 �41.4 �41.6 0.8 0.2 N
02420+1206 RU Ari 1 0.99˙ 0.23 20.3 20.2 2.7 0.6 Y
03597+1115 NML Tau 1 �20.70˙ 1.86 24.4 23.1 3.1 0.2 Y

2 �33.00˙ 2.36 24.5 23.5 4.3 0.1 N
3 �8.25˙ 3.56 25.8 25.1 2.4 0.3 N
4 �12.90˙ 3.32 27.2 26.1 1.4 0.3 Y
5 �8.08˙ 0.55 28.8 27.8 5.6 0.2 Y
6 4.50˙ 1.39 40.9 40.2 2.1 0.1 Y

04255+1003 R Tau 1 2.28˙ 0.12 14.2 14.0 16.4 1.0 N
04280+2722 V779 Tau 1 �3.18˙ 2.73 1.2 �0.3 1.0 0.1 Y
04355+0814 RX Tau 1 21.40˙ 3.47 �44.4 �44.6 8.2 0.8 N

2 �40.10˙ 5.90 �41.7 �43.6 11.5 0.3 Y
04396+0647 BZ Tau 1 4.84˙ 2.75 14.1 13.5 0.8 0.2 N

2 5.37˙ 2.18 14.7 13.8 0.6 0.2 N
3 �5.52˙ 1.83 15.5 15.0 0.5 0.2 N
4 2.20˙ 0.68 16.3 16.1 0.7 0.1 N

05027�2158 T Lep 1 5.01˙ 0.94 �29.4 �30.2 8.8 0.4 Y
2 9.60˙ 1.00 �26.7 �26.9 4.8 0.2 N
3 �15.30˙ 5.93 �24.4 �24.8 3.1 0.3 N
4 �44.40˙ 6.54 �23.2 �23.8 1.6 0.2 N

05151+6312 BW Cam 1 �4.34˙ 0.66 40.4 40.0 0.8 0.1 N
2 7.32˙ 1.16 42.1 41.6 1.1 0.2 N
3 �3.72˙ 1.21 44.9 44.4 2.0 0.1 N
4 �8.70˙ 1.54 45.9 45.4 2.2 0.2 N
5 2.08˙ 0.93 61.5 61.2 1.8 0.3 N

05365�1404 RW Lep 1 2.60˙ 2.57 �63.6 �64.5 1.0 0.2 N
2 5.82˙ 0.83 �58.6 �59.1 3.8 0.5 N
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Table 5. (Continued)

IRAS name Alternative ID� PV Vmax
� Vmin

� T amax
� T amin

k Note#

designation (106 kmyr�2) (kms�1) (K)

05443+2707 AW Tau 1 �7.47˙ 3.71 �8.8 �9.4 4.0 0.4 Y
05528+2010 U Ori 1 2.05˙ 1.26 �40.3 �40.7 1.8 0.2 Y

2 �1.06˙ 0.90 �38.3 �38.7 7.0 0.4 Y
3 �6.37˙ 0.74 �37.3 �38.1 4.5 0.6 Y

06300+6058 AP Lyn 1 �10.20˙ 1.65 �33.8 �33.9 0.5 0.1 N
2 �31.40˙ 2.50 �30.0 �30.4 0.7 0.4 N
3 0.23˙ 0.51 �27.8 �28.1 2.9 0.1 Y
4 6.26˙ 3.00 �23.6 �24.0 0.6 0.1 N
5 �5.43˙ 0.82 �22.8 �23.5 1.3 0.2 N
6 3.48˙ 0.86 �21.7 �22.4 1.2 0.2 N
7 8.92˙ 1.41 �18.2 �19.3 0.8 0.1 N
8 3.33˙ 0.62 �15.5 �16.1 2.3 0.4 Y
9 7.66˙ 2.53 �14.1 �14.6 0.7 0.2 N

10 1.43˙ 1.24 �13.8 �13.9 1.4 0.5 Y
11 16.10˙ 5.18 �12.4 �12.6 0.5 0.3 N

06363+5954 U Lyn 1 0.99˙ 1.13 �9.7 �10.4 0.5 0.1 Y
2 2.80˙ 2.24 �8.8 �9.8 0.6 0.1 N

06500+0829 GX Mon 1 �5.18˙ 1.98 �19.5 �19.9 1.4 0.0 N
07209�2540 VY CMa 1 �12.40˙ 0.55 2.1 1.0 66.7 11.4 Y

2 �5.96˙ 3.06 3.6 3.3 1.4 0.5 N
3 0.57˙ 0.36 5.6 5.3 35.6 5.2 Y
4 4.17˙ 0.27 6.7 6.4 29.1 5.5 N
5 �10.40˙ 0.57 10.9 10.0 90.9 7.7 Y
6 �5.68˙ 0.43 12.8 12.2 19.9 4.3 N
7 �2.40˙ 0.30 13.5 13.2 18.3 3.7 Y
8 1.92˙ 0.10 15.3 15.1 35.2 7.8 N
9 2.11˙ 0.60 17.3 17.0 136.9 52.4 N

10 1.11˙ 0.19 18.1 17.9 366.4 39.6 Y
11 �4.65˙ 0.38 21.5 21.0 27.8 8.3 Y
12 �4.49˙ 1.19 22.3 21.9 22.1 16.1 Y
13 0.79˙ 0.69 23.2 23.0 16.5 2.7 N
14 0.71˙ 0.82 25.4 25.0 8.0 1.6 Y
15 3.51˙ 0.72 27.9 27.6 0.8 0.4 N
16 2.39˙ 0.16 30.7 30.5 25.5 6.4 N
17 2.89˙ 0.10 32.8 32.5 8.6 1.8 N

07304�2032 Z Pup 1 �5.29˙ 1.98 1.9 1.3 1.0 0.1 N
2 �6.51˙ 1.55 3.1 2.2 2.6 0.3 N
3 2.44˙ 1.74 4.5 4.0 1.2 0.3 N
4 3.69˙ 2.21 5.1 4.5 1.7 0.2 N
5 9.47˙ 2.27 7.1 5.9 0.9 0.2 N

07399�1435 QX Pup 1 �1.95˙ 0.55 26.3 25.8 1.2 0.5 N
2 2.10˙ 1.51 27.0 26.3 1.1 0.4 N
3 2.01˙ 2.88 41.9 41.2 0.5 0.1 N
4 0.04˙ 1.65 42.8 42.0 0.4 0.1 N

07400+2334 S Gem 1 15.30˙ 0.74 95.7 94.8 1.6 0.2 Y
08138+1152 R Cnc 1 �9.44˙ 3.80 14.6 14.2 2.2 0.1 N

2 2.99˙ 1.57 16.0 15.5 1.5 0.2 N
09069+2527 W Cnc 1 5.48˙ 0.75 35.5 35.2 0.9 0.2 N
09331�1428 X Hya 1 5.61˙ 2.11 25.5 24.6 1.6 0.1 N

2 �3.74˙ 1.38 26.8 25.8 4.1 0.4 N
09425+3444 R LMi 1 1.70˙ 1.09 0.7 �0.1 0.6 0.2 Y

2 0.41˙ 6.72 2.4 1.7 0.5 0.1 Y
10411+6902 R UMa 1 0.63˙ 0.24 39.2 38.9 8.0 0.3 Y

2 2.52˙ 2.08 40.0 39.8 1.5 0.2 N
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Table 5. (Continued)

IRAS name Alternative ID� PV Vmax
� Vmin

� T amax
� T amin

k Note#

designation (106 kmyr�2) (kms�1) (K)

3 4.15˙ 1.84 42.8 42.7 4.9 0.2 N
10521+7208 VX UMa 1 �1.04˙ 0.68 �49.1 �49.8 1.3 0.1 N

2 �21.40˙ 3.56 �47.4 �49.1 0.7 0.1 N
10580�1803 R Crt 1 12.30˙ 1.83 4.3 4.0 9.7 2.1 N

2 6.90˙ 2.16 5.2 4.6 31.4 4.6 Y
3 0.55˙ 3.43 6.0 5.8 24.1 4.4 N
4 �1.71˙ 1.86 7.1 6.3 14.9 0.6 N
5 9.28˙ 2.43 7.8 7.1 14.3 0.7 N
6 �0.43˙ 2.46 9.7 9.0 4.6 1.4 Y
7 18.10˙ 5.35 9.2 8.9 3.0 1.5 N
8 �1.34˙ 7.69 10.5 10.0 11.3 2.2 N
9 54.90˙13.10 11.1 10.4 5.3 0.8 N

10 8.05˙ 3.40 11.7 11.0 6.6 1.6 N
11 �11.10˙ 2.58 12.2 12.0 19.9 1.8 N
12 5.59˙ 1.29 13.1 12.2 8.6 1.2 Y
13 �2.08˙ 2.83 15.0 14.1 12.0 1.1 Y
14 10.60˙ 1.37 15.5 14.9 14.6 0.2 N

11252+1525 AF Leo 1 �3.27˙ 1.22 5.1 4.7 0.6 0.1 N
2 �3.79˙ 1.11 7.3 6.4 5.5 0.2 Y
3 �17.50˙ 5.88 8.7 7.5 2.1 0.2 Y
4 12.70˙ 3.76 9.3 8.5 0.8 0.1 Y
5 �15.70˙ 1.16 11.8 10.1 8.8 0.2 N
6 26.20˙13.70 13.7 13.1 1.5 0.5 N

11501�0719 S Crt 1 9.66˙ 0.89 35.2 34.2 18.8 0.3 Y
2 4.39˙ 2.65 35.4 34.9 1.2 0.3 N
3 5.06˙ 1.57 39.1 38.2 1.5 0.3 N
4 38.40˙10.10 39.2 38.5 3.6 1.0 N
5 3.25˙ 1.50 40.4 39.4 2.3 0.5 Y
6 �31.60˙ 4.50 41.2 40.7 1.0 0.3 N

11577�0954 SV Vir 1 1.28˙ 0.97 �2.2 �2.8 0.6 0.1 N
12341+5945 T UMa 1 1.04˙ 0.67 �87.9 �88.5 2.1 0.2 Y
12449+3838 U CVn 1 1.00˙ 0.36 �22.9 �23.1 1.7 0.5 Y
13001+0527 RT Vir 1 �2.44˙ 0.85 11.4 10.6 89.4 1.1 Y

2 �0.28˙ 1.19 12.9 12.5 19.0 3.1 N
3 �4.25˙ 0.81 13.2 12.6 13.8 2.4 N
4 �5.82˙ 6.71 14.0 13.2 18.1 1.1 Y
5 5.95˙ 1.23 15.0 14.3 3.6 0.4 N
6 �2.54˙ 1.21 16.6 15.7 6.0 0.4 Y
7 �4.20˙ 1.32 18.2 17.8 14.3 2.1 Y
8 �20.30˙ 1.66 19.1 17.3 29.6 0.9 Y
9 10.20˙ 3.54 19.2 18.8 5.2 0.8 N

10 �21.20˙ 6.41 20.3 19.9 1.2 0.3 N
11 �10.30˙ 1.31 22.1 20.8 21.0 0.2 Y
12 0.51˙ 2.14 23.6 23.0 6.8 0.2 Y

13462�2807 W Hya 1 4.51˙ 2.18 39.5 39.3 7.0 1.1 N
2 �8.67˙ 1.37 40.7 39.8 103.2 0.7 Y
3 �5.77˙ 0.68 41.7 40.8 71.9 2.7 Y

14086�2839 RU Hya 1 �1.67˙ 7.80 �4.1 �4.7 3.4 0.3 N
14219+2555 RX Boo 1 2.88˙ 3.43 2.7 1.1 1.1 0.2 Y

2 �8.67˙ 0.95 3.9 2.7 8.6 0.3 Y
3 6.62˙ 1.59 4.9 4.0 2.1 0.2 N

14247+0454 RS Vir 1 �4.81˙ 1.33 �15.0 �16.1 1.6 0.2 N
2 1.43˙ 0.24 �13.6 �13.9 12.9 0.6 Y

15060+0947 FV Boo 1 �1.49˙ 1.18 �10.8 �11.3 1.2 0.2 N
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Table 5. (Continued)

IRAS name Alternative ID� PV Vmax
� Vmin

� T amax
� T amin

k Note#

designation (106 kmyr�2) (kms�1) (K)

15090�0549 Y Lib 1 �28.60˙ 9.77 11.9 11.4 4.8 0.6 N
2 2.78˙ 0.34 14.6 14.2 2.3 0.0 Y
3 3.90˙ 3.20 16.2 15.2 0.6 0.0 N

15193+3132 S CrB 1 1.38˙ 0.93 1.5 0.7 6.1 0.4 Y
15193+1429 S Ser 1 �1.38˙ 3.46 21.8 21.0 5.9 0.1 N

2 �1.32˙ 0.67 23.9 23.5 8.7 0.2 N
15255+1944 WX Ser 1 �4.61˙ 0.25 2.7 2.2 2.2 0.2 Y

2 �9.25˙ 1.61 4.0 3.0 1.1 0.2 Y
3 2.85˙ 1.12 8.5 7.8 2.3 0.1 Y

15298+0348 WW Ser 1 �2.29˙ 0.97 22.3 21.8 2.0 0.2 N
15576�1212 FS Lib 1 �2.00˙ 0.61 �4.2 �4.6 1.8 0.1 Y
16235+1900 U Her 1 1.28˙ 1.44 �16.3 �17.1 2.3 0.1 N

2 0.92˙ 0.49 �15.1 �15.4 7.2 0.9 Y
3 2.84˙ 1.03 �14.1 �14.5 7.5 0.8 N

16306+7223 R UMi 1 2.61˙ 2.46 �8.0 �8.9 0.4 0.1 N
2 �5.13˙ 1.31 �7.1 �7.6 2.8 0.0 N
3 �5.62˙ 3.10 �6.3 �6.9 0.8 0.0 N

16325+6651 R Dra 1 1.15˙ 0.72 �119.7 �119.9 1.3 0.3 N
17119+0859 V2108 Oph 1 �22.50˙ 2.37 5.0 3.8 0.5 0.1 N

2 �14.20˙ 4.72 6.1 4.9 1.1 0.2 Y
3 �16.00˙ 3.15 10.1 9.2 2.4 0.2 N
4 7.55˙ 1.19 19.8 19.0 1.0 0.1 Y
5 12.00˙ 1.67 23.3 22.6 1.5 0.1 Y
6 9.39˙ 1.81 26.6 26.0 2.5 0.3 N

17256+0504 V2296 Oph 1 �2.06˙ 1.88 26.5 25.7 0.4 0.2 N
17501�2656 V4201 Sgr 1 �12.20˙ 0.98 �22.5 �23.8 2.0 0.1 Y

2 �11.90˙ 1.44 �21.1 �22.4 2.4 0.5 Y
3 �21.80˙ 1.44 �18.0 �20.0 4.8 0.2 Y
4 �8.05˙ 2.17 �17.6 �18.4 1.5 0.7 N
5 �9.96˙ 2.30 �16.4 �17.4 0.9 0.4 N
6 �5.95˙ 1.12 �14.6 �15.3 4.2 0.2 Y
7 �7.40˙ 1.42 �12.0 �12.8 0.5 0.1 N
8 �6.42˙ 1.20 �10.6 �11.5 0.8 0.2 N

18050�2213 VX Sgr 1 �2.44˙ 0.48 �1.0 �1.3 16.9 7.5 N
2 0.93˙ 1.28 1.2 0.9 7.1 3.5 N
3 �0.60˙ 0.23 7.3 7.2 46.0 12.1 N
4 �1.43˙ 0.19 10.3 10.1 5.4 1.8 N
5 �2.32˙ 0.44 16.7 16.4 22.6 2.4 N
6 10.60˙ 1.29 20.6 19.4 6.2 2.5 N
7 7.87˙ 0.78 22.0 21.2 9.3 7.1 N

18204�1344 IRC �10414 1 2.64˙ 0.39 31.0 30.7 8.6 1.8 Y
2 �0.06˙ 0.50 33.9 33.8 4.1 0.5 Y
3 1.78˙ 1.40 34.6 34.1 4.1 0.5 N
4 �4.79˙ 0.63 36.8 36.5 6.2 2.9 Y
5 �5.89˙ 0.74 37.7 37.1 2.8 1.5 Y
6 �5.37˙ 0.35 40.3 39.7 8.2 2.5 Y
7 �0.38˙ 0.26 42.1 41.9 1.7 0.7 N
8 2.53˙ 2.91 44.2 43.5 0.5 0.2 N
9 0.17˙ 0.38 49.2 49.1 3.0 0.9 N

10 0.98˙ 1.14 50.3 50.0 0.7 0.3 N
11 0.58˙ 1.88 54.8 54.3 1.8 0.1 N
12 �8.13˙ 1.58 56.0 55.4 2.4 0.4 Y

18349+1023 V1111 Oph 1 �1.09˙ 1.20 �20.2 �20.5 2.4 0.5 N
2 �4.03˙ 1.42 �19.1 �19.7 2.7 0.5 N
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Table 5. (Continued)

IRAS name Alternative ID� PV Vmax
� Vmin

� T amax
� T amin

k Note#

designation (106 kmyr�2) (kms�1) (K)

18413+1354 V837 Her 1 �4.38˙ 1.79 �16.1 �16.7 0.7 0.1 N
2 2.88˙ 0.13 �15.5 �15.7 1.9 0.4 N
3 �1.70˙ 0.83 �12.9 �13.2 1.3 0.2 N

18436+4334 RW Lyr 1 1.27˙ 2.32 �20.1 �20.8 0.9 0.2 N
19039+0809 R Aql 1 2.37˙ 2.71 47.0 45.1 38.5 0.3 Y

2 �6.08˙ 5.03 49.1 46.3 9.3 0.3 Y
19059�2219 V3880 Sgr 1 �3.30˙ 0.58 13.3 13.0 2.8 0.4 N

2 �4.57˙ 0.61 14.6 14.2 2.0 0.7 N
19243+7135 YZ Dra 1 4.69˙ 1.05 13.6 13.0 9.5 0.2 N

2 4.66˙ 2.30 15.0 14.3 0.4 0.2 N
19312+1950 ... 1 6.53˙ 1.41 17.5 16.8 2.1 0.7 N
19356+1136 RT Aql 1 �0.49˙ 0.33 �28.7 �28.9 6.0 0.9 Y

2 3.41˙ 2.82 �27.3 �27.8 2.1 0.2 N
19550�0201 RR Aql 1 4.04˙ 1.39 27.8 27.0 4.8 0.2 N

2 1.38˙ 0.53 29.3 29.0 21.0 0.4 Y
3 3.92˙ 1.50 31.0 30.5 4.3 0.3 N

20047+1248 SY Aql 1 0.11˙ 0.24 �47.3 �47.5 5.5 0.7 Y
20194+1707 UW Del 1 �0.98˙ 0.88 28.2 28.0 0.4 0.2 N
20350+5954 V778 Cyg 1 3.84˙ 0.47 �16.6 �17.0 3.7 0.4 Y

... NML Cyg 1 �2.84˙ 0.23 �21.4 �21.6 24.2 15.1 N
2 �3.43˙ 0.51 �17.9 �18.2 0.9 0.5 N
3 �5.36˙ 0.42 �16.7 �17.1 2.8 0.9 N
4 8.40˙ 1.58 2.4 1.7 0.6 0.2 N
5 0.77˙ 0.58 5.6 5.5 6.1 2.9 N

20440+0412 BR Del 1 0.64˙ 1.08 �50.0 �50.1 0.6 0.1 N
20529+3013 UX Cyg 1 6.28˙ 1.72 �4.7 �5.2 1.0 0.1 N

2 3.26˙ 1.80 �2.5 �3.2 1.1 0.3 Y
3 �6.42˙ 1.70 3.7 2.6 0.7 0.1 Y

21120+0736 ... 1 �13.10˙ 2.93 23.0 22.1 0.4 0.1 N
21286+1055 UU Peg 1 9.03˙ 0.76 36.9 36.0 0.8 0.1 Y
22134+5834 ... 1 �5.20˙ 1.53 �16.6 �17.2 18.8 0.6 N
22480+6002 IRC +60370 1 3.41˙ 0.82 �58.0 �58.2 2.9 0.6 N

2 �1.00˙ 2.55 �54.4 �54.8 0.6 0.2 N
3 9.19˙ 1.69 �51.9 �52.5 8.0 0.4 N
4 2.91˙ 2.25 �48.6 �48.9 1.4 0.6 N

22516+0838 KZ Peg 1 �1.49˙ 3.28 7.6 6.9 0.6 0.1 N
23004+5642 ... 1 8.91˙ 1.64 �60.8 �61.8 2.3 0.2 N

2 31.50˙ 4.88 �52.8 �56.2 10.0 0.2 Y
3 9.59˙ 2.98 �50.0 �51.6 1.4 0.2 N

23041+1016 R Peg 1 2.08˙ 0.88 24.7 24.2 1.2 0.3 Y
23176+4658 EU And 1 �2.87˙ 1.12 �33.6 �34.0 1.6 0.1 N
23182+3920 RY And 1 �0.25˙ 1.17 0.5 �0.1 3.1 0.2 N

2 �2.37˙ 1.66 1.9 1.6 0.5 0.2 N
23416+6130 PZ Cas 1 �3.33˙ 0.87 �41.3 �41.7 2.5 1.0 N
23558+5106 R Cas 1 5.32˙ 0.97 25.4 24.8 1.3 0.1 N

� Idenfified spectral peak.
� Maximum LSR velocity in the emission peak.
� Minumum LSR velocity in the emission peak.
� Maximum antenna temperature in the emission peak.
k Minumum antenna temperature in the emission peak.
#Y/N indicates whether the velocity and flux density variations look periodic, which was confirmed by eye.
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Fig. 4. LSR velocity drift against the LSR velocity of the maser spectral peak.

the appearance of a peak. The origin of such a periodic varia-
tion of the peak velocity is discussed in subsection 4.3. VLBI
maps show that some of velocity peaks in the H2O spectra are
often composed of a few maser features or gas clumps with
slightly different peak velocities. In this case, their different
time variations in flux density may cause an apparent velocity
drift in the spectrum. To identify true acceleration motions,
either coherent velocity drifts among multiple spectral peaks in
the same stellar object or some statistical trend of the velocity
drifts in many stellar objects should be found. The latter case
may be more feasible than the former one because there are
usually a few spectral peaks in each stellar object.

Figure 4 shows the velocity drift rate of the peak against
its expansion velocity. We find that the (V � Vsys; PV ) points

with large amplitudes of acceleration (j PV j � 107 km yr�2 '
0.32 km s�1 yr�1) are concentrated in the first and third quad-
rants, in which the velocity drift is in the same sense as the
radial acceleration. This implies that the individual maser

features corresponding to the spectral peaks are gradually
accelerating outwards, although each of the maser clumps
may be accelerated and decelerated periodically, as mentioned
above. The plot points located around the plot origin (jV �
Vsysj . 5 km s�1, j PV j . 107 km yr�2) may indicate turbulence in
CSEs, as observed in the maser feature proper motions (e.g.,
Marvel 1997; Imai et al. 2003). The plot points located in
the second and fourth quadrants may indicate deceleration, but
those with large amplitudes of acceleration (j PV j �107 km yr�2)
are biased to the fourth quadrant. Some of them may be caused
by a periodic variation in the peak velocity, as mentioned
above, but the reason for the bias is still in an open question.

4. Discussion

We have confirmed 37 stellar H2O maser sources that exhibit
periodic behavior in the maser emission which has a good
correlation with the optical light curves. Thus, together with
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SiO and OH maser emission, H2O maser emission also reflects
the stellar pulsation and the dynamical change of the CSEs
affected by the pulsation. The origin of the periodic varia-
tion in H2O maser emission is expected to be shock waves
that are periodically generated and propagating outwards in the
CSE. A collisional pumping scheme is expected as being the
mechanism of H2O maser excitation, in which H2O masers are
excited in a mass-loss flow from the AGB star by an interaction
with the ambient circumstellar thick gas envelope (e.g., Cooke
& Elitzur 1985; Elitzur 1992a). Such an interface may corre-
spond to the shock wave mentioned here, in which the kine-
matic energy of the flow is released and a physical condition
suitable for H2O maser excitation (nH2

� 106cm�1, Tgas = 400–
1000 K) is provided. If the speed of shock-wave propagation is
larger than the outward speed of the maser gas clump, then the
gas clump is decelerated at first, and then accelerated outwards
before and after passage of the shock wave, respectively. This
hypothesis well explains the periodic variation in the velocity
of the H2O maser spectral peak. Taking into account maser
amplification in a velocity-coherent path, a growth of maser
flux is expected at the transition from acceleration to decel-
eration of the maser clump. Such a correlation between the
maser flux and the acceleration/deceleration of a gas clump
is often found, as shown in subsection 3.3. Not only these
periodic variations in H2O maser emission are observational
evidence for the existence of shock waves in the CSEs. In
some of Vr–� diagrams obtained from interferometric obser-
vation data, one can see a few (not only one) chains of maser
spots exhibiting individual expanding thin shells in the CSEs.
Here Vr and � are the relative line-of-sight velocity of the
maser feature with respect to the stellar velocity and the angular
distance from the star, respectively. This implies that one shock
wave after another are generated from the central star (e.g.,
Bowers et al. 1993; Bowers & Johnston 1994; Yates & Cohen
1994; Richards & Yates 1998; Bains et al. 2003). Here, we
demonstrate the detection of propagation of pulsation-driven
shock waves from evolved stars, and discuss the propagation
speed of shock waves through the present work.

4.1. Possible Time and Phase Lags of Periodic Variation

between H2O Maser and Optical Stellar Emission

At first, the possible ranges of the time and phase delays of
the periodic variation between the H2O maser and the optical
stellar emission are discussed.

The thin shells found in the H2O maser regions are located
at 5–50 AU from the central star, and moving outwards
with velocities in the range of � 5–20 km s�1 (Bowers et al.
1993; Bowers & Johnston 1994). Theoretical models and the
detection of acceleration motions of individual maser features
suggest that the speed of propagation of shock waves (up to
50 km s�1: Höfner et al. 1995) is comparable to, or larger than,
that of the mass-loss flow. The travel time for a gas clump in
the mass-loss flow from the stellar surface to the H2O maser
region is estimated to be as long as 10 yr. The detection of
“super-periods” (P > 10 yr) in the H2O maser flux variation
supports that the time delays of the variation in the H2O maser
flux with respect to that in the stellar optical magnitude have
such a long time scale (e.g., Pashchenko & Rudnitskii 1999).
A smooth variation of the phase lag [e.g., ∆� = 0.0–2.1 for

W Hya, Rudnitskii et al. (1999), see also notes in table 4] also
supports such a long time lag. These facts suggest that the time
and phase lags that we observed should have an nP ambiguity,
as pointed out in subsection 3.1, where n should be a large
positive integer.

However, such a smooth phase-lag variation is observed in
only the H2O masers around semiregular variables, such as
W Hya, VX Sgr, and RR Aql, in which the passage of shock
waves may also semi-regularly occur. Furthermore, the longer
time lag requires a larger distance to the H2O maser region
from the central star, while the speed of the mass-loss flow
and shock waves should be faster at the larger distance, and
approach the terminal velocity observed in 1612 MHz OH
masers (e.g., Bains et al. 2003). Therefore, the time lags
may be shorter (∆t � 5 yr), suggesting an upper limit to the
integer n < 2–3. Also, suppose a good correlation between
the time lag and the period of the flux variation (figure 3b),
which suggests a strong convergence of the integer (n = 0 or
1). With the larger number, the time lags should be much more
scattered for the H2O maser regions in the CSEs with specific
thicknesses. Furthermore, there always exist only one or two
maser feature chains exhibiting thin shells in interferometric
maps of H2O masers (Bowers et al. 1993; Bowers & Johnston
1994; Richards et al. 1996; Bains et al. 2003; Imai et al. 2003).

At the same time, the phase lags in the H2O maser flux
variation that have been previously reported (∆� = 0.2–0.5:
Lekht et al. 1999; Pashchenko & Rudnitskiı̆ 2004; Rudnitskiı̆
& Pashchenko 2005) are supposed to be underestimated. The
reported phase-lag range is almost equal to that found in
the SiO maser flux variation (0.1–0.3: e.g., Hjalmarson
& Olofsson 1979; Lane 1982; Nyman & Olofsson 1986;
Le Bertre 1993; Alcolea et al. 1999; Pardo et al. 2004),
misleadingly implying that H2O masers are located at the same
region as SiO masers. Therefore, we believe that the true phase
lags should range over 0:7 � ∆� � 1.5. In this case, the rela-
tive phase lags between the SiO to H2O maser variations are
expected to be in the range of 0.4–1.4.

4.2. The Origin of Time Lags of H2O Maser Flux Variation

Stellar radiation pressure on circumstellar dust accelerates
the flow in the H2O maser region. It is theoretically predicted
that the shock waves mentioned above are amplified in the
circumstellar dust envelopes, and are propagating outwards
from the flow base, where dust formation occurs and the radi-
ation pressure is enhanced, at a speed slightly higher than the
flow velocity (e.g., Höfner et al. 1995, 1998). Stellar H2O
masers may be excited in such shocks periodically created in
the CSE by stellar pulsation (e.g., Elitzur 1992a; Richards &
Yates 1998; Bains et al. 2003; Imai et al. 2003). If the H2O
maser region is away from the layer where the dust-induced
radiative pressure triggers such a shock wave, H2O maser exci-
tation may have a time lag from optical and infrared light
curves. The origin of the phase lag between the variations in
stellar optical and SiO maser emission is still obscure. The time
lag measured in the present paper consists of the time lag seen
in SiO maser emission, and a travel time for dusty molecular
gas from the base of the flow to the H2O maser region. The
time lag between the SiO maser excitation and the ignition of
a shock wave may be negligible, because no clear time lag has
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yet been recognized between the SiO maser and the infrared
emission variations.

We note that the phase-lag range of the H2O maser emis-
sion is wider than that of SiO maser emission, suggesting that
some trigger exists to change the physical condition of the
CSE, possibly shock waves, as discussed here, and is propa-
gating on a longer time scale over the wider area of the CSE
for H2O maser excitation than for SiO maser excitation. Here,
suppose the velocity field of the H2O maser region, v, as to be
a function of the radius or distance from the star, r � r0, where
r0 is the inner radius of the dust envelope or the base of the
accelerated flow. For the case of acceleration of the CSE due
to dust-induced radiative pressure, the velocity field is given as
follows (Elitzur 1992a; Elitzur et al. 2003):

v2 = v2
1

�

1 �
r0

r

�

and v2
1 =

nd�dhQi

2�r0cmHnH

L�; (4)

where v1 is the terminal velocity at the outer edge of the enve-
lope, nd the number density of dust, �d the collisional cross
section of a dust particle against an infrared photon, Q the
efficiency coefficient of the radiative pressure to a dust parti-
cles, nH the number density of hydrogen atoms, mH the mass of
a hydrogen atom, c the speed of light, and L� the stellar lumi-
nosity. The shock wave discussed here should also be propa-
gating at a similar velocity. The stellar luminosity is written
using the stellar temperature and the radius, T� and R� respec-
tively, as follow:

L� = 4�R2
��T 4

� ; (5)

where � is Stefan–Boltzman’s constant. It is expected that the
dust temperature and the kinematic temperature of molecular
gas in the H2O maser region are approximately equal, Td =
TH2O. Taking into account the dust opacity, Td at the base of
the outflow is calculated as follow (Cooke & Elitzur 1985):

Td = T�

�

r0

R�

��2=5

=

�

L�

4��

�1=5

T 1=5
� r

�2=5
0 : (6)

Because H2O masers are excited in the molecular gas with
a specific temperature range, TH2O = 400–1000 K (e.g., Elitzur
1992a), behind the base of the flow, here Td may be roughly
constant among stellar H2O maser sources. Therefore, taking
into account similar stellar spectral types (M) or stellar surface
temperatures among the evolved stars, one obtains the simple
relation between the stellar luminosity and the radius of the
flow base,

r0 / L1=2
� : (7)

From equations (4) and (7), one can derive the relation

v2 / r0

�

1 �
r0

r

�

/ L1=2
�

�

1 �
r0

r

�

: (8)

Thus, one finds a correlation between v2 and r0 or L�. One
then obtains the acceleration, ˛:

˛ =
d 2r

dt2
/

L
1=2
� r0

r2
: (9)

According to a numerical calculation (see figure 5), the flow
velocity asymptotically converges to the terminal velocity at
rcrit=r0 � 2, vcrit=v1 � 0.7, beyond which H2O maser emission

Fig. 5. Distance (r=r0), velocity (v=v0), and acceleration (˛=˛0/

where ˛0 is the acceleration value at the distance r0 in the model of

a flow in a circumstellar envelope. A gray zone roughly represents

a possible area of H2O maser region in the CSE.

is well found. Beyond this critical point, the travel time from
the flow base is roughly proportional to the distance from the
central star, and inversely proportional to the flow expansion
velocity.

Using the precise logP –K-magnitude relation found in
Miras in the Large and Small Magellanic Clouds (C-sequence,
Ita et al. 2004),

K = a logP + b; a = �3:5; and b = 19:5; (10)

one can derive the relation L� / P 1:4; then,

v / P 0:35
�

1 �
r0

r

�1=2

: (11)

The observed good correlation between the H2O maser time
lag, ∆t , and the period, P (∆t / P , figure 2b), preferably
suggests the H2O maser region distance to be r > rcrit. There
∆t approximately has a correlation with P , as follows:

∆t &
r0

v
/ P 0:35: (12)

In the same way, one can derive the correlation between the
phase lag, ∆�, and the CSE expansion velocity, v,

∆� =
∆t

P
/ P �0:65 / v�1:86: (13)

In fact, a such steep decrease in the phase lag with the CSE
expansion velocity is not observed (figures 1d and 3b). This
suggests that the approximation adopted to derive equation (12)
is not so valid for a further precise discussion. Thus, the
H2O maser region is still in the transition space to reaching
the terminal expansion velocity (r � 2r0). Also, the phase
lag of the H2O maser flux variation with respect to the stellar
optical light curve still converges within a limited range (∆� =

0.7–1.5).

4.3. Passage of Shock Waves in the H2O Maser Region

In addition to acceleration in the CSE, discussed in subsec-
tion 4.2, the acceleration/deceleration of individual H2O maser
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Fig. 6. (a) Histogram of velocity variations (Vmax � Vmin) in H2O maser spectral peaks. (b) Amplitude of LSR velocity drift rate against the velocity

variation.

gas clumps is expected to exist on a shorter time scale through
the passage of shock waves.

It is notable that some of individual H2O maser spectral
peaks exhibit very similar performance to the stellar optical
light curve (figure 7 in appendix 1). In particular, the former
performance has the time scale of the flux growth and decay,
which is almost equal to the latter time scale. This strongly
supports the hypothesis that the pulsation shock waves directly
affect excitation of the H2O masers. Sometimes time lags of
the flux and velocity variations are observed among different
maser peaks in the same star (see appendix 2). Such time
lags might be attributed to a difference in the travel times of
light, which is expected in those of 1612 MHz OH masers
(e.g., Herman & Habing 1985; van Langevelde et al. 1990).
However, the expected time scale is negligible (within one day)
for the smaller area of the H2O maser region. They may be
attributed to the difference in the travel times of the same shock
wave to the maser gas clumps, reflecting the scale of the H2O
maser distribution.

It is also interesting to discuss whether the lifetimes and the
physical sizes of the individual maser features around pulsating
stars are controlled by shock waves. Acceleration may form
a steep velocity gradient in the gas clump, while maser ampli-
fication requires velocity coherence along the amplification
path. Figure 6 shows histogram of the LSR velocity varia-
tions of the H2O maser spectral peaks (∆V = Vmax � Vmin)
and their distribution against the amplitude of the velocity
drift rate. The number of specific velocity variations has
a peak at around ∆V � 0.5 km s�1, which may correspond
to the typical line width of H2O maser emission (e.g., Reid
& Moran 1981; Elitzur 1992a). Maser features with large
amplitudes of the velocity drift, which may trace the acceler-
ation/deceleration motion, as discussed in subsection 3.3, are
mainly distributed in the limited range of the velocity vari-
ation, ∆V . 2 km s�1. Even within this velocity variation,
(∆V . V1=10), a maser clump can survive from the inner to

the outer layer of the H2O maser region (see figure 5). Thus, the
velocity gradients seen in the H2O maser region do not seem
to be so steep that H2O maser emission is quenched by the
passage of a shock wave. In fact, a small fraction of the maser
spectral peaks exhibit large velocity drifts ( PV � 107 km yr�2).
The similarity of the variations in the H2O maser and the stellar
optical emission, as discussed above, also supports the large
sizes and long lifetimes of the maser gas clumps. Furthermore,
previous VLBI observations report a larger size of the H2O
maser features around evolved stars than those in the star-
forming region (� 1 AU, e.g., Imai et al. 1997a).

Note that, however, larger amplitudes of acceleration of the
H2O maser features are sometimes found. They are more
observable on the celestial sphere than in the line of sight,
because a velocity gradient along the line of sight is smaller
in the former case (Imai et al. 2003). The detectability of
large acceleration/deceleration motions may be a good param-
eter to understand the physical environments of O-rich CSEs.
Theoretical studies have predicted that C-rich CSEs enhance
stellar-pulsation shock waves more than do O-rich CSEs (e.g.,
Höfner et al. 1995, 1998). On the contrary, our current observa-
tional studies suggest that O-rich CSEs may also well enhance
such shock waves in the H2O maser regions. To more precisely
discuss the enhancement of the shock waves, we need statis-
tical analyses more precisely on the basis of a larger sample of
monitoring observations of stellar H2O maser sources.

5. Conclusions

The samples of H2O maser and stellar optical emission for
46 AGB stars shown in the present paper enabled us to make
statistical analyses for elucidating the physical properties of
H2O maser gas clumps and accompanying CSEs. A large frac-
tion of stellar H2O masers have a periodic behavior with the
period being equal to that of the stellar pulsation. We found a
clear correlation between the time lag of the H2O maser flux
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variation with respect to the optical magnitude variation and
the stellar pulsation period, leading to a limited phase lag range
of 0:7 � ∆� � 1.5. The behavior of H2O maser emission is
demonstrated by the passage of shock waves, which are propa-
gating from the stellar surface, and are then enhanced by dust-
induced radiative pressure. Radial acceleration of the CSEs
is also detected through measurements of LSR velocity drifts
of individual spectral peaks of H2O maser emission. A large
fraction of small amplitudes of the velocity drifts indicates that
CSEs are mildly accelerated in the H2O maser region after
rapid acceleration that is triggered at the launch of the dust-
induced radiative pressure.

VERA observatory is a branch of the National Astronomical
Observatory, an interuniversity research institute operated
by the Ministry of Education, Culture, Sports, Science
and Technology. We gratefully acknowledge the AAVSO
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Scientific Research from the Japan Society for the Promotion
Science (16540224, 17340055) and by Grant-in-Aid for Young
Scientists (B) from the Ministry of Education, Culture, Sports,
Science and Technology (18740109).

Appendix 1. Plots of Individual H2O Maser Sources

Figure 7 shows the time variation in the H2O maser spectrum
and the maser flux (antenna temperature) for each of the maser
sources. The maximum antenna temperature and the velocity-
integrated flux density at each epoch are plotted. Figure 7 also
shows, if available the AAVSO light curves. Figure 8 shows
variation of the LSR velocity and the antenna temperature at
each peak in the maser spectrum during the monitoring obser-
vations.

Appendix 2. Comments on Individual Stellar H2O Maser

Sources

Y Cas

The long-term monitoring observations by Pashchenko &
Rudnitskiı̆ (2004) have revealed that the phase lag has changed
in the range ∆� = 0.2–0.4, which is inconsistent with that
found in the present result (∆� � 0:0). However, the rela-
tive difference between the results with respect to the pulsation
period is reduced if we adopt possible phase lags of ∆� = 1.2–
1.4 and ∆� � 1:0, respectively.

WX Psc

Periodic variations in the flux density were found in both the
blue-shifted and red-shifted maser peaks. The variation phase
comes earlier in the red-shifted components by a relative time
lag of � 7.5 d than in the blue-shifted components. By multi-
plying the CSE expansion velocity of � 14 km s�1 (table 4), we
obtain a travel path difference of only 0.06 AU. This suggests
that these components are located at the same distance from
the central star. In fact, they are apparently located very close

to the expected location of the star, and may be approaching
and receding conponents with large inclinations from the line
of sight (Inomata et al. 2007).

S Per

Lekht et al. (2005) have made long-term observations of the
H2O masers and identified the periodic flux variation with the
phase lag changing in the range of ∆� = 0.01–0.5. Bipolarity
in the H2O maser spatio-kinematical structure has been iden-
tified (Marvel 1997; Richards et al. 2004; Asaki et al. 2007).
With the annual-parallax method using the VLBA, Asaki et al.
(2007) measured the distance to S Per, D = 2.51˙0.09 kpc.

NML Tau

Although this maser source does not have any suitable refer-
ence calibrator for VERA astrometry, it has been observed
many times. Due to a large amplitude of the maser flux vari-
ation, it was difficult to exactly trace the time variation of the
maser flux. One of the spectral peaks (ID 5) exhibits a system-
atic velocity drift, indicating radial acceleration for three years.

T Lep

A clear periodic variation in the velocity-integrated maser
flux has been recognized. Each of spectral peaks also has
a time variation in the maser peak flux synchronized with
that of the velocity-integrated maser flux. The apparent radial
deceleration was recognized in the spectral peaks as the
maser flux decreased.

AP Lyn (IRC +60169)

Although we have obtained a nice maser light curve, we
could not obtain optical light curve data for this OH/IR star,
which may be invisible at optical wavelengths. Sudou et al.
(2002) measured the relative proper motions of the H2O maser
features, but which exhibited a complicated kinematical struc-
ture. Instead, they found systematic change in the maser
feature extent during a monitoring observation.

VY CMa

For this supergiant, although the flux variation of H2O maser
emission has been identified, it is difficult to find its period-
icity. With the annual-parallax method using VERA, Choi et al.
(2008) measured the distance to VY CMa; D = 1.15˙0.10 kpc
(cf. D = 1.4˙0.2 kpc, Marvel 1997).

R Crt

Rich maser emission peaks have been found in the velocity
range 3 km s�1 �VLSR �17 km s�1. The lifetimes of most of the
individual maser features seem to be relatively short (. 300 d).
The 1665 MHz and 1667 MHz maser fluxes exhibit periodic
variations with two periods of 227 d and 560 d (Etoka et al.
2001). Ishitsuka et al. (2001) found the three-dimensional
expansion motion of the envelope, but could not detect any
clear signature of acceleration of the H2O maser features.
(Continued to p.1129)
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Fig. 7. Top: Time series of H2O maser spectra in each source, advancing in time from bottom to top. The observation dates are shown in the form

YY-MM-DD (year–month–day). Bottom: Time variation of the velocity integrated flux of H2O maser emission (cross connected by a dotted line to the

adjacent data point) and that of the optical magnitude, which have been obtained by AAVSO (plus, if available). A maser flux is set to zero in the case of

negative detection. An error bar for the negative detection indicates the 3-� upper limit to the flux.
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)
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Fig. 7. (Continued)

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/p
a
s
j/a

rtic
le

/6
0
/5

/1
0
7
7
/1

5
0
0
6
6
9
 b

y
 g

u
e
s
t o

n
 2

0
 A

u
g
u
s
t 2

0
2
2



No. 5] VERA Single-Dish Observations of Stellar H2O Masers 1111

Fig. 7. (Continued)
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Y Cas

SY Scl

V524 Cas

WX Psc

Fig. 8. Time variation of the peak antenna temperature (opened circle with a gray line error bar) and the LSR velocity at the peak (asterisk with a solid

line bar) of each spectral peak. Panels for a star correspond to ID’s in table 5.
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o Cet S Per

YY Ari RU Ari NML Tau

Fig. 8. (Continued)
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Fig. 8. (Continued)
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Fig. 8. (Continued)
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Fig. 8. (Continued)
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Fig. 8. (Continued)

S Crt

It was difficult to find any periodic variation in the H2O
maser flux. The brightest feature at VLSR ' 34.5 km s�1 was
the target of a measurement of the annual parallax with VERA
(� = 2.33 ˙ 0.13 mas and its corresponding distance of D =
430+25

�23 pc, Nakagawa et al. 2008).

RT Vir

Rich maser emission peaks have been found in the
velocity range 10 km s�1 � VLSR � 24 km s�1, but which is
slightly smaller than those previously reported. A periodic
performance was found in the individual H2O maser features
with a period of � 300 d, rather than the adopted one (� 155 d).
The 1612 MHz OH maser flux exhibits a periodic variation
with two major periods of about 150 d and 300 d, which have
small and large variation amplitudes, respectively (Etoka et al.
2003). For the case of the 1665 MHz and 1667 MHz maser
fluxes, two periods of about 112 d and 170 d are found (Etoka
et al. 2001). The spatio-kinematical structures of H2O masers
have been investigated in detail (Bowers et al. 1993; Bowers
& Johnston 1994; Imai et al. 1997b; Bains et al. 2003; Imai
et al. 2003) to show a spherically expanding gas shell with
a small Doppler velocity gradient. Imai et al. (1997b) also
found a systematic change in the distribution size of the maser
features. Acceleration motions of the individual maser features
have been found in the Doppler-velocity drifts and in the rela-
tive proper motions (Imai et al. 2003). The distance to RT Vir
is estimated to be D ' 220 pc (Imai et al. 2003).

W Hya

The 1612 MHz OH maser flux exhibits a periodic variation
with a period of about 330 d (Etoka et al. 2003). For the
case of the 1665 MHz and 1667 MHz maser fluxes, a period
of 362 d is found (Etoka et al. 2001). Although the H2O maser

emission is very bright and very close to the Sun (D � 100 pc,
Vlemmings et al. 2003), the H2O maser emission is completely
resolved with VLBI baselines longer than 1000 km (Imai et al.
1997a). However, unpublished VERA data suggest the exis-
tence of compact maser features unresolved with the VERA
baseline (2000 km).

S CrB

Because of the bright and stable H2O maser emission, the
maser source was believed to be one of the best targets for
VERA astrometry. Unfortunately, the unpublished VERA
data indicate that the maser emission is completely spatially
resolved out with the VERA baselines. The distance to
S CrB is estimated to be D = 418+21

�18 pc (Vlemmings et al.
2003; Vlemmings & van Langevelde 2007).

U Her

A periodic variation of the maser flux has not been recog-
nized as clearly as that found in optical emission. No clear
velocity drift has been recognized. A single shell-shaped maser
feature distribution was found (Bowers et al. 1993). Marvel
(1997) observed these H2O maser sources with the VLBA at
three epochs, but no maser feature proper motion was reported.
The distance to U Her is estimated to be D = 266+32

�28 pc
(Vlemmings et al. 2003; Vlemmings & van Langevelde 2007).

VX Sgr

The H2O maser emission is bright enough to make a clear
maser light curve, but no phase-reference source has been
found around the maser source. Therefore, we have not moni-
tored the maser source very tightly. A bipolar outflow has
been identified in the envelope (Richards et al. 1996; Marvel
1997; Murakawa et al. 2003; Kamohara 2005).
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IRAS 18176�1848 (OH 12.8�1.9)

H2O maser emission has been detected for 20 years (Boboltz
& Marvel 2005 and references therein). This H2O maser source
is recognized as being one of the “water fountain” sources
(Boboltz & Marvel 2007). The H2O maser emission is too
weak to detect with the VERA 20 m telescope with the limited
integration time.

IRC �10414

Rich maser spectral peaks have been found in the velocity
range 30 km s�1 � VLSR � 57 km s�1. It is difficult to find
any periodicy in the maser flux variation with a roughly
constant decrease. Maeda et al. (2008) have found a bipolar
outflow in the spatiokinematical structure of the H2O masers,
and estimated the distance to IRC �10414, in the statistical
parallax method, to be D � 2 kpc, rather than the 700 pc previ-
ously adopted.

IRAS 18450�0148 (W 43 A)

This H2O maser source is a prototype of the “water fountain”
class , which has high-velocity components (Vexp & 90 km s�1,
Imai et al. 2002). It has been difficult to cover the whole LSR
velocity range of the maser emission, and to make tight moni-
toring observations.

IRAS 19134+2131

This H2O maser source is also one of the “water fountain”
sources. In an annual parallax measurement, Imai, Sahai, and
Morris (2007) estimated the distance to IRAS 19134+2131 to
be D = 8:0+0:9

�0:7 kpc. The H2O maser emission is too weak to
clearly find its light curve.

RR Aql

A periodic variation of the maser flux has been clearly recog-
nized, although the number of observations is not so suffi-
cient. The phase lag derived in the present paper (∆� � 0.2) is
consistent with those previously derived (∆� = 0.2–0.5,
Rudnitskii et al. 1999), but we expect that it may be larger by
a pulsation cycle. The periodic variation of the maser feature
distribution was also recognized (Bowers & Johnston 1994).
The distance to RR Aql is estimated to be D = 633+214

�128 pc
(Vlemmings et al. 2003; Vlemmings & van Langevelde 2007).

UX Cyg

A periodic variation in the maser flux has been clearly recog-
nized in the present work. With the annual-parallax method
using the VLBA, Kurayama, Sasao, and Kobayashi (2005)
measured the distance to UX Cyg; D = 1.85+0:25

�0:19 kpc.

IRAS 22480+6002 (IRC +60370)

It is still difficult to recognize any periodic variation in the
maser flux. The host star harboring the maser emission is
expected to be an RV Tau variable (Imai et al. 2008).

R Cas

Although the weak maser emission frequently disappears,
its periodic appearance is recognized. The long-term moni-
toring observations by Rudnitskij et al. (2000) have revealed
that the phase lag has changed in the range ∆� = 0.2–0.3,
which is inconsistent with that found in the present result
(∆� � 0.1). However, the relative difference between the
results with respect to the pulsation period is reduced if we
adopt possible phase lags of ∆� = 1.2–1.3 and ∆� � 1.1,
respectively.
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