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ABSTRACT

Context. Water maser emission is often found in the circumstellar envelopes of evolved stars, that is, asymptotic giant branch stars and
red supergiants with oxygen-rich chemistry. The H,O emission shows strong variability in evolved stars of both of these types.

Aims. We wish to understand the reasons for the strong variability of water masers emitted at 22 GHz. In this paper, we study U Her
and RR Agq]l as representatives of Mira variable stars.

Methods. We monitored U Her and RR Aql in the 22 GHz maser line of water vapour with single-dish telescopes. The monitoring
period covered about two decades between 1990 and 2011, with a gap between 1997 and 2000 in the case of RR Aqgl. Observations were
also made in 1987 and 2015 before and after the period of contiguous monitoring. In addition, maps of U Her were obtained in the period
1990-1992 with the Very Large Array.

Results. We find that the strongest emission in U Her is located in a shell with boundaries of 11-25 AU. The gas-crossing time is 8.5 yr.
We derive lifetimes for individual maser clouds of <4 yr based on the absence of detectable line-of-sight velocity drifts of the maser
emission. The shell is not evenly filled, and its structure is maintained over much longer timescales than those of individual maser
clouds. Both stars show brightness variability on several timescales. The prevalent variation is periodic, following the optical variability
of the stars with a lag of 2-3 months. Superposed are irregular fluctuations of a few months in duration, with increased or decreased
excitation at particular locations, and long-term systematic variations on timescales of a decade or more.

Conclusions. The properties of the maser emission are governed by those of the stellar wind while traversing the H,O maser shell.
Inhomogeneities in the wind affecting the excitation conditions and prevalent beaming directions likely cause the variations seen on
timescales of longer than the stellar pulsation period. We propose the existence of long-living regions in the shells, which maintain
favourable excitation conditions on timescales of the wind-crossing times through the shells or orbital periods of (sub)stellar companions.
The H,O maser properties in these two Mira variables are remarkably similar to those in the semiregular variables studied in our
previous papers regarding shell location, outflow velocity, and lifetime. The only difference is the regular brightness variations of the

Mira variables caused by the periodic pulsation of the stars.

Key words. masers — stars: AGB and post-AGB — circumstellar matter — stars: individual: U Her — stars: individual: RR Aql

1. Introduction

Maser emission of SiO, H,O, and OH is frequently found in the
circumstellar shells or envelopes (CSEs) of oxygen-rich stars on
the asymptotic giant branch (AGB) and in several red supergiants
(RSGs). Within the CSEs, the exact locations where conditions
are favourable for the excitation of one or another of these masers
are dictated by local density, temperature, and dynamics, which

means that they are dependent on distance to the stellar surface.

In the case of Mira variables, the H,O masers are typically found
at radii of 5 to 50 AU (Bowers et al. 1993; Bowers & Johnston
1994; Colomer et al. 2000; Bains et al. 2003; Imai et al. 2003; Xu
et al. 2022).

Early observing programs to monitor water masers found
strong variability in their spectra (Schwartz et al. 1974; Berulis
et al. 1983; Habing 1996, and references therein), which
was particularly noticeable in the integrated maser emission

*The maser spectra and the VLA data cubes, and Tables A.l,
A2, B.1 are available at the CDS via anonymous ftp to

cdsarc.cds.unistra.fr (130.79.128.5) or viahttps://cdsarc.

cds.unistra.fr/viz-bin/cat/]/A+A/686/A251

(Berulis et al. 1998). Depending on the type of star observed
and the duration of the monitoring, several types of variability
can be recognised. The first and often most evident is a variation
in delayed sync with the light variations of the central star (same
period but with an offset in phase); superposed on this regular
variation, there is often an erratic variability occurring on shorter
timescales, including bursts of individual maser lines lasting
weeks to months. If the monitoring takes place over long periods
of time, variability of the maser emission in overall brightness
may be detected, lasting many years (Brand et al. 2020) and may
have repetitive patterns (‘superperiods’; Rudnitskii & Pashchenko
2005).

Maps made from interferometric observations taken many
months apart show that the distribution of the maser emission
sites in the CSEs also changes considerably (Johnston et al. 1985).
The masers are thought to reside in clouds of 2-5 AU in size
(Bains et al. 2003; Richards et al. 2011) embedded in the stellar
wind, which in the case of semiregular variables (SRVs) and
Mira variables are identifiable for a few years at most (Bains et al.
2003; Winnberg et al. 2008). The crossing times through the H,O
maser shells, located within ~50 stellar radii, have timescales of
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Table 1. Basic information on the two Mira variables monitored in the period 1990-2011.

Name a (J2000) & D@ y® Ve Vo, Vi Popt TIDpay Pog B
hm s o s m pc kms™! kms™! kms™! days days days

UHer  16:25:47.5 +18:53:33 26672  -15.0 131 -233,-71 405 6668+3 40711 0.16

RR Aql  19:57:36.1 —01:53:11  410*12 28.5 9.0 232,319 400 6487+5 400+5 021

Notes. Columns give the object name, coordinates, distance, stellar velocity, final expansion velocity of the CSE, the blue (b) and red (r) velocity
boundaries of the maser emission, optical period, the date of the last optical maximum before the start of the monitoring, the radio period, and the

phase-lag between radio and optical light curves.

References. @ For distances: U Her: Vlemmings & van Langevelde (2007); RR Aql: Sun et al. (2022). ® For stellar systemic and expansion
velocities: U Her: Gonzalez-Alfonso et al. (1998); RR Aql: Danilovich et al. (2015).

decades, and so the disappearance of the emission of particular
maser features after a few years would indicate that the clouds
either dissipate or change their beaming direction (Bains et al.
2003; Richards et al. 2012).

In addition to brightness variations, variations of the veloc-
ities of the maser lines have also been studied. Velocity drifts
attributed to the passage of shocks in the H,O maser shell were
reported for several stars (Shintani et al. 2008). Monitoring of
the velocity variations through high-resolution interferometry
makes it possible to trace the structure of the stellar wind passing
through the shell, as shown recently by Xu et al. (2022) for the
Mira variable BX Cam (IRC+70066).

In order to improve our understanding of the properties of
H,O maser variability for different types of late-type stars, in
1987 we started the Medicina/Effelsberg monitoring program
of several such stars using the Medicina 32 m and Effelsberg
100 m radio telescopes. With data covering 20-30 yr, we expect
to elucidate the changes in maser excitation conditions within the
H, 0 maser shells, which in AGB stars are crossed by the stellar
wind on timescales of the same order. The sample includes SRVs,
Mira variables, OH/IR stars, and RSGs. For each class of stars,
we added several interferometric observations of a prototypical
object using the Very Large Array (VLA) in order to study the
development of the emission pattern in the maps and the response
of the single-dish spectra to it.

In our first two papers, we presented the results for the SRVs
in our sample, namely RX Boo and SV Peg (Winnberg et al.
2008; hereafter Paper I), and then R Crt and RT Vir (Brand
et al. 2020; hereafter Paper II). In the period of 1990-1992, the
H,O maser emission of RX Boo, taken as representative of the
class, was found in an incomplete ring with an inner radius of
15 AU and a shell thickness of 22 AU. The variability of H,O
masers in RX Boo, as well as in SV Peg, R Crt, and RT Vir, is
due to the emergence and disappearance of maser clouds with
lifetimes of ~1 yr. The maser emission regions do not evenly fill
the shell of RX Boo, as indicated by the asymmetry in the spatial
distribution, which persists for at least an order of magnitude
longer. An exception to the generally short lifetime of individual
maser clouds is the ‘11 kms™! feature’ in RT Vir, originating in a
cloud with an estimated lifetime of >7.5 yr (Brand et al. 2020).

In this paper, we present the results for approximately two
decades of monitoring of the Mira variables U Her and RR Aq]l.
We chose U Her as the representative star of the class of Mira
variables. Interferometric maps were taken for this star for the
period between 1990 and 1992. Preliminary results of the U Her
observations were reported in Engels et al. (1999) and Winnberg
et al. (2011). In addition, here we use other interferometric maps
from the literature made in the same period as the single-dish
monitoring program. The results for the Mira-like variable star
IK Tau and for R Cas, o Cet, R Leo, and y Cyg will be the subject
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of separate papers. The results for the RSGs will also be presented
in a forthcoming paper.

Table 1 presents some basic information on the stars studied
here, and provides the names of the objects, their coordinates,
and their distances, and the references for these are given in the
footnote. All linear sizes in this paper are scaled to these distances.
Table 1 also provides the following information: The radial veloc-
ity of the star, V., and the final expansion velocity in the CSE, Ve,
(these velocities are our best estimates using the data obtained
from observations of molecular emission (mostly CO) by the
references listed in the footnote); the (blue and red) boundaries
Wb, V; of the range in velocity, over which H,O emission was
found during the monitoring period; the optical pulsation period
Pop, and the date in TID, . Of the last optical maximum before
the monitoring started; and the radio pulsation period P;,g, and
the lag ¢y, of the phase of the radio light curve with respect to
the optical phase. The entries for Cols. 7-11 of Table 1 for the
stars are taken from the subsections in this paper, where the H,O
maser properties are analysed individually.

This paper is organised as follows: in Sect. 2 we describe the
observations, and in Sect. 3 we explain the methods employed and
the definitions we use to present the data. In Sect. 4, we analyse
the single-dish and interferometric data of U Her, and present
the model and three-dimensional structure of the circumstellar
envelope of U Her. The single-dish data for RR Aql are discussed
in Sect. 5. The properties of the H,O maser emission in the
circumstellar envelopes of Mira variables are discussed in Sect. 6,
while our findings are summarised in Sect. 7.

2. Observations

Single-dish observations of the HO maser line at 22 235.08 MHz
were made with the Medicina 32 m and Effelsberg 100 m tele-
scopes at typical intervals of a few months. Initial observations
began in 1987 with the Medicina telescope, and the regular moni-
toring for the stars discussed here was performed between 1990
and 2011. Some additional spectra were taken in 2015. For both
stars one spectrum taken between 1987 and 1989 has been pub-
lished before by Comoretto et al. (1990). The Effelsberg telescope
participated in the monitoring program between 1990 and 1999,
and in the case of U Her until 2002. VLA observations of U Her
were made on four occasions in the period 1990-1992.

2.1. Medicina

Between March 1987 and March 2011, and again in 2015, we
searched for HyO(616—523) (22.2350798 GHz) maser emission

I Truncated Julian Date, TJD = JD-2 440 000.5.
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with the Medicina 32 m telescope’ towards the stars listed in
Table 1. We used a digital autocorrelator backend with a band-
width of 10 MHz and 1024 channels, resulting in a resolution of
9.76 kHz (0.132 km s~!); the half-power beam width (HPBW) at
22 GHz was ~1!9. During this period the stars were observed
four to five times per year. For more information on the changes
in the system during these years, see Paper 1.

The telescope pointing model was typically updated a few
times per year, and quickly checked every few weeks by observing
strong maser sources (e.g. W3 OH, Orion-KL, W49 N, Sgr B2,
and W51). The pointing accuracy was always better than 25”; the
root-mean-square (rms) residuals from the pointing model were
of the order of 8”-10".

Observations were taken in position-switch mode, with both
ON and OFF scans of 5 min duration. The OFF position was
taken 1725 E of the source position to rescan the same path as
the ON scan. Usually two ON/OFF pairs were taken at each
position. Only the left-hand circular (LHC) polarisation output
from the receiver was registered>. In 2015 both polarisations were
recorded (and averaged during data reduction). The observations
were embedded in a larger program. We were therefore able to
determine the antenna gain as a function of elevation by observing
several times during the day the continuum source DR 21 (for
which we assumed a flux density of 16.4 Jy after scaling the value
of 17.04 Jy given by Ott et al. (1994) for the ratio of the source
size to the Medicina beam) at a range of elevations. Antenna
temperatures were derived from total power measurements in
position switching mode. The integration time at each position
was 10 sec with 400 MHz bandwidth.

The daily gain curve was determined by fitting a polynomial
curve to the DR 21 data; this was then used to convert antenna
temperature to flux density for all spectra taken that day. From
the dispersion of the single measurements around the curve, we
found the typical calibration uncertainty to be 20%.

2.2. Effelsberg

Between 1990 and 1999 we observed the sources with the Effels-
berg 100 m antenna®. To observe the 64 — 5,3 transition of
the water molecule, 18-26 GHz receivers with cooled masers as
preamplifier were used until 1999. Only one polarisation direction,
the LHC, was recorded, as circumstellar water masers were found
to be unpolarised to limits of a few percent (Barvainis & Deguchi
1989). U Her was observed also in 2002 using the 1.3cm prime-
focus receiver, which measured two linear polarisations averaged
during post-processing. At 1.3 cm wavelength the beam width is
~40" (HPBW). We observed in position-switch mode integrating
ON and OFF the source in general for 3—10 min each. ‘ON-source’
the telescope was positioned on the coordinates given in Table 1,
while the ‘OFF-source’ position was displaced 3’ to the east of
the source.

Until 1999 the backend consisted of a 1024 channel autocor-
relator, while in 2002 an 8192 channel autocorrelator was used
(4096 channels per polarisation). Observations were made with a
bandwidth of 6.25 MHz (5 MHz in 2002), centred on the stellar
radial velocity. The velocity coverage was 70 or 80 kms~! and
the velocity resolution 0.08 kms~' (0.016 kms~! in 2002). For

2 The Medicina 32 m VLBI radiotelescope is operated by INAF-Istituto
di Radioastronomia.

3 In Paper I this was erroneously reported as only RHC (right-hand
circular).

4 The Effelsberg 100 m radiotelescope is operated by the Max-Planck-
Institut fiir Radioastronomie, Bonn.

Table 2. VLA map specifications for U Her.

Date HPBW rms S/N
maj.a. min.a. p. a.
(") () ) Jdyb™
1990 Feb. 26 0.091  0.081 71.31 0.012 1080
1990 June 03  0.130  0.106 54.79 0.015 500
1991 Oct. 20 0.409  0.106 —65.62 0.021 380
1992 Dec.28  0.075 0.072 -24.46 0.017 420

Notes. maj.a.: half-power beam width (HPBW) for the major axis of
the best-fit three-dimensional Gaussian component to the synthesised
beam; min.a.: HPBW for the minor axis; p.a.: position angle of the major
axis (E of N); rms: the root-mean-square noise fluctuations in signal-free
channels in units of Jansky per beam area; S/N: signal-to-noise ratio or
‘dynamic range’ in the channel with strongest signal.

procedures to reduce the spectra and for the calibration we refer to
Paper 1. We estimate that the flux densitiy values are not reliable
to better than 30%.

2.3. VLA observations

U Her was observed with the Very Large Array (VLA)> on four
occasions between February 1990 and December 1992. All 27
antennas were used yielding synthesised beamwidths down to
~70 mas (Table 2). For three of the four epochs we used the
largest extent (‘A’ configuration), while the October 1991 obser-
vations were carried out with a hybrid configuration (‘BnA’).
We chose a backend bandwidth of 3.125 MHz to obtain a total
velocity range of 42 kms~! and the bandwidth was split into 64
channels, yielding a velocity resolution of 0.66 kms~!. Data from
the right and left circular polarization modes were averaged. Typ-
ical integration times were 30 min on the star and 12 min on the
phase calibrator J1608+1029 with a sampling time of 30 s. Flux
calibration was obtained relative to 3C286 that was assumed to
have a flux density of 2.55 Jy and 3C84 was used to correct for
the bandpass shapes.

3. Presentation of the data

Before we present and discuss the data on the stars in our sample,
we need to describe the tools and define the parameters we used
in our analysis. For each star we also show a selection of the
spectra taken over the years, in the subsections where they are
presented. See Fig. 1 as an example. All maser spectra for the
stars are presented in Figs. C.1 and C.2.

3.1. Diagnostic plots

For each star we show a number of plots that summarise the
behaviour of the water maser emission in time, intensity, and
velocity range. We give a brief description of these diagnostic
plots, and refer to Paper II for more details.

— FVt-plot: The time variation of the maser emission is visu-
alised by plotting the flux density versus time and line-of-sight
(los) velocity, Vo, in a so-called FVt-diagram (cf. Felli et al.
2007). An example is shown in Fig. 2. Between consecutive
observations linear interpolation was applied; when there is a

5 The VLA is operated by the National Radio Astronomy Observatory,
which is a facility of the National Science Foundation operated under
cooperative agreement by Associated Universities, Inc.
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Fig. 1. Selected H,O maser spectra of U Her. The calendar date of the observation is indicated on the top left above each panel, and the TID

(JD-2 440 000.5) on the top right.

long time-interval between two consecutive observations this
produces an apparent persistence or increase in the lifetime of
a feature. Although we also took 5 spectra in 2015, the last
spectra used in the FVt-plots are from March 2011, to avoid
a 4-yr gap.

— Upper envelope spectrum: This was obtained by assigning to
each velocity channel the maximum (if >30, after resampling to a
resolution of 0.3 km s™!) signal detected during our observations
(including spectra taken before and after the monitoring period
1990-2011. This ‘envelope’ represents the maser spectrum if all
velocity components were to emit at their maximum level and at
the same time. See Fig. 3 for an example.
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— Lower envelope spectrum: As the upper envelope, but
obtained by finding the minimum flux density in each velocity
channel, setting it to zero, unless it is >30 (after resam-
pling to a resolution of 0.3 kms™'). An example is shown
in Fig. 4.

— Detection-rate histogram: This shows the rate-of-occurrence
of maser emission above the 30 noise level for each velocity
channel (for 0.3 kms~! resolution), both in absolute numbers (left
axis) as in percentage (right axis). This simply counts for each
channel the number of times the flux density in the channel is
greater than the 30 noise level of the spectrum. An example is
shown in Fig. 5.
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Fig. 2. Maser profiles of U Her as a function of time. Left: flux density versus V), as a function of time (FVt)-plot for U Her. Each horizontal dotted
line indicates an observation (spectra taken within 4 days from each other were averaged). Data are resampled to a resolution of 0.3 km s~! and only
emission at levels >30 and >1 Jy is shown. The first spectrum in this plot was taken on 16 February 1990; JD = 2 447 938.5, TID = 7938. Last
spectrum shown is for 20 March 2011. Right: spectral components identified by the component fit of the single-dish spectra as listed in Tables A.1
and A.2 (see also Sect. 4.1.7). The component designations are given above the plot. Features which have been detected in adjacent spectra, are

connected by solid lines.

F, (Jy)

L L 1 L L L L 1 L L
-30 -20 -10 0
v\as (km/s)

Fig. 3. Upper envelope spectrum for U Her; 1987-2015.

— Radio (maser) light curves: These are obtained by plotting
integrated flux densities versus TJD or versus optical phase. The
integrated flux density S (tot) is determined over a fixed velocity
interval encompassing all velocities V), at which maser emission
was detected. The optical phase ¢; is obtained from a fit with a

sine-function to the optical light curve (for details see Sect. 4.1.3).

3.2. Velocities and velocity ranges

In the following we define velocities and velocity ranges that we
shall use in the analysis of the spectra. Only a short description

F, (Jy)

L L | L L L L |
—30 —-20 —10 0
v (km/s)

Fig. 4. Lower envelope spectrum for U Her; 1987-2015.

is given here; for a detailed definition we refer to Paper II. The
observed velocity ranges of the H,O maser emission are analysed
in the frame of the ‘standard model’ for CSEs in evolved stars
(Hofner & Olofsson 2018). This model assumes that the stars have
radially symmetric outflowing winds, which form a spherical shell
of dust and gas around them. The winds are accelerated so that
the outflow velocity V, is increasing with radial distance from
the star before it reaches the final expansion velocity Vep.

The velocity range over which H,O maser emission can
be expected is constrained by the velocity ranges given by the
OH maser and CO thermal emission. Both species are found

A251, page 5 of 53
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Fig. 5. Detection rate histogram for U Her; 1987-2015.

beyond the typical H,O maser shells in regions where the wind
acceleration has already ceased and the outflow velocity is
constant (Hofner & Olofsson 2018). Then Vi < Veyp and the
observed H,O maser velocities Vjos are expected in the range
Vi = Vexp £ Vigs £ Vi + Ve

We call the blue and red extremes of the observed H,O maser
velocity range V;, and V;, respectively. We use the detection-
rate histogram for the determination of the observed maximum
extent of the H,O maser velocity range AVjs = V; — V4, (hereafter
‘maximum velocity range’) valid for the period of observations.
This method gives accurate values (~0.15 kms~") for the max-
imum velocity range AV)ys. In the case of spherical symmetry,
we expect that the centre of the H,O maser velocity range is
Vo +Vi)/2=V..

One should note that the velocity range of individual observa-
tions and the maximum velocity range do vary with time because
of two effects. First, for periods of time the outermost features
may fall in brightness below the detection limit leading to an
apparent variation of the observed velocity range. And second,
maser emission might be excited out to larger or smaller distances
for periods of time leading to a real increase or decrease of the
maximum velocity range, respectively.

4. U Her

UHer is a long-period variable AGB star at a distance of
266f%§ pc (Table 1), based on the OH maser parallax measured
by Vlemmings & van Langevelde (2007). We prefer the distance
obtained by radio interferometry, because there is a large dif-
ference between the distances measured by the two astrometric
satellites HIPPARCOS (235*35 pe; van Leeuwen 2007, 2008) and
Gaia EDR3 (424t}§ pc; Gaia Collaboration 2020, 2021), which
may be caused by uncertainties introduced by stellar activity on
optical parallaxes of nearby AGB stars (Chiavassa et al. 2018).
Radial velocity determinations of U Her agree within ~0.5 km s~!
centred on V, = —15.0 kms~!. The final expansion velocity Vexp
in the CSE can be as high as 20 kms~' (Gottlieb et al. 2022), but
here we use a more conservative value Vex, = 13.1 km s7! (see
Table 1).

The H,O maser of U Her was first detected in 1969 by
Schwartz & Barrett (1970a,b) as a single feature at —15 kms™!
(their detection limit was =10 Jy). Until 1984 the maser was
observed several times with detections in the velocity range —24
to =7 kms~!. The strongest peak was found either at —15 or
—17 kms™! (Engels et al. 1988, and references therein). Interfero-
metric observations were made until the early time of our moni-
toring program with the VLA in 1983, 1988 and 1990 (Lane et al.
1987; Bowers & Johnston 1994; Colomer et al. 2000) and with
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MERLIN in 1985 (Yates & Cohen 1994). They found the masers
to be located in an unevenly filled ring-like structure with typical
inner and outer radii of ~10 and ~20 AU, respectively.

4.1. Single-dish data
4.1.1. Variations in brightness of the H,O maser profile

Our observations of U Her cover more than 28 yr, from March
1987 to October 2015. Contiguous monitoring was made between
1990 and 2011 with typically 5—6 observations per year. Depend-
ing on telescope (i.e. Effelsberg or Medicina), date of observation,
resolution and integration time, the rms sensitivity of the obser-
vations was very inhomogeneous ranging from 0.1 to ~4 Jy. At
the 0.3 kms~! resolution used here, after mid-1991, with few
exceptions all rms were <1.0 Jy. All 137 spectra taken are shown
in Fig. C.1. Sample spectra showing typical profiles are given in
Fig. 1.

A general view of the properties of the profile variations
is given in the FVt-plot (Fig. 2, left panel) covering the years
1990-2011. The profile is usually dominated by emission in the
velocity range —16 < Vjos < —14 kms™! close to the stellar radial
velocity V, = —15.0 kms~!, while in the outer parts of the pro-
file (Vigs < —18 and > —14 km s™') the emission is much weaker
and at Vi, > —14 kms~! appeared more or less regularly only
around the maximum of the periodic stellar light variations. In
the velocity range —18 < Vi, < —16 kms™! emission was gener-
ally present but never dominating the profile; the peak at TJD =
8681 (29 February 1992) is caused by a spectral component at
—18.2 kms™!, just outside this range (component D" in Table 3).
The plot clearly demonstrates that the maser emission is respond-
ing in strength to the periodic variability of the star. There is also
an apparent broadening of the profile at regular time intervals,
likewise connected to the pulsational period of the star. As shown
in Sect. 4.1.3, the radio emission varies with the optical period
but is lagging behind the optical one by about three months. In
1987 and 2015 the profiles were similar to those in 1990-2011
but the emission in the outer parts of the profile was not detected
(Fig. C.1).

On top of the regular component of variability, non-regular
flux density variations of individual maser features occurred,
which led to strong profile variations over the years. This is
exemplified by the upper envelope spectrum (Fig. 3), where
the strongest feature is at —18.3 kms~'. This feature was strong
for about 18 months between January 1991 (TJD ~8250) and
July 1992 (TJD ~8800) (Figs. 1 and C.1). In the following, this
period is referred to as the ‘1991/1992 peculiar phase’. The fea-
ture brightened again in autumn 1996 (TJD = 10352) for less
than a year. No comparable brightenings were observed redwards
of —14 kms~!. In contrast, the second prominent feature in the
upper envelope spectrum at —15 km s~! was permanently present,
even in 1987 and 2015 prior to and after the phase of contiguous
observations (see the lower envelope spectrum, Fig. 4). The emis-
sion close to the borders of the velocity range at Vi, < —20
and Vios > —12 kms™' (cf. also Fig. 1) is usually weak and
becomes strong only occasionally. After 1996 (TJD 2 10 500)
the blueshifted emission at velocities Vjos < —18 kms™! faded
away and after 2003 (TJD =z 13 000) it was not detected any-
more by us. The long-term brightness variations are reflected in
the FVt-plot (Fig. 2) as prominent asymmetry in the observed
velocity range over time.

4.1.2. Variations of the H,O maser velocity range

The detection rate histogram (Fig. 5) confirms that the domi-
nant spectral features occurred between —16 and —14 kms~'. It
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also shows that the total velocity range over which emission was
detected is =23.3 < Vjos < =7.1 kms™! (Table 1), which is sym-
metric with respect to the stellar radial velocity. The FVt-plot
shows also that the width of the observed velocity range is vary-
ing. This is caused by the drop of the maser brightness at the
weaker outer parts of the maser profile below the threshold of
the FVt-plot (~1 Jy) during the faint part of the stellar variability
cycle.

The blue border of the H,O maser profile of U Her had been
a point of discussion in the past, after emission had been detected
at velocities ~2 km s~! bluewards of the velocity range covered by
the OH 1667 MHz maser emission and other molecular species
(Engels et al. 1988; Bowers & Johnston 1994). However, given
the final expansion velocity as obtained from more recent CO
observations (see Table 1) the extreme blue H,O maser veloc-
ities at <—23 kms~! (Engels et al. 1988), seen before the start
of our observations are not ‘forbidden’ by the ‘standard model’
anymore, and instead asymmetries in the OH maser shell could
be responsible for the lack of OH maser emission at very blue
velocities.

4.1.3. Periodicity in the optical and radio light curves

As is evident from the FVt-plot (Fig. 2), the H,O maser variations
of U Her show periodic behaviour, which is caused by the maser’s
strong response to the stellar brightness variations.

We created the radio light curve of U Her using the integrated
flux density determined over a fixed velocity interval encompass-
ing all velocities at which maser emission was detected. The
optical data (V-band) were taken from AAVSO® for the years
1986-2015 encompassing the monitoring program and consisted
of >2400 observations, while the radio data consisted of 137
observations. For both data sets a Fourier analysis was made to
search for periodicity. The Lomb periodogram (Press et al. 1992)
of the optical data showed a well defined period Pyp = 405 + 2
days, in agreement with the VizieR’ period of 406 days. The
periodogram of the radio light curve confirmed the optical period
(Prag = 407 days; Table 1), albeit with much larger uncertainties.
To analyse the maser variations in relation to the optical variations
of the star, we modelled in the following the optical and maser
light curves by sine-waves with a common period and related the
model light curves to each other.

4.1.4. The model for the optical light curve

The H,O maser variations are not in phase with the optical varia-
tions. It is well-established that for Mira variables they lag behind
several weeks to months (Staley et al. 1994; Berulis et al. 1998;
Shintani et al. 2008). To study this behaviour quantitatively we set
the optical reference phase ¢, = 0 at the maximum of the optical
model sine curve. These maxima are delayed in the mean by 25 +
10 days relative to the observed optical maxima (Ag, = 0.06 +
0.025 in units of phase). The delay is caused by the asymmetry
of the optical light curve of U Her with a steeper rise to the maxi-
mum and a slower decline to the minimum and the scatter is due to
the varying time differences between two real optical maxima. We
found AT = 406 + 15 days as the average time difference between
two consecutive maxima, with extreme time differences of 374
and 426 days. The choice to link the optical phase to the model

6 Observations from the AAVSO International Database, https://
WWW.aavso.org

7 The VizieR database of astronomical catalogues, DOI = https://
doi.org/10.26093/cds/vizier; Ochsenbein et al. (2000).

log [S(tot) (Jy*km/s)]

Fig. 6. U Her H,O maser light curve. Plotted are integrated flux densities
S (tot) in the velocity range —24 < Vjo, < —6 kms™! in Jy kms~! vs. opti-
cal phase ¢;. For better visualization the data are repeated for a second
period. ¢; = 0 is defined as the time of maximum optical brightness.
Datapoints marked by an asterisk (*) are from Effelsberg, the plusses (+)
are Medicina data. Overplotted are average integrated flux densities in
phase bins of 0.1 (red), and a sine curve (blue) which was obtained by a
fit to the 1990-2011 radio measurements with a period of Py = 405 days.
The sine curve is delayed by ¢, = 0.16, i.e. by 64 days with respect to
the optical maximum.

sine curve is therefore the only way to define an optical reference
phase independent from the details of the optical light curve or the
choice of the time interval over which the light curve is analysed.
Adopting this approach, radio-optical phase lags can be compared
between stars having different quality of the sampling of their
optical light curves. Using for example the mean time difference
between the observed optical maxima as reference is an alterna-
tive way to determine the delay Ay, but this method would be
restricted to stars where the optical maxima are well observed.
Our optical model light curve has a period Py = 405 days and
a reference epoch for maxima TIDy,,x = 6668 + 3 days (Table 1).

4.1.5. Phase lag between optical and radio light curve

The lag of the radio light curve relative to the optical one was
determined with the fit of a sine curve to the radio data using
the optical period, and the amplitude as free parameter. Only
radio observations during the continuous monitoring between
1990 and 2011 were used, and observations taken within 3 days
were averaged. The final data-set to determine the radio light
curve consisted of 125 maser spectra. The resulting lag of ¢1,; =
0.16 (Table 1) is only weakly depending on the choice of the
amplitude. The radio light curve is shown in Fig. 6 as a function
of the optical phase ¢s. It is immediately clear that the scatter in
integrated flux densities S (tot) is large for any particular phase,
indicating that the luminosity variations of the star can explain
only part of the maser variability seen. To visualise the periodic
component of the variations we overplotted a binned light curve
(average integrated fluxes in bins of 0.1 in phase) and the sine
curve obtained from the fit using the optical period. In Fig. 6
the integrated flux densities S (tot) obtained with the Effelsberg
telescope appear to be systematically brighter than those obtained
with the Medicina telescope. This is a selection effect caused by
the general brightness decrease of U Her’s maser light curve (see
Fig. 7) and the limitation of the Effelsberg observations to the
first years. This leads to a fraction of observations during bright
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Fig. 7. U Her H,0 maser light curve, showing the total flux (inte-
grated between Vi, —24 kms™! and —6 km s71) as a function of TID.
The vertical dashed lines indicate the (modelled) optical maxima with
P = 405 days.

maser phases being significantly higher for the Effelsberg than
for the Medicina radio telescope.

4.1.6. Long-term radio light curve

In addition to the periodic maser brightness variations, additional
brightness changes are seen also on timescales shorter and longer
than the stellar period. In Fig. 7 we plot the total flux of the
U Her H,O maser as a function of time between 1990 and 2015.
As is evident also here, the variations in the maser emission
follow the optical variations of the star, indicated by the dashed
lines that mark the TJD of the (modelled) stellar maxima (see
Sect. 4.1.4). Although the dominance of the emission in the —16
to —14 kms™! velocity interval after 1992 suggests some long-
term continuity, this continuity is restricted to velocities and
not to brightness levels. The radio light curve shown in Fig. 7
indicates a clear decrease by a factor of 4 of the average brightness
level between 1990 (S (tot) ~ 200 Jy kms~!) and 2011 (S (tot) ~
50 Jy kms™"). In 2015 the brightness level had increased again
to (S(tot) ~ 125 Jy kms™!), while in April 1984 the total flux
was 185 Jy kms~' (Engels et al. 1988). The strong emission
in February 1992 during the 1991/1992 peculiar phase’ (see
Sect. 4.1.1) could have been a burst. After this phase emissions at
Vies < —17 kms~! dropped sharply and the total flux went through
a weak phase lasting until 1995, when a brightness increase of
the —15.5 kms™' feature brought the total flux back to a level
following the long-term decline of the average brightness.

The 1990-2011 long-term brightness decrease is not uni-
form over the velocity range, but due to a systematic brightness
decrease of the emission that is blueshifted with respect to the
stellar velocity (V, = —15 kms~"). As shown in Fig. 8 the ratio
S (blue)/S (red) between the blue- and redshifted total flux is
continuously decreasing between ~1992 and ~2007. During the
‘1991/1992 peculiar phase’ S (blue) was ~15 times stronger than
S (red), while in 2007/2008 the ratio could be as small as ~0.5.
The strength of the redshifted emission in the period 2007 — 2011
(TJD > 13 500) appears to be due to the shift of the peak emission
in the —16 to —14 km s~! velocity interval by <1 kms~! to the red
(see the FVt-diagram, Fig. 2, left). The choice of the stellar radial
velocity influences the ratio quantitatively but its trend remains
for any radial velocity within the dominant —16 to —14 kms™!
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Fig. 8. Ratio S (blue)/S (red) of the U Her H,O maser emission, of the
Vies < —15km s~ [S (blue)] and > —15 kms™! [S (red)] part of the maser
velocity range with respect to the stellar velocity, as a function of TID.
The vertical dashed lines indicate the (modelled) optical maxima with
P =405 days.

interval. The S (blue)/S (red) ratio and its variation indicate an
asymmetry of the excitation conditions in the front part of the
H, O maser shell of U Her, where the blueshifted emission comes
from, compared to the rear part, where the redshifted emission
originates.

The radio light curve (Fig. 7) shows three rather bright
maxima compared to the times before and after. They are the
possible burst in the ‘1991/1992 peculiar phase’ (peak emission
at TJD = 8682), the maximum in 2000 (peak on TID = 11 640)
and the maximum in 2007 (peak on TID = 14 389). We consider
them as short-term fluctuations rather than as evidence of ‘super-
periodicity’, because the time intervals between the peaks with
a duration of 6.8 and 7.3 stellar cycles do not match. The next
maximum would have been expected in April-September 2015.
We have observations in this time interval, but no information on
the brightness levels before and after. It is therefore not possible to
decide if the brightness levels observed in 2015 belong to a local
maximum or are part of a general increase of the brightnesses.

Besides our monitoring program, U Her’s H,O maser has
been observed with single-dish telescopes only occasionally
by other groups. Excluding the ‘1991/1992 peculiar phase’, the
strongest maser feature was consistently reported at approximately
—14.5 kms~! by Comoretto et al. (1990) for March 1987, by Kim
et al. (2010) for June 2009, and by Neufeld et al. (2017) for May
2016. In 1991 the strongest peaks were at —16 (Takaba et al. 1994)
and —19 kms~! (Takaba et al. 2001) in accordance with our
observations.

4.1.7. Velocity variations of individual H,O maser features

In addition to the regular periodic and long-term brightness
variations of U Her’s H,O maser emission, also small changes
in velocity of the maser features are apparent in the FVt-plot
(Fig. 2). For their analysis we decomposed the H,O maser spec-
tra 1987-2015 into separate features by fitting multiple Gaussian
line profiles. The details of the fitting technique are described in
Paper 1. These maser features can be traced over some period of
time in several consecutive spectra, fade away, and may reappear
at later times perhaps with a slightly different velocity. As in the
semiregular variable stars (Papers I and II), the full width at half



Winnberg, A., et al.: A&A, 686, A251 (2024)

0.6

-15.9 km/‘sg

0.2

Arc seconds

-0.2 -
-0.4

01523 kisi|
T O ©

N

a

-0.6

&lo]

0.0 -0.5

Arc seconds
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maximum (FWHM) of strong features (visible as distinct peaks
in the spectra) is ~1 km s~!. and therefore features with FWHM =
2 km s~! are most probably blends. We assume that maser features
in adjacent (in time) spectra with velocity differences $0.5 kms™!
belong to a unique emission region in the H,O maser shell, which
persisted over this period of time (i.e. the time between the two
observations) and varied in intensity.

For accounting purposes all spectral features were grouped
according to their velocities into maser spectral components.
The assignment of the features to the spectral components in
the four velocity intervals (< —18, —18 to —16, —16 to —14
and > —14 kms™' as introduced in Sect. 4.1.1) is discussed
in Appendix A. Tables A.l and A.2 list the spectral features
identified by the fitting procedure and their assignments.

The spectral components are labeled with capital letters A,
B, ... M in order of increasing velocity V.. Their labeling is
synchronised with the labels of the spatial components (to be
introduced in Sect. 4.2.1), so that corresponding spectral and spa-
tial components share the same label. Due to strong blending in
velocity space, in each of the four velocity ranges only few (one to
four) spectral components could be defined. In total we identified
eleven spectral components. Not all spatial components could
be identified in the single-dish spectra, especially not the fainter
ones, and therefore there are no spectral components matching the
spatial components Al, F1+F2, H1+H2, and J1+J2 (cf. Table 3
in Sect. 4.2.1). Two spectral components (D at approximately
—18.5kms™! and G at approximately —15.0 kms~!) are obvious
blends with velocity separations less than the FWHM of the fea-
tures. In Tables A.1 and A.2 the subcomponents making up the
spectral components D and G were labeled D’, D”” and G’, G”
respectively.

The maser spectral components identified in individual spec-
tra (Tables A.1 and A.2) are graphically displayed in Fig. 2 (right
panel), where it can be compared directly with the FVt-plot.
Often, changes of the spectral component peak velocities Vo
(taken from Tables A.1-A.2) in all four velocity ranges occur on
timescales of many months by more than 0.5 kms~', although
not in a systematic way. An example are the peak velocities of
spectral component G” in 2007-2011 (TJD = 14 000) with veloc-
ities —16.0 < Vjos < —14.8. We interpret the meandering of the
velocities as a superposition of blended maser features varying in
brightness asynchronously and coming perhaps over some time
from different locations.

The interpretation of the short-term velocity variations is
less ambiguous in the > —14 km s~! velocity range, where fewer

spectral features are apparent and therefore blending is less of
a problem. Component I shows evidence for blending between
1990 and 1996 (~ 7900 < TID <~ 10200) with peak velocities
varying back and forth by almost 1 kms™ (-=13.7 to —12.7 kms~!;
see Table A.2), while the velocity remained almost constant at
—12.9 kms~! thereafter until TID ~ 14500. It then reappeared at
the same velocity in 2015. Component K has a peak velocity of
~ —11 kms~! and was detectable only after 1994 (TJD > 9750),
also without significant velocity variations. Component L was
seen only in two epochs 1990-1992 (TJD < 8900) at —10.2 kms~!
and 2007-2010 (14000 < TJD < 15300) at —9.7 kms~', and it
is unclear if the emissions in these two epochs are related to
each other. Finally, component M at ~ —8 was only seen at the
beginning of the monitoring program, in parallel to component
L (1990-1992), while the maser emission in U Her was strong
over the full profile. There were too few appearances to draw
conclusions on its velocity variations.

In the velocity range covered by components I to M we
would expect shifts of increasing velocity (components becoming
redder), if the emission regions would persist and move with the
expanding CSE. This is not the case here, and so the emission of
these components must have come from different emission clouds
in the course of the monitoring period. The absence of long-
term velocity shifts of the spectral components will be discussed
further in Sect. 4.5.

4.2. Interferometric data

The VLA observations of the H,O masers in U Her were made
with the aim to identify the emission sites in the CSE and breaking
the spatial degeneracy in the single-dish data. Due to the limited
spatial resolution this was only partially successful. The size of
the emission sites is not specified a priori, but we refer to the most
compact gas clumps hosting maser emission as ‘maser clouds’.
The data analysis of the images yields maser spatial components,
which in general will be superpositions of several maser clouds
close to each other in space as well as in velocity.

4.2.1. Spatial component identification

The VLA interferometric data consist of one data cube for each
of the four epochs, containing 63 channel maps each. The maps
are separated in velocity by 0.658 kms~!. An example is given in
Fig. 9 where maps of the 3 channels with the strongest emission
seen in the first VLA epoch (February 1990) are shown. The sen-
sitivities measured in a line-free channel were 12-21 mJy beam™".
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In order to single out maser components the data cubes were anal-
ysed within AIPS? in a three step process. First, the individual
channel maps were analysed one by one by fitting multiple 2D
Gaussians, then spatial components were identified by comparing
the fit results in neighbouring channel maps, and finally these
components were verified in velocity space. The details of this
analysis are described in Paper 1.

About 12 spatial maser components were identified in each
VLA observing epoch. These components are listed in Table 3,
which gives the spatial component (Spat), the VLA observing
epoch, the Vo5 and peak flux density S, of the spatial components
identified, the spatial offsets (Xoff and Yoff) from the adopted
map centre (defined in Sect. 4.2.2) and the associated (single-dish)
spectral component (Spec) from Tables A.l and A.2. Spectral
component B had different spatial counterparts in 1990 and 1991.
Spectral component D’ is not listed as it appeared only after 1990—
1992. Spatial component Gl is likely of composite nature, as the
corresponding spectral component G is according to our analysis
of the spectral profiles made up by two components (G’ and G”
in Table A.2).

For the epoch June 1990 the components can be compared
to those found by Colomer et al. (2000), who used the VLA to
observe U Her one day apart from our observation. As in the case
of RX Boo (see Paper I) they found about the same number of
components (13 vs. 12). However, their components are spread
over a smaller velocity range of —18.3 < Vj,s < —10.2 km s7L,
because they did not detect the faint components B1 (Vs = —21.2
kms~!, 5, =0.1Jy) and M1 (Vigs = 8.0 kms™', S, = 0.2 Jy)
(cf. Table 3). Our strongest spatial component in June 1990, G1
(Vies = —15.0 kms ™) is split by the 3-dimensional Gaussian fit-
ting program of Colomer et al. into three spatial components in
the velocity range —15.3 < Vjos < —14.6 kms™'. This corrobo-
rates our conclusion that G1 is of composite nature. Common
components in both June 1990 maps are present outside the very
crowded main velocity range —16 < Vjos < —14 kms™!, if flux
densities surpassed 1 Jy, whereas weaker spatial components were
not recognised by the fitting program of Colomer et al.. As dis-
cussed in Paper I, the two fitting methods lead to different results
for weaker components and regions of high spatial blending. The
overall spatial distributions of both maps is however similar, and
so the projected angular shell sizes are similar.

4.2.2. Alignment of the maps

The maps taken between 1990 and 1992 were aligned to a com-
mon origin using spatial components present over two or more
observing epochs and assuming that the components are located
in a ring-like structure around the star. Matched components
are given a common designation in Table 3. For example at
Vies & —20.0 kms™! the strong C1 spatial component seen in
October 1991, is identified in February 1990 and December 1992
as a weak component, while other spatial components (C2, C3)
identified at (or close to) this velocity are clearly coming from
different parts of the shell. As in the case of RX Boo (Paper I), the
1990 maps had many components in common, while components
in 1991 and 1992 were difficult to identify with components seen
in the other years. The identification was further complicated by
the poor east-west resolution in October 1991, and the ‘1991/1992
peculiar phase’, in which the masers were at that time. As dis-
cussed in Sect. 4.1.1, the maser emission at Vios < —18 kms™!
was prominent around the turn of the year 1991/1992, while in

8 Astronomical Image Processing System, www.aips.nrao.edu/
index.shtml
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Table 3. Spatial (‘Spat’) and spectral (‘Spec’) components of U Her
1990-1992.

Spat Date Vios S, Xoff  Yoff Spec
[kms™'] [Jy] [mas] [mas]
Al 91 Oct. -23.8 0.4 +26 +30 -
B1 90 Feb. -21.5 2.9 +59 +32 B
B1 90 Jun. -21.2 0.1 +21 +6
B2 91 Oct. =220 250 —44 -6 B
C1 90 Feb. -19.9 1.5 -33 -48 C
Cl 91 Oct. -19.9 41.0 -38 -54
Cl 92 Dec. -20.2 0.1 -56 -54
C2 90 Feb. -19.9 0.6 +45 +42
C3 91 Oct. -19.2 5.0 -46 +58
D1 90 Feb. -182 520 -9 -60 D”
D1 90 Jun. -18.1 73 -9 -60
D1 92 Dec. —18.2 3.0 -8 -68
D2 90 Feb. -17.9 12.0 =25 +46 D”
D2 90 Jun. -17.9 2.5 =27 +46
D2 91 Oct. -17.9 5.0 =20 +52
El 90 Feb. -17.2 0.8 +61 +62
E2 90 Feb. -16.9 2.4 -63 -36
E3 90 Feb. -16.9 10.0 -1 -58 E
E3 91 Oct. -17.2 12.0 -32 -36
E3 92 Dec. -17.2 2.0 -8 -60
E4 90 Jun. -16.6 2.7 =37 +10
E5 91 Oct. -16.6 1.8 -44 +60
E5 92 Dec. -17.2 3.5 -34 +66
F1 90 Feb. -15.9 5.0 =25 +42
F1 91 Oct. -15.9 2.2 —48 +30
F2 92 Dec. -15.9 1.5 +24 +32
Gl 90 Feb. -14.9 230.0 +15 -54 G'+G”
Gl 90 Jun. -15.0 145.0 +15 =52
Gl 92 Dec. -15.3 14.0 +14 -46
G2 90 Jun. -14.9 5.0 =21 +8
G3 92 Dec. —-15.5 4.0 =74 -10
G4 92 Dec. -154 3.0 +8 +42
H1 90 Feb. -14.3 5.0 -43 +32
H1 90 Jun. -13.9 3.8 =51 +32
H1 92 Dec. -13.9 0.7 =76 +10
H2 91 Oct. -14.5 0.3 —44 +42
H2 92 Dec. -13.9 1.0 -4 +54
I1 90 Feb. -12.9 1.0 +49 -14 1
I1 90 Jun. -13.3 0.8 +31 -4
12 90 Feb. -12.6 1.0 =35 +44
J1 90 Jun. -12.0 0.3 -29 +34
J1 92 Dec. -12.0 0.1 -28 +74
J2 92 Dec. -11.6 0.1 -34 -28
L1 90 Feb. -10.0 1.4 -67 +4 L
L1 90 Jun. -10.0 0.8 —67 +6
M1 90 Feb. =17 0.3 -43 +36 M
M1 90 Jun. -8.0 0.2 -49 +32
M2 92 Dec. -8.3 0.1 =20 -10
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Fig. 10. All the spatial components of U Her listed in Table 3 plotted
on the sky. Each component is represented by a symbol surrounded by
a circle with a diameter d depending on flux density S,: d = 8 (log S, +
1.3). The dates are represented by different symbols: Feb. 90 by small
circles; Jun. 90 by asterisks; Oct. 91 by plus signs; Dec. 92 by crosses.
The circles around the components are colour coded according to the
Vios Of the component (see the scale below the map). The dashed circle
with a radius of 57 mas has been obtained from a fit to the components
with velocities —18 < Vjos < —14 kms™' (see text) and the origin of the
plot has been moved to the centre of this circle. The filled black circle at
the centre symbolises the central star with a diameter of 10.65 mas (van
Belle et al. 1996).

other epochs this emission was relatively weak and emission from
the =16 < Vi, < —14 kms~! velocity range prevailed. In October
1991 spatial components B2 and C1 were strongest (Table 3),
while the strongest component during the other three epochs (G1)
could not be identified. The components used to align the Decem-
ber 1992 map with the maps from 1990 were D1 and G1, which
were strong in both years. C1 and D2 were used to align the
October 1991 map. After alignment these components scattered
in position by <12 mas.

A plot of all spatial components on the sky relative to a
common origin as given in Table 3 is shown in Fig. 10°. The
distribution of the components suggests a ring-like structure. To
find the most likely position of the star, a circle was fitted accord-
ing to a least-squares method to all components having radial
velocities between —18 and —14 kms™!. They were considered as
being likely ‘tangential components’, able to outline the ring-like
structure of the projected shell. The fit was carried out without
weights and the centre of the circle was used as our best guess for
the stellar position, and as common origin of the plot and of the

9 Note that Fig. 2 in Winnberg et al. (2011) erroneously shows the mirror
image of this distribution.

component offsets in Table 3. The best fit gave a radius for the
circle of 57 mas (~15 AU).

Spatial coincidences among other components were searched
for in the aligned maps. Coincident spatial components detected
in different epochs were given a common label. After subtrac-
tion of coincident components we ended up with 28 different
spatial components (hereafter ‘merged spatial components’) of
which half were present in at least two maps. Positional deviations
between maps were S15 mas, although in a few ambiguous cases
we accepted as coincidences also components with deviations
up to 45 mas (cf. B1, H2, J1 in Table 3). The number of merged
spatial components found and the accuracies in velocities and
positions are very similar to the results obtained for the SRV
RX Boo in Paper I.

4.2.3. Cross correlation of single-dish and interferometric data
1990-1992

The assignment in Table 3 of spectral components identified in
Sect. 4.1.7 to the spatial components identified in Sect. 4.2.1 was
made using the velocities in common. Spatial component Al
detected in October 1991 at —23.8 km s~! with a peak flux density
of 0.4 Jy was not present in any of our spectra. Its velocity is lower
by 0.5 kms™' than the blue border of the H,O maser velocity
range that we determined in Sect. 4.1.2 from the single-dish spec-
tra. Due to blending in velocity space also other weaker spatial
components (<10 Jy: spatial components F, H, J) could not be
assigned to individual spectral components. An exception are the
spatial components M1 and M2 at approximately —8 km s~ in the
extreme red part of the velocity range. Their emission could be
detected in the spectra due to absence of stronger maser emission
at neighboring velocities. The brighter spectral components D’
and K at —18.9 + 0.2 and —10.8 + 0.3 kms~! respectively (see
Tables A.1 and A.2) were not seen in our spectra before 1993.
Accordingly, spectral component D’ was not assigned to any spa-
tial component, and spectral component K is absent from Table 3
because no emission was seen at the corresponding velocities in
the VLA maps 1990 — 1992. Spatial component G1 is a blend of
two emission sites, which could be identified as subcomponents
G’ and G” of spectral component G in the single-dish spectra due
to their superior velocity resolution.

For brighter spatial/spectral components the cross-correlation
was not unambiguous at several velocities, due to blending in
velocity and position. One case is spectral component B with
peak velocities —21.1 + 0.5 kms~!, which was the strongest in
the maser profile probably only for a couple of days during the
‘1991/1992 peculiar phase’. The VLA map of 20 October 1991
was made close to the maximum of this phase and the emission
was detected in the east part of the shell (spatial component B2
at —22.0 kms™!). The peak velocity of B2 is 1.4 kms~! lower
than the peak velocity —20.6 kms™! of the spectral component B
measured 6 and 13 days later (cf. Table A.1). Such a large velocity
difference between spatial and spectral components was not seen
by any other component, and may indicate the presence of brief
emission bursts on the timescales of many days.

The peculiarity of the ‘1991/1992 peculiar phase’ is evident
also from the result that in 1990 the spectral component B maser
emission came from a different part of the H,O maser shell
(spatial component B1 in the north-east part of the shell). There
was no emission at corresponding velocities in December 1992.
In parallel to spectral component B also component C reached a
maximum between October 1991 and April 1992 (see Table A.1).
This emission was located in the south-west of the shell, and in
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this case emission from this part at that velocity was seen also in
the maps from 1990 and 1992 (spatial component C1).

The cross-correlation is also complex for velocities Vi,s >
—18 kms~!. Spatial components D1 and D2 (V}os ~ —18 kms™!,
velocity difference ~ 0.2 km s~!) cannot be separated in the single-
dish spectra, and coincide in velocity with spectral component
D”. Spectral component D’ was not prominent in 1990-1992.
Spatial component E3 is the strongest component among five
in the velocity range —17.2 < Vo3 < —16.6 kms~!. It was not
identified in the spectra of 1990, but was detected as spectral
component E in 1991 and 1992. As E3 comes in velocity space
from close to the brighter spectral component D", it was not
distinguished in the 1990 spectra because of blending.

In the =16 < Vjos < —14 kms~! range the dominating spec-
tral feature G, composed of G’ and G” (velocity separation in
1990: 0.7 kms™!), was identified spatially as one component G1,
caused by the insufficient spectral resolution of the VLA data
(~0.7 kms™"). The maps show however, that both spectral fea-
tures came from the same region in the southern part of the shell.
Spatial component G1 was detected in 1990 as well as in Decem-
ber 1992 and was therefore a dominant emission region over a
time range of at least 3 yr, except for a few months in 1991/1992.

At velocities > —14.5 kms™' of the nine different spatial
components listed in Table 3 only three (I1, L1, and M1 from the
1990 maps) could be distinguished also in the spectra (Table A.2).
The velocities corresponding to spatial components H1 and H2
(Vios ® —14.1 km s™!) are strongly blended in the spectra by the
dominating spectral component G”. In the 1991 and 1992 maps
spatial components at larger velocities (V}os > —14 kms™!) were
either absent (October 1991) or extremely weak (0.1 Jy).

4.3. An H-O maser shell model for U Her
4.3.1. The projected structure

The distribution of all spatial components observed in U Her
1990-1992 (Fig. 10) is best described as an incomplete ring with
most components located in the half of the ring between position
angles 170 and 350° counting from North over East.

Following the analysis and discussion of the location of the
H,O masers in the circumstellar envelope of the semiregular
variable RX Boo (Paper I), we assume that the H,O masers are
embedded in an isotropically expanding envelope. In this case,
the relationship between the Vo5 of the maser spatial components
relative to that of the star and their projected distances r, from
the star is given by

) 2

(r_p) +(Vlos V*) -1 (1)
r Vout

where r is the radial distance, and V,, is the outflow velocity of

the components, and V, is the radial velocity of the star.

Using V, = —15.0 kms™! (Table 1), we plotted in Fig. 11
the relative line-of-sight velocity | Vjos — V. | in absolute values
of all 48 spatial components against their projected distance 7.
| Vies — V. | and r,, were calculated using Vios-, Xoff-, Yoff-values
from Table 3. For a shell-like distribution of the masers we expect,
according to Eq. (1), elliptical inner and outer boundaries for
their locations in Fig. 11. Unlike in the corresponding diagram
of RX Boo (Paper I), there is no sharp inner boundary, but an
outer boundary can be defined, by fitting a quarter of an ellipse to
the six outer maser components marked by surrounding circles
in Fig. 11, using the ‘least-squares method’. From this fit we
conclude that the outflow velocity in the envelope of U Her at
~24 AU from the star is about 10 kms™'.
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Fig. 11. Relative line-of-sight velocity | Vi, — V. | versus projected
distance r;, for all spatial components of U Her from Table 3 identified in
the four epochs. The six outer points surrounded by circles were used for
the fit with a quart ellipse.

4.3.2. The three-dimensional shell structure

As in Paper I we assume that the outflow velocity law is exponen-
tial in nature and is leading asymptotically to the final expansion
velocity, Vexp

Vout(r) = Vexp {l — exXp [—k(}" - V())]} (2)

where k is a scaling factor and ry is a radial offset.

Equation (2) contains three constant parameters (Vexp, kK and
ro) and in order to find plausible values for them we need to
estimate the coordinate values for three points on the outflow
law. For the value of Ve, (the outflow velocity at r = co) we
adopted Vex, = 13.1 km s~! (Table 1). Based on the fit of the
ellipse shown in Fig. 11 to determine an outer boundary of the
shell, we adopted an outflow velocity of 9.6 kms™! at a distance of
23.9 AU from the star. We also assumed that the outflow velocity
at the photosphere ry = 1.4 AU is Vo = 0 kms™.

Therefore, the value of the parameter k can be determined
from the condition that the stellar wind passes through the
position (r1, V1) = (23.9, 9.6). Using

k = In Vexp —In (Vexp -V

rn—r

3)

we obtain k = 0.059 AU™".

For the case of non-tangential movements of maser compo-
nents, the model allows one to calculate the observed V},s and
projected distances r, from the equations

Vies = Vi = Vou(r) sin 4, 4)
and
rp = rcoso, @)

where 6 is the aspect angle between the normal to the line of sight
and the radius from the star to the maser. The aspect angle is
—90° < 6 < 0° for Vjos — V. < 0 kms™! and viceversa.
Combining Eqgs. (2), (4), and (5) gives a relation, which
uniquely determines the distance r of the maser cloud from the
star for the time of the distance measurement, using the adopted
outflow law and the observed quantities (Vios — V) and rp

Vies = Vexp {1 —exp [—k(r - l‘o)]} : \[1 - (rp/r)2 + V.. (6)
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Fig. 12. Model outflow velocity for U Her as a function of the distance
from the star. It approaches the final expansion velocity (horizontal
straight line) asymptotically. The dots along the curve give the radial
distances and outflow velocities of the 28 merged spatial components
(see text).

In Fig. 12, the adopted outflow velocity law with the param-
eters k = 0.059 AU, ry = 1.4 AU and Ve, = 13.1 kms™ is
shown graphically, together with the radial distances r of the
maser spatial components calculated with Eq. (6). The projected

distances r), = VXoff? + Yoff? used for these calculations were
averages over the epochs in which the components were detected
(Table 3). The uncertainties in positions and velocities lead to
errors in the radial distances r of a few AU, and so their locations
on the velocity curve mainly delineate the typical distance range
of the maser components. The main conclusion is that the maser
shell is primarily located between ~11 and ~25 AU. The outflow
velocity within these boundaries increases from 5.6 to 9.8 kms™!.
The maser components outside this shell (>25 AU) are the spatial
components Al and M1 which have Vi at the extreme ends of the
observed velocity range, and have the largest outflow velocities
Vout- The component inside this shell is the tangential component
G2 with Vigs — V. = =0.1 kms™! close to the line-of-sight toward
the star itself. The two outliers at r > 25 AU with flux densities
<1 Jy indicate that weak and short-lived maser activity can occur
outside the shell delineated by the strong maser components. The
same is true for the regions inside the inner boundary of the
shell, in which the masers are usually suppressed because there
the acceleration of the wind is relatively high. Due to projection
effects the shell radius (r = 15 AU), derived from the spatial dis-
tribution of the maser components on the sky (Fig. 10), is ~80%
of the mean radius of the shell (r ~ 18 AU) given by the midpoint
between inner and outer boundary of the 3D model.

The 3D distribution of the merged maser spatial components
and their associated velocities is shown in Fig. 13 as seen from
three different directions: on the sky (a), ‘from the side’ (b) and
‘from above’ (c). The dominance of tangential masers is seen
clearly in all three diagrams. In panel (c) there is a scarcity of
(redshifted) components seen on the backside of the shell. This is
also evident in the FVt-plot (Fig. 2, left), where there is less emis-
sion at redshifted velocities, and in Fig. 8 where the blueshifted
integrated emission prevailed between 1991 and 2007. However,
one should keep in mind that an observer seeing U Her from direc-
tions deviating considerably from the geocentric one would see a
different set of maser components, because a maser beams in a
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Fig. 13. Three-dimensional distribution of the U Her merged maser spa-
tial components and their associated velocities according to the outflow
velocity law given by Eq. (2). The distribution is seen from three cardinal
directions: on the sky (a), ‘from the side’ (b) and ‘from above’ (c). In (b)
and (c) the observer is to the left. The maser components are represented
by filled circles with colours according to their V), (see scale at bottom).
Their diameters are proportional to the logarithm of their flux density.
The central star is symbolised by a black circle at (0,0).
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preferred direction, which is governed by the direction of greatest
elongation of the maser cloud. Therefore, Fig. 13 is merely show-
ing the three-dimensional positions of the maser components that
we see from Earth. Of course a similar situation occurs for our
present point of observation: there may be maser spots that we do
not see because their emission may happen to be beamed in the
wrong direction from our vantage point.

Having adopted an outflow law it is of interest to investigate
the associated timescale for the gas to travel through the maser
shell. Therefore, we integrated the function V!, where Vo is
described by Eq. (2), along the radius r between the shell bound-
aries. We find that it takes ~8.5 yr for gas to travel through the
shell (11-25 AU), where most of the H,O masers reside.

4.4. Other H-O maser shell observations of U Her
4.41. Maser shell sizes

Our shell model can be directly compared to the results of the
contemporaneous 22 GHz VLA observations of Colomer et al.
(2000) from June 1990 discussed in Sect. 4.2.1. Using a 3D fitting
program they advocate a thick maser shell with an inner radius
of 45 mas (~12 AU) and an outer radius of 70 mas (~19 AU), in
which the molecules flow outwards with a velocity of ~6 kms™.
A comparison with our model expansion velocity law (Fig. 12)
shows that their shell boundaries delineate a narrow 7 AU-wide
shell in the central part of our shell model covering the strongest
spatial maser components. The average radius of this shell is
~15.5 AU compared to ~18 AU, the average radius of our shell
model. The two independent analyses highlight the uncertainties
in the determination of the boundaries, with the shell boundaries
for 1990 of Colomer et al. being a conservative estimate.

After our VLA observations 1990-1992, the H,O maser emis-
sion of U Her was mapped several times and these observations
can be used to search for variations in the spatial distribution of
the masers over a longer time range. Interferometric observations
with better spatial resolution than achievable with the VLA were
made with MERLIN 1994, 2000 and 2001 (Bains et al. 2003;
Richards et al. 2012), and with the VLBA in 1995 (Marvel 1996).
They confirm the overall ring-like geometry of the H,O maser
shell. However, the boundaries of this shell determined from the
different observations are not well defined. The most compelling
determination is by Richards et al. (2012) who, for the epochs
2000 and 2001, found projected inner and outer radii of 10 and
40 AU, respectively. While the inner radius is compatible with
the inner boundary determined here and by Colomer et al. (2000),
the outer radius is significantly larger. However, the outer shell at
radii >30 AU was only sparsely populated by maser components
in 2000/2001 (Richards et al. 2012), and these were not detected
1990-1992. The decrease in brightness of the maser emission
with radial distance makes the determination of the outer shell
boundary much more dependent on instrumental sensitivity com-
pared to the inner boundary. The conclusion from all H,O maser
shell observations available is that the H,O masers are located
in a shell within the expanding spherical wind of U Her with
most of the sites with stronger emission located at a radial dis-
tance of about 15-20 AU. Nevertheless, VLBA observations by
Vlemmings et al. (2002a, 2005) challenged the characterization
of U Her’s H,O maser shell as a persistent ring-like distribution
of distinct emission regions.

4.4.2. Constraints on shell geometry due to spatial resolution
effects

To study magnetic field strengths in the CSE of U Her, 22 GHz

observations with the VLBA were made on 13 December 1998 by
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Vlemmings et al. (2002a) and on 20 April 2003 by Vlemmings
et al. (2005) with an average beam width of 0.5 mas. They noted
a significant change in spectrum and spatial distribution between
the two observations. The spatial features detected in 1998 (optical
phase ¢ = 0.44) were at velocities —19.3 to —17.6 (likely part of
our spectral components D’ and D””), while in 2003 (¢s = 0.97)
they detected features at —15.9 to —14.5 (G’ and G”). Our single-
dish spectra taken close to their observations (12 December 1998
and 2 April 2003, see Fig. C.1) show a stronger profile change
only in the red wing (> —14 kms™"), but not at the velocities
with VLBA detections by Vlemmings et al.. During both epochs
spectral components G’ and G”” were strongest, while D’+D"”
was 2-3 times weaker. It is therefore conceivable that the spatial
distribution as such did not change significantly between the two
epochs, but the sizes of the spatial components did, leading to
different components being resolved out by the VLBA in the two
epochs. This explanation is corroborated by the failure of Imai
et al. (1997b) to detect U Her’s H,O maser emission in 1994/1995
during a VLBI experiment (resolution 2.1 mas), indicating that
the dominating spectral components G’ and G” had significantly
larger sizes. Richards et al. (2011) give typical sizes 2-5 AU (8—
19 mas) for H,O maser clouds of U Her, and so losses of spatial
features due to the largest recoverable scale for imaging with the
VLBA are plausible.

4.4.3. No evidence for maser amplification by stellar emission
in 2001

Vlemmings et al. (2002b) mapped the maser on 20 May 2001
with MERLIN (beam size <30 mas), when the strongest spectral
maser feature was present at —15.6 kms~! (spectral component
G’, see Table A.2 and Fig. C.1). These authors found the position
of the feature to match with the location of the star at this epoch,
determined using own and HIPPARCOS proper motion measure-
ments of U Her, and argued that the maser feature is amplified
by the stellar radiation in the background. They note that this
result would place the star not in the centre but on the ring-like
distribution of the maser spots.

In the monitoring data we find no evidence for extraordinary
amplification of the G’ component. If the G’ component would
have moved as part of the stellar wind in radial direction within the
line-of-sight to the star, a systematic blueshift of its velocity Vi
over time is expected, which is not observed. Alternatively, if G’
would have moved in tangential direction the stellar amplification
would be only a temporary effect during the time of eclipse.
Adopting a U Her maser cloud size of 2-5 AU (Richards et al.
2011), a stellar diameter of 2.8 AU (van Belle et al. 1996; Ragland
et al. 2006) and a velocity of ~7 kms~! perpendicular to the line-
of-sight (see Fig. 12) leads to a duration of the eclipse of several
years. Therefore, a monitoring program of such an eclipsing event
is expected to observe a temporary year-long flare of the emission
on top on the regular maser variations. The occurrence of such a
flare of the G’ emission can be definitely ruled out in the years
around 2001.

Using the stellar position and proper motion given by Gaia
EDR3 we recalculated the position of the star for the MERLIN
observation of Vlemmings et al. (2002b) and found an offset of
the position of the maser spot from the star of A = —37.4 mas
and A = 0.3 mas, which places the maser spot ~10 AU west
from the star and at the inner boundary of the H,O maser shell as
determined earlier.

Based on the lack of brightness and velocity variations of
spectral component G’, which could be related to an eclipse
event, and based on the stellar position in 2001 according to
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recent Gaia astrometry, we conclude that the assumption of the
stellar position close to the centre of the ring-like distribution
of spatial components, as made in Sect. 4.2.2, is still a valid
approach. The location of the H,O masers in a shell within the
spherically expanding stellar wind therefore remains the most
plausible geometric configuration.

4.5. Lifetime of emission regions

The analysis of the line profile variations in Sect. 4.1.7 found
the velocities of the spectral components remarkably constant
over the monitoring period with only small shifts back and forth
on timescales of months. The small shifts were assumed to be
caused by blending caused by different maser clouds with similar
velocities and unrelated brightness fluctuations. They may reflect
the asynchronous formation and dissolution of contributing maser
clouds or a variation of excitation conditions on these timescales.

We also found that some less blended spectral components
could be followed without significant variations in velocity over
longer time ranges. An example is component K, which could be
detected continuously for 5 yr (March 1995-April 2000; TID =
979011 640; see Fig. 2, and Table A.2) at —10.9 = 0.2 km s~
so with a rather small velocity dispersion. Later it reappeared
frequently close to the maxima of the stellar variability cycle.
If this emission component comes from an individual maser
cloud, one has to conclude that U Her’s H,O maser shell can host
individual clouds with a range of lifetimes of 0.5 to many years.
Alternatively, short-living clouds would have to appear regularly
with always similar V.

In the first case of a long-living maser cloud, which moves
within the expanding CSE, systematic shifts of the projected
velocity Vs are expected, while the cloud is accelerated outward.
This is not seen in any of the spectral components, and so the sec-
ond case must apply and their emission must come from different
short-living spatial components in the course of the monitoring
period.

4.5.1. Maser cloud lifetime constraints

We now use the absence of systematic velocity shifts to derive
upper limits for the lifetime of individual maser clouds. For the
outflow velocity curve shown in Fig. 12, we found in Sect. 4.3.2
a crossing time of ~8.5 yr for a mass element moving radially
through the H,O maser shell with inner and outer boundaries of
11 and 25 AU, and with an increase of its outflow velocity from
5.6 t0 9.8 kms~!. Moving in the line-of-sight, such a hypothetical
mass element showing maser emission all the time would show
an acceleration of @ = 0.5 kms~'yr~!.

A maser cloud observed in two epochs with a time difference
At and moving along a straight trajectory in the shell with an
angle 6 with respect to the plane of the sky will experience a shift
in velocity 0Vips = 6Vou(r) - sin 8 (cf. Eq. (4)), with 6V, (7) the
increase of the outflow velocity. For simplicity, we approximate
the acceleration within the H,O maser shell with the average
velocity increase a = 0.5 km s‘lyr‘l, that is 6Vou(r) = a- At
leading to the relation

O0Vies = a-At- siné. (N

In the following, we adopt a conservative value [0V)ys| <
0.5 kms™! for recognisable velocity shifts due to participation
in the stellar outflow of any of U Her’s spectral components. For
a given time interval A¢, only maser components with an aspect

angle obeying
| sin@ |= 6Vies/a/At < 1.0/ At (8)

would not have been detected as having a drifting los velocity.
A special case of Eq. (8) is a tangential movement of the maser
clouds (6 = 0), where a constant velocity Vo5 (i.e. 0Vies = 0)
can be expected for maser clouds traceable over long time
intervals. Equation (4) demands that in this case Vo5 = V.. Allow-
ing an uncertainty of 0.5 kms™' for the stellar radial velocity
V, = —15.0 kms~!, such a tangential movement would be able
to explain the absence of velocity shifts for spectral components
G’ (~ -15.5kms™") and G” (~ —14.5 kms~"). However, as our
monitoring period is longer than the crossing time in U Her’s
H>0O maser shell, more than one cloud must have contributed
even for its G’+G”’ spectral components.

For the case of non-tangential movements of clouds and
| Vies — Vi | > 0.5 kms™!, the Vo is determined by (Vios — V) =
Vout(r) - sin 6 (Eq. (4)). A measurement of the projected distance
r, of the cloud from the star and use of Eq. (6) uniquely deter-
mines the distance r of the maser cloud from the star for the time
of the projected distance measurement and fixes the aspect angle
6 according to Eq. (5). After a time interval Af a new measure-
ment of Vs should show a shift 6V}, = a- At- sin6 (Eq. (7)). A
limit 6V}s(max) on 6V)y constrains the time difference At, for
which Eq. (7) would not be violated. The maser emission seen in
observations separated by more than the corresponding Af(max)
and having 0V, < 0Vjos(max) cannot therefore originate from
the same cloud. We therefore interpret Af(max) as the lifetime of
the cloud.

As an example, we discuss the lifetime of spectral compo-
nent E of U Her seen almost permanently during the monitoring
period. We detected the component in 1990 at V},s = —16.9 km s
(Table A.1) and associated to it the spatial component E3 located
~60 mas (1, # 16 AU) south from the star, as judged from the
February 1990 and December 1992 positions (Table 3). The pro-
jected outflow velocity is Vios — V. = —1.9 kms~!, and using
Eq. (6) we can derive a radial distance r ~ 17 AU, and from
this Vou(r) = 7.9 kms™! and 6 = —14°, using Eqs. (2) and (4).
Adopting 6Vjos < 0.5 kms™' and @ = 0.5 kms~'yr™!, we find
At(max) = 6Vies/a/ sinf = 4 yr.

Lifetimes of at most several years are also found for other
spectral components and varying the outflow velocity model
derived in Sect. 4.3. These are compatible with our series of VLA
observations 1990-1992, where the identification of common
spatial maser components proved to be difficult over even shorter
time ranges (see Sect. 4.2.2). They corroborate the findings of
Bains et al. (2003), who give lifetimes <2 yr for maser clouds of
U Her with typical sizes 2—4 AU.

4.5.2. Long-living regions favourable to H,O maser emission

The limited lifetime of the individual maser clouds are in apparent
contrast to the persistent presence of several spectral components
over the full monitoring period (Fig. 2). The most notable com-
ponents are G’ and G” in the —16 to —14 km s~ velocity region,
which maintained their dominant role in the spectral profile after
1991 over more than 20 yr. As we have argued in the previous
section, this is due to many consecutive components superposed
over time at the same velocity. This suggests that the dominant
emission region in U Her’s H,O maser shell may not have moved
away from its 1990-1992 location.

In the standard model having a continuous homogeneous
outflowing stellar wind there is no reason for the existence of
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Table 4. Regions in UHer’s H,O maser shell contributing emission to the prominent spectral components G (composed of G’ and G” at

Vies~—15 £ 0.5 kms™!) and D" (Vigs~—18 kms™!).

Map date Xoff  Yoff Vios S, Region Instr. Reference

[mas] [mas] [kms™!] [yl
1988 Dec. 5 -46 -14.7  ~210 SE VLA Bowers & Johnston (1994)
1990 Feb. 15 -54 -14.9  230.0 SE VLA This paper, Table 3
1990 June 15 =52 -15.0 1450 SE VLA  This paper, Table 3
1990 June 22 —42 -14.6 1172 SE VLA Colomer et al. (2000)
1992 Dec. 14 -46 -15.3 14.0 SE VLA This paper, Table 3
1994 Apr. 21 -63 -14.8 8.4 SE MERLIN Richards et al. (2012)
1994 Apr. 21 -46 -14.8 2.2 SE MERLIN Richards et al. (2012)
1995 June 23 -55 —-14.8 4.1 SE VLBA Marvel (1996)
2000 May - - - n.d. SE  MERLIN Richards et al. (2012)"
2001 Apr. - - e SE MERLIN Richards et al. (2012)"
1994 Apr. -65 -8 -15.2 10.7 W MERLIN Richards et al. (2012)
1995 June -36 =21 -15.5 10.6 w VLBA Marvel (1996)
2000 May -50 -2 -15.0 141.0 W MERLIN Richards et al. (2012)
2001 Apr. -59 -8 -15.9 38.0 W MERLIN Richards et al. (2012)
1988 Dec. -8 =51 -176  ~110 SW VLA Bowers & Johnston (1994)
1990 Feb. -9 -60 -182  52.0 SwW VLA This paper, Table 3
1990 June -9 -60 -18.1 1.3 SW VLA  This paper, Table 3
1990 June -2 -52 -18.3 11.0 SW VLA Colomer et al. (2000)
1992 Dec. -8 —68 —-18.2 3.0 SW VLA This paper, Table 3
1994 Apr. =30 -62 -17.9 2.4 SW MERLIN Richards et al. (2012) ('
1995 June -26 -44 -17.9 2.0 SwW VLBA  Marvel (1996)(""
2000 May -69 -13 -17.8 12.3 SW MERLIN Richards et al. (2012)"
2001 Apr. -17 -15 -17.9 4.7 SW MERLIN Richards et al. (2012)"

Notes. The position of the star in the maps presented by Colomer et al. (2000) and Marvel (1996) was set by us to (=20, +43) and (+35, +20) mas,
respectively, relative to their map origin. 'n.d. = not detected. The non-detection of component G in 2000/2001 means that it is not seen in the
southeast quadrant anymore. (" The spatial components in the southwest quadrant might have originated in different regions before and after 1993.

preferred locations in the H,O maser shell for particular emission
sites. If the G’ and G” components would come from short-lived
single maser clouds, one would expect that their emission comes
from random positions within the shell having the right projected
Vios- In Table 4 we compiled the strongest spatial maser compo-
nents with velocities compatible with G’ and G” identified in a
number of interferometric maps covering the years 1988-2002.
The table gives the offsets Xoff, Yoff of the spatial components
from the position of the star, their velocity Vi, flux density §,,
and a label for the region (see below). Furthermore, the date of
the map, the interferometer used and the reference are given. The
position of the star is either taken as given in the references or
determined (see Note to Table 4) assuming a ring-like distribution
of the maser emission as described in Sect. 4.2.2.

We found that the strong (S, > 200 Jy in 1988-1990) spectral
component has spatial counterparts between 1988 and 1995 in
the southeast (SE in Table 4) quadrant of the maps. The flux den-
sity decreased to <10 Jy levels in 1994/1995 and the component
was not detected afterwards. In 2000/2001 emission at G’'+ G”
velocities is seen in the west (W) of the MERLIN maps. Spectral
component D", which decreased in brightness after 1988, can be
identified at least until end of 1992 with spatial components found
in the southwest (SW) quadrant, while afterwards the relation
with spatial components in the same quadrant having velocities
compatible with D" is inconclusive due to the large deviations of
the offsets from those in the 1988—1992 period.

The frequent interferometic observations of U Her’s H,O
maser emission show that the regions in the CSE with conditions
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favourable to water maser excitation can survive longer than a
few years, in contrast to what was found for single maser clouds.
Spectral components with only small variations in velocity are
therefore originating from multiple maser clouds, which are pref-
erentially formed in particular regions of the shell, which for at
least 6.5 yr (in the case of spectral component G) can maintain
their favourable H,O maser excitation condition. The origin of
these regions is discussed in Sect. 6.6.

5. RR Aql

RR Aql is a long-period variable AGB star having a distance of
410fﬁ pc (Table 1), based on the H,O and SiO maser parallaxes
measured by Sun et al. (2022). We adopt as radial velocity of
the star V, = 28.5 + 0.5 kms~! and as final expansion velocity
Vexp = 9 km s7!, as determined from circumstellar CO and SiO
thermal emission (Table 1).

The H,O maser of RR Aql was first detected in 1971 by
Dickinson et al. (1973) as a single strongly variable feature at
~27 kms~!. A VLBI observation in 1976 by Spencer et al. (1979)
showing a maser feature at 25.9 kms~! with a flux density 353 Jy
indicated that the maser could reach levels of several hundred
Jy. Regular observations of the maser were first made within the
Pushchino monitoring program starting in 1980 (Berulis et al.
1998, hereafter B98). The characteristics of the maser variations
until 1997 are discussed in B98, who included also the maser
observations published in the literature during this time interval.
The brightest H,O maser features in RR Aql usually peaked at
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Fig. 14. Selected H,O maser spectra of RR Aql.
(JD-2 440 000.5), on the top right.

velocities 26—29 kms™!, close to the stellar velocity. The bright-
ness variations were indeed strong with phases where peak flux
densities of several hundred Jy were reached, and occasions in
the 1970s where the maser was not detected (i.e. F, < 10 Jy).
The H,O maser region of RR Aql was mapped on three occa-
sions between 1981 and 1988 with the VLA. The diameter of the
maser region was confined to about 100 mas (radius ~21 AU),
with clustering of the maser components mostly in two locations
with a north-south orientation (Johnston et al. 1985; Lane et al.
1987; Bowers & Johnston 1994). A VLBI observation of Imai
et al. (1997a) in 1995 was probably resolving out the emission,
although the maser seemed to have been in a bright phase. Based
on a total-power spectrum, they reported for 17-20 January 1995
a flux density of 296 Jy of the H,O maser feature at 28.52 kms™!,
which is a factor of ~4 higher than the brightness level observed
before and after this date by B98, who concluded that the VLBI
observation must have taken place during a transient flare of the
maser. However, also our spectrum from 18 January 1995 showed
a peak flux density of only ~40Jy at 29.0 kms~!, which leaves
the high flux densities during the VLBI observations unexplained.
VLBA observations in 2017/2018 (Sun et al. 2022), after the end
of the monitoring program reported here, detected distinct maser
emission regions with velocities in the range 26—29 km s~!, which
had dominated the maser profile since the discovery of the maser.

The calendar date of the observation is indicated on the top left above each panel, the TID

The latter regions were found at a distance of ~28 AU from the
star, which is compatible with the shell dimensions inferred from
the 1980s VLA observations.

5.1. Variations of the H,O maser profile

RR Aql was first observed at Medicina in 1987 (Comoretto et al.
1990), and we monitored the star regularly between 1990 and 2011.
Additional observations were made in 2015. As before 1987, the
strongest maser features were always detected close to the stellar
velocity (~26—-31 kms™"). In Fig. 14 representative maser spectra
from our observations taken between 1990 and 2011 are shown,
while the complete set of 89 spectra is displayed in Fig. C.2.
An overview on the general behaviour of the maser variations
is shown in the FVt-plot (Fig. 15, left panel). Because of only
occasional observations between June 1995 and December 2001,
the plot is split into two panels omitting 3.5 yr between July
1997 and November 2000. As in U Her, the profile in general is
varying with stellar pulsation in brightness and velocity range
and is dominated by three features (cf. upper envelope spectrum
Fig. 16), which change their relative strengths over time. The
central emission at ~29 kms~! (spectral component C hereafter)
is always present (cf. lower envelope spectrum Fig. 17) and is
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Fig. 15. Maser profiles as a function of time for RR Aql. Left: FVt-plot for RR Aql (cf. Fig. 2 for details). First spectrum: 17 February 1990; JD =
2447939.5, TID =7939. and last spectrum: 25 June 1997 (lower panel). First spectrum: 20 December 2000 and last spectrum: 20 March 2011 (upper
panel). Right: spectral components identified by the component fit of the single-dish spectra as listed in Table B.1.
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Fig. 16. Upper envelope spectrum for RR Aql; 1987-2015.

the dominating emission for most of the time. A second fea-
ture at <28 kms~! (spectral component A; Fig. 15, right panel)
is blueshifted and is the strongest only occasionally: In 1991—
1992 (TJD ~ 8200—-8900) and September/October 2001 (TJID
~ 12 200). The third feature at >30 kms~! (spectral component
E) is redshifted and was always weaker than the other two. This
feature reached a ~50 Jy level between September 2004 and
February 2005 (TJD ~ 13 200—-13 500), while it rarely surpassed
10 Jy for the rest of the time. It was often not detected during the
faint phase of the optical brightness variations.

5.2. H,O maser velocity range

As velocity boundaries of the maximum H,O maser velocity
range AVj,s of RR Aql we determined V, = 23.2 and V; =
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31.9 kms~! (Table 1) from the detection rate histogram (Fig. 18).
The blue boundary is not well defined as the emission between
Vies = 21.5 and 24 kms~! is generally weak (seen only marginally
in Fig. 16) and surpasses flux densities >1Jy usually only at
velocities Vios > 25 kms™! as evident from the FVt-plot (Fig. 15).

As in U Her, the FVt-plot shows that the width of the observed
velocity range is varying. The width is smaller during the faint
part of the stellar variability cycle, when the weaker outer parts of
the maser profile fall below the threshold of the FVt-plot (~ 1 Jy).
Close to the maxima of the stellar light curve, maser emission is
seen over the maximum velocity range, except for the emission
at <25 kms™!, which was detectable only in 1991 (TJD ~ 8600).
In 2009, toward the end of the monitoring program, spectral
component E at 30.5 kms~! was becoming weaker and indeed
was then only marginally detected in some of our 2010 and 2015
observations close to the optical maxima (cf. Appendix B).

The maximum H,O maser velocity range AV, between
23.2 and 31.9 kms™! is asymmetric with respect to V, = 28.5
with emission from the front side of the shell reaching higher
outflow velocities (Voy ~ 4.5-6.5 kms™!) compared to the
back side (Vou ~ 3 kms™). It is quite likely that this veloc-
ity range is only representative for the brightest maser features.
Johnston et al. (1985) detected in March 1982 with their sensitive
VLA observations (rms ~ 0.35 Jy) emission between 19.7 and
36.9 kms~!. Such a large H,O maser emission range was never
confirmed later on, but it may indicate that in RR Aql H,O
maser emission can be present over almost the full velocity range
Vi = Vexp < Vios < Vi + Veyp (19.5-37.5 ki s™!; Table 1) deter-
mined by the stellar wind, but is detectable only under exceptional
circumstances.

5.3. H-O maser line profile analysis

To probe velocity variations of the features we made a similar
profile analysis as for U Her (Sect. 4.1.7) by fitting Gaussian pro-
files to the spectra. The assignment of the features to the spectral
components is discussed in Appendix B. We found five features
labelled as maser spectral components A—E, which could be
isolated by the fitting procedure. These components identified
in individual spectra are graphically displayed in Fig. 15 (right
panel), where a direct comparison with the FVt-plot is possi-
ble. The corresponding flux densities and velocities are listed
in Table B.1. Components A, C and E are the three dominant
features in the maser profile, while components B and D could be
isolated by the Gaussian fit only for some time lasting one to six
years.

Three to five spectral components are sufficient to describe the
H,O maser profile in the velocity range 26 < Vjos < 32. While in
this range weaker maser components could not be identified, their
presence is however likely, because such weaker maser emission
is seen at velocities 23 — ~ 27 kms~! (see Appendix B), although
we failed to identify individual components. In contrast, there is
no evidence in our spectra for emission at velocities larger than
Vies > 32 kms~!, which leads to the observed asymmetry of AV
with respect to the stellar velocity.

In RR Aqgl’s H,O maser shell, the components A—E repre-
sent the regions with the strongest emission only (at least over
some time). Due to strong blending in velocity space they overlap
in the maser profile and inhibit the identification of a spectral
component, if the brightness contrast with respect to stronger
neighbouring components becomes too large. We consider there-
fore the absence of spectral component B as a distinguishable
feature in the maser profiles over more than ~15 yr (1995-2011, cf.

log [S(tot) (Jy*km/s)]

Fig. 19. RR Aql H,O maser light curve. See Fig. 6 for details. S (tot)
was determined in the velocity range 22 < Vi, < 34 kms™'. The sine
curve (blue) was obtained by a fit to the 1990-2011 radio measurements
with a period P, = 400 days and is delayed by ¢;,, = 0.21, i.e. by 84
days with respect to the optical light curve.

Appendix B) not as evidence for extinction, but merely as inabil-
ity to identify the component because of its relative weakness and
blending with components A and C. In 2015 the dominant feature
had a velocity Vi,s & 28.5, which is in between the velocities
seen for components B and C before, and which we assigned
tentatively to component B. Also, the identification of component
D over only 1.5 yr (Fig. 15, right panel) is mostly due to blending
at the other times.

Blending affects also the determination of the velocities of the
spectral components. As is evident from Fig. 15 (right panel) the
components showed non-systematic variations in peak velocity
within ~1 kms~! over time. These variations are likely caused by
blending of several maser components with velocity differences
smaller than the typical line widths. This is corroborated by our
experience that the profiles of the spectral components occasion-
ally split into two or even three peaks. It is also expected from
interferometric maps of RR Aql’s H,O maser shell, which showed
for example in 1988 about two dozen maser spots separated in
velocity by 0.3 kms~! only (Bowers & Johnston 1994).

As in U Her, a remarkable property of the H,O maser profile
of RR Aq]l is the apparent longevity of the spectral components
in particular A and C in RR Aql, which showed also the strongest
emission over almost the full monitoring period of ~22 yr. No
systematic velocity shifts are recognisable, leading to the conclu-
sion that the emission regions in RR Aql have properties as those
of U Her, in particular short lifetimes of at most a few years for
individual maser clouds.

5.4. H,O maser light curve

Figure 19 shows the maser light curve of RR Aql using obser-
vations between 1990 and 2011, relative to the phase ¢, of the
optical light curve. This radio light curve, based on integrated
flux densities S (tot), and its relation to the optical light curve was
analysed as for U Her. S (tot) was determined over the velocity
range 22 < Vjos < 34 kms~!. The general pattern as seen in the
corresponding light curve of U Her (Fig. 6) is present here as
well. The selection effect discussed in Sect. 4.1.5, also in Fig. 19
leads to on average higher integrated flux densities S (tot) of the
Effelsberg observations compared to those of Medicina. While
the maser emission varies on average following the optical light
curve, the emission for a particular phase shows a large scatter.
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Fig. 20. RR Aql H,O maser light curves of the integrated flux densities
S (tot) from Pushchino 1980-1997 (red) and Medicina/Effelsberg 1987—
2015. Vertical dotted lines are the (modelled) optical maxima with P =
400 days.

A fit of a sine wave to the radio data was made separately for the
time ranges 1990-1997 and 2000-2011. We found little evidence
for periodic variability in the first time range and a single dom-
inating period of 405 + 10 days in the second time range. A fit
to the complete data set 1990-2011 yielded a period of 400 + 5
days (Table 1), which coincides with the mean optical period
in the time range 1987-2015. Our optical model light curve for
RR Agl has a period Py = 400 + 2 days and a reference epoch
for maxima TJDy,,x = 6487 £ 5 days (Table 1); these numbers
were determined as described in Sect. 4.1.4 for U Her. The lag
¢1ag = 0.21 (Table 1) of the radio light curve is similar to the one
of UHer (¢, = 0.16) and other Mira variables of the sample that
we monitored (Brand et al., in prep.).

The significant brightness scatter seen in Fig. 19 is caused
by non-periodic brightness variations, which are caused by rela-
tive strength variations of the different spectral components. An
overview of the integrated flux density light curve with (trun-
cated) Julian Date is shown in Fig. 20. The curve is dominated by
the periodic variations of the maser integrated flux density, but
superposed is an apparently bright period (8500 < TJD < 9500;
~1991-~1995) and a relatively faint period after TJD =~ 13 500
(2005-2011). A zoom-in on the light curve for 1990-1997 is
shown in Fig. 21, where we show also the emission contributions
S (blue) and S (red) of the blueshifted Vj,s < 28.5 kms~! and red-
shifted >28.5 velocity range respectively, where V, = 28.5 kms™!
is the adopted stellar radial velocity. Almost all the extra emis-
sion seen in this period is coming from the blueshifted velocity
range and is caused by the extraordinary strength of spectral com-
ponent B in this epoch. Except for a few months in 2001 (TJD
~ 12200), where spectral component A was strong, the emission
in the blueshifted velocity range remained modest after 2000, and
the H,O maser light curve was reflecting mostly the variations of
spectral component C. After 2005 the light curve was following
the overall decline of component C. Such long-term trends can
be followed on timescales of several years longer than the stellar
period (1.1 yr).

Another way to show the role of the secular variations of the
individual spectral components is shown in Fig. 22, where the
ratio R = S (blue)/S (red) is given as function of (truncated) Julian
date. The prevalence of S (blue) is obvious in 8000 < TID < 9000,
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Fig. 21. RR Aql Medicina/Effelsberg H,O maser light curves 1990 — 1997
of RR Agl showing the emission in the Vi,s < 28.5 and >28.5 kms™!
part of the maser velocity range in blue and red colour respectively. The
sum of both (in black) is the integrated flux densities S (tot) as shown in
Fig. 20. Vertical dotted lines as in Fig. 20.
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Fig. 22. Ratio R = S (blue)/S (red) of the H,O maser emission of RR Aqgl
of the Vjs < 28.5 (S (blue)) and >28.5 kms™' (S (red)) part of the maser
velocity range in 1987-2015 of RR Aql. The vertical dotted lines are
optical maxima as in Fig. 20.

but also the phase of dominance of the emission S (red) in the
redshifted velocity range is evident around in 13000 < TID <
14 500. Typical spectra in these phases are shown in Fig. 14: On
25 October 1991 (TJD = 8554) showing spectral components
A and B dominating and in 2005/2007 (TJD = 13359/14 116)
showing spectral component C dominating.

5.5. Comparison with the Pushchino and VERA-Iriki
monitoring programs

In constrast to U Her, RR Aqgl was monitored also by other groups,
allowing verification of our results. The Pushchino H,O maser
monitoring program (B98) of RR Aql between 1980 and 1997
overlapped with ours in 1990-1997. Figure 20 shows the light
curve of integrated flux density of the H,O maser between 1980
and 2011 combining observations of both monitoring programs.
Both light curves are consistent with each other, although smaller
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brightness differences occur. This is caused likely by short-term
brightness variations of the maser, leading to small brightness
differences for observations made within several days.

The Pushchino light curve shows the regular brightness vari-
ations connected to the stellar pulsations clearly. In agreement
with our average phase lag ¢j,; = 0.21, B98 could show that these
variations are following the optical variations of the star with
a delay of 10-30% of the length of the period. The Pushchino
light curve also confirms the long-term change of the average
brightness level in ~1991 — ~1995 (8500 < TJD < 9500), caused
by spectral component B at 28 km s~! reaching flux density levels
>400 Jy.

Parallel to our monitoring program, observations were made
also within the VERA-Iriki monitoring program by Shintani
et al. (2008) between 2003 and 2006. Within the 3.3 yr of the
VERA-Iriki observations no long-term trends could be studied.
In accordance with our observations, spectral components A, C
and E were found to be dominant also in their observations.

The strongest features reported by single epoch observations
overlapping with our monitoring program before 2000 were
in April/May 1991 at 27.9 kms~! (our spectral component B)
(Takaba et al. 1994) and in October/November 1991 at 26.9 km s~
(our spectral component A) (Takaba et al. 2001). These velocities
are in agreement with our strong components seen at these times.
In October 1991 spectral components A and B were competing in
brightness, and in our spectrum of 25 October 1991 component
B was actually 40% brighter than component A. After 2000 only
one single epoch observation was made. In accordance with our
observations that component E became very weak after May 2009
(see Appendix B.3), Kim et al. (2010) showed from their June
2009 observation that the component was indeed getting fainter.

6. Ho.O maser properties in Mira variable stars
6.1. H-O maser and optical variability: Phase lags

The prevailing pattern of the H,O maser brightness variations in
U Her and RR Agql are the periodic variations, which respond to
the brightness variations of the central stars. Their maser vari-
ations lag behind the optical variations by ¢j,¢ = 0.16 and 0.21,
respectively. Similar lags were also found for two other Mira
variables o Cet and R Cas, monitored by us, and discussed in a
separate paper (Brand et al., in prep.). The retarded maser varia-
tions are a well known pattern for Mira variables (Schwartz et al.
1974; Little Marenin & Benson 1991; Rudnitskii & Pashchenko
2005 and references therein) and red supergiants (Pashchenko &
Rudnitskii 1999; Lekht et al. 2005), where the stellar brightness
variations have a large amplitude. This differs from the pattern
seen in semiregular variables of type SRb, such as RX Boo
and SV Peg (Paper 1), R Crt and RT Vir (Lekht et al. 1999;
Paper II), which do not show large-amplitude periodic variations.
The delayed response of maser emission to stellar brightness
variations is a general characteristic, and this behaviour is well
documented also for SiO masers (Pardo et al. 2004) and OH
masers (Fillit et al. 1977; Etoka & Le Squeren 2000).

The lags have often been interpreted as the result of the travel
time of propagating shock waves through the H,O maser zone
(Lekht et al. 2001; Pashchenko & Rudnitskii 2004). Shintani et al.
(2008) observed periodic velocity variations of maser features
in several stars as a general pattern, which they consider as con-
firmation for the passage of shocks, which first accelerate and
later decelerate affected maser clouds. However, lags are also
seen in the infrared (Lockwood & Wing 1971; Smith et al. 2002,
2006; Ita et al. 2021). Infrared, SiO and H,O maser emissions

all peak in brightness in the CSE at different distances, and so
the lags, having a uniform magnitude, cannot be due to travel
time effects. Guided by the findings of Shintani et al. (2008) of
periodic velocity shifts in a large number of H,O maser features
of several stars, we searched for patterns in the apparent velocity
variations of the major spectral components G’ and G of U Her
and component C of RR Aql. We found no regularity in the peak
velocity changes over time, and conclude that the variations con-
fined to <0.5 kms~! are due to the influence of weaker maser
features with similar velocities on the peak velocities derived
from the Gaussian fits.

For the Mira variable BX Cam, periodic velocity vari-
ations were not found either, but systematic velocity drifts
<1.3 kms~! over timescales of 2-3 yr were detected in many
maser spectral features, with the blue/redshifted components
decreasing/increasing in V}os, which is consistent with expansion
(Xu et al. 2022).

If the shock waves propagate radially outwards, their influence
on the velocities Vjos of the stronger spectral components of U Her
(components G’, G") and RR Aql (component C) furthermore
is diminished due the small inclination angles of the outflow
directions with respect to the plane of the sky. We were not able
to find any evidence for the presence of shock waves in the H,O
maser shells of the two Mira variables. We therefore consider
the more likely explanation of the lags of the maser brightness
variations relative to the optical to be the presence of strong
titanium oxide (TiO) absorptions in the visual band at stellar
maximum, as was invoked to explain the lags in the infrared by
Smith et al. (2006). They find that the TiO absorption truncates
the rise in the optical light before the maximum in the near-
infrared is achieved. Therefore, the phase-lags are not relevant
for the understanding of the conditions in the stellar wind, which
allow the emergence of H,O maser emission. The phases of the
H,O maser light curves are therefore probably better indicators
of the phases of the stellar bolometric variations than those of the
much more frequently available optical light curves.

6.2. Short- and long-term maser variability

We found compelling evidence that the H,O maser brightness
variations in the SRVs R Crt and RT Vir are a superposition of two
types of variations with different timescales. There are short-term
fluctuations on timescales 1.5 yr, and long-term variations on
timescales of decades (Paper II). In the case of the Mira variables
U Her and RR Aql these two types of variations are also present
and lead to significant cycle-to-cycle variations of the otherwise
periodically varying maser light curves (Figs. 6 and 19).

The short-term fluctuations seen in integrated flux density are
caused by random brightness variations of the individual spectral
components, as has been shown for example for the 1991 — ~1995
absolute maximum of RR Aql’s light curve (Fig. 21 and Sect. 5.5).
These short-term variations are probably controlled by the coming
and going of individual maser clouds, as the limited lifetimes we
found for the maser clouds of U Her indicate.

Very strong short-term fluctuations (‘bursts’) of individual
spectral components at times can dominate the maser profile.
Such bursts found in Mira and SR variables by the Pushchino
monitoring programs (Lekht et al. 1999; Esipov et al. 1999;
Pashchenko & Rudnitskii 2004) and observed by us for example
in RX Boo (Paper 1), in R Crt and RT Vir (Paper II), were not
seen in the case of U Her (1990-2015, Fig. 7) or RR Aql (1980-
2015, Fig. 20) (although as mentioned in Sect. 4.1.6 the strong
emission during the ‘1991/1992 peculiar phase’ of U Her might
have been a burst). We assume that bursts are common but that

A251, page 21 of 53



Winnberg, A., et al.: A&A, 686, A251 (2024)

their frequency of occurrence is not large, so that the absence of
bursts in the latter two cases could be due to still insufficient time
coverage of the maser light curves.

Long-term maser brightness variations lasting many pulsation
cycles are evident for the two Mira variables, if the H,O maser
light curves are displayed as function of time, either integrated
over the full profiles or in selected velocity ranges. There is overall
dimming and brightening of the different spectral components
unrelated to each other, which determine the overall brighteness
level but also their relative contributions to it. This basically
reflects the change of the excitation conditions in the different
parts of the H,O maser shell, which occur on timescales which
are closer to the crossing time (8.5 yr in the case of U Her) of
material through their H,O maser shell than to the period of
stellar pulsations.

6.3. Lifetimes of HoO maser clouds

It was not possible to obtain constraints on the lifetimes of indi-
vidual maser clouds in the winds of the two Mira variables based
on the emergence and disappearance of individual maser features
in the single-dish spectra. This is due to the wealth of compo-
nents, which overlap in velocity space. The relative brightness
fluctuations lead to small velocity shifts for the spectral compo-
nents, and so individual maser components may be detectable
individually in the spectral profiles only during short times when
they are strong.

The smaller number of spectral components identified in the
H,0O maser profile of RR Agl compared to U Her is likely also a
consequence of blending in velocity space. The final expansion
velocity of RR Aql’s wind is about 65% of that of the wind of
U Her (Table 1), and so the acceleration in the H,O maser shell is
smaller. Given the same spectral resolution, separating the spec-
tral components is then more difficult, assuming that the number
of maser clouds and the line width distribution of the maser fea-
tures are comparable in both stars. The spatially resolved maps
are the only means to break the degeneracy present in velocity
space. We identified nearly 30 different spatial components in
the 1990-1992 VLA maps of U Her compared to fewer than 10
spectral components in the single-dish spectra detected during
this period. Based on the VLA map from Bowers & Johnston
(1994) a similar discrepancy in the numbers of spatial and spectral
components is present also for RR Aql.

The lifetimes can be constrained by the apparent absence
of acceleration of the spectral components (cf. Sect.4.5.1). In
both stars they showed constant V},s over the monitoring period
independently from their location in the maser profile. If the
emission clouds participate in the stellar outflow, their outflow
velocities will increase with time and so, therefore, will their abso-
lute projected velocities, modified by the inclination of the outflow
direction with respect to the plane of the sky. The expected
velocity drifts are not seen (see the FVt-plots Figs. 2 and 15).
This observation can be reconciled, if the emission clouds are
themselves short-lived and new clouds regularly emerge in a
longer-living (stationary?) larger region within the shell, as we
have discussed for U Her (cf. Sect. 4.5.2). The clouds would then
be created with similar Vi, and following each other would make
up a spectral component with constant velocity. The presence of
such regions is also suggested by the mapping observations of
BX Cam in 2012-2014 by Matsuno et al. (2020) and in 2018-2021
by Xu et al. (2022), where the emission sites were found in the
same parts of the maser shell, despite the stellar wind material in
the shell having been exchanged completely between the epochs,
given the crossing time of 7.6 yr reported by the latter authors.
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As the clouds follow the stellar wind with increasing outflow
velocities, the spectral components in principle cannot have a
strictly constant velocity. Our velocity outflow model (Eq. (2))
for U Her predicts an acceleration of 0.5 kms~'yr~! in the centre
of the shell. Adopting a typical lifetime of 2 yr (Bains et al.
2003), a maser cloud will therefore have changed its outflow
velocity by 1.0 kms~! and its line-of-sight velocity by <1 kms~!.
Velocity drifts of this size are in agreement with the systematic
increase/decrease of Vjos by up to ~0.4 kms~'yr~! observed for
the H,O maser spectral features in BX Cam by Xu et al. (2022).
According to our model, the cloud also will have moved radially
by 3—-4 AU during its 2 yr lifetime. For U Her, Richards et al.
(2012) found an increase of the V), with distance from the star and
derived a velocity gradient in the plane of the sky of 0.31 + 0.28
kms™' AU!'. A gradient of 0.31 kms™" AU™! translates to a
drift in outflow velocity by 0.9—1.2 kms~! for a movement over
3—4 AU, which is compatible with our estimate of its change in
outflow velocity derived above from the model. We conclude that
the drifts in V), of the spectral components, which are expected
to be <1 kms™! over two years are masked in our single-dish data,
because the size of the drifts is of the order of the uncertainties
in our velocity determinations due to blending with neighbouring
features. Components with aspect angles >30° would have drifts
in Vios, which surpass our limit of 0.5 kms~!. Of the spatial
components plotted in Fig. 13 that have aspect angles 6 > 30°,
only B and C are strong enough to be seen contiguously for over
more than a year. These components are seen between 1990 and
1996 (see Fig. 2). They would be good candidates for the detection
of drifts (for B one expects 0.9 km s~!in two years), but none are
seen. They play a prominent role in the ‘1991/1992 peculiar phase’
and their behaviour points to lifetimes <2 yr, maybe even months
(see discussion in Appendix A). The apparent constant velocity of
the spectral components as shown in the U Her’s FVt-plot (Fig. 2)
is therefore due to the superposition of clouds created with almost
equal velocities and replacing each other every few years. The
clouds should have systematic velocity drifts over typical maser
cloud lifetimes, but these are not detectable in our single-dish
spectra.

6.4. Long-living regions

The long-term maser brightness variations and the observation
that the clouds responsible for the strongest spectral components
in U Her are found in the same region of the maser shell over at
least 6.5 yr (almost 6 stellar pulsation cycles), indicate the pres-
ence of inhomogeneities in the otherwise (assumed) spherical
stellar wind of Mira variables. One indicator for such inhomo-
geneities could be parts of the shell, where the conditions are more
favourable for exciting the H,O molecules (‘long-living regions’)
than in others. While individual (maser) clouds would be clumps
of material with enhanced density moving with the stellar wind,
such regions remain stationary in location, at least as long as the
wind is not disturbed at these locations. The individual clouds
then light up, while they pass through the regions. The existence
of such regions would then naturally explain, why maser spectral
components like component K in UHer (see Sect. 4.5) regu-
larly reappear over about 15 yr at almost the same Vs, although
different short-living maser clouds must have contributed.

Also, in the SRVs RX Boo, RT Vir, and R Crt, we previously
found evidence for the existence of long-living regions within
the H,O maser shell, in which preferred conditions for exciting
the H,O molecules exist. In RX Boo they manifested themselves
as spatial asymmetries of the H,O maser emission persistent for
at least 11 yr (Paper I). For RT Vir and R Crt, the decade long
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Table 5. H,O maser luminosities, stellar luminosities, and mass-loss rates of the semiregular variable stars from Paper I and II and the Mira variables

U Her and RR Aql.
Star Type D log Ly, log S(tot) , log L, log Lio logM
[pc] (Lol Dy kms™'], [s7'] (Lol Mo yr']
High Mean Low
R Crt SRV 236 —4.88 35 440 29 434 23 428 4.03+0.10 -5.46
RT Vir SRV 226 -5.16 33 438 2.8 433 23 428 3.70+0.09 —-6.05
RXBoo SRV 136 -6.23 26 427 19 419 1.5 41.5 3.58+0.11 -6.12
SVPeg SRV 333 -6.42 1.6 424 09 417 <08 <416 3.93+0.20 —-6.04
U Her Mira 266 -5.77 26 433 20 426 1.5 421 3.71+0.17 -6.25
RR Aql Mira 410 -5.37 27 437 21 431 1.4 424 375+0.15 -5.84

Notes. Column ‘D’ lists distances as given in Table 1, Papers I and II. Characteristic levels of H,O maser brightness (S (tot) = integrated flux
densities) and maser luminosities (LIU{ZO[LQ]; L,[photons s711) are listed for the time range 19872015 for all sources except RX Boo and SV Peg

(1987-2005; cf. Paper I). The definition of the levels (High, Mean, Low) is described in the text. Columns log Ly, and log M list stellar luminosities

and mass-loss rates.

variations of the H,O maser brightness in particular velocity
ranges, was attributed to such regions having possibly higher-
than-average densities and being present in the H,O maser shells
for about two decades (Paper II). Based on 3D models of Freytag
& Hofner (2023) (and preceding papers) we argued that such
regions could be the remnants of large convective cells, which
left the stars as part of the stellar winds. Having reached the H,O
maser shell they may have been inflated to sizes comparable to
the width of the maser shells. They may provide the shell sectors
with improved maser excitation conditions, in which clouds pass-
ing through are preferentially excited. Observationally it would
lead to an asymmetric spatial maser distribution within an oth-
erwise spherical symmetric H,O maser shell. If the presence of
(sub)stellar companions plays a major role in shaping the stellar
winds (Decin et al. 2020; Gottlieb et al. 2022), their influence
on the velocity field may be another factor to create long-living
regions with improved excitation conditions. These regions could
be in parts of the shell relatively far from companions, where the
stellar wind is less disturbed. Lifetimes of the long-living regions
would probably be of the order of the crossing time of material
through the shell or of the orbital periods of the companions.

While the spherical H,O maser shell is a persistent feature
with some variations of its boundaries, the maser clouds are a
transient phenomenon with a lifetime of a few years. The regions,
in which favourable excitation conditions for H,O maser emission
occur, are intermediate in the sense that they are part of the H,O
maser shell, but not lasting. They have long but limited lifetimes,
because of the inhomogeneity of the stellar wind. Over time, such
regions where maser clouds pass through are created at different
locations within the shell.

6.5. HoO maser luminosities

In Table 5, we give luminosity information on U Her and RR Aq],
as well as those of the four SRVs treated in Paper I and II. For the
details of how the luminosities were derived, we refer to Paper 1.
In Col. 4, we give L;l{pzo, the potential maximum H,O maser
luminosity derived from the upper envelope, which represents
the maximum output which the source could produce if all the
velocity components we observe were to emit at their maximum
level, at the same time and equally in all directions. The table
also lists characteristic levels (high, mean, and low) of maser
brightnesses, as given by integrated flux densities S (tot) in Jy
kms~! (Cols. 5,7,9) and corresponding maser luminosities L, in
photons per second (Cols. 6,8,10). The brightness of the mean

level is the median of all integrated flux density measurements
while the high and low level are represented by the median of the
seven highest and lowest integrated flux density measurements,
respectively.

Table 5 shows that the mean maser luminosities of U Her and
RR Aql (as well as L;‘;O) are in the range of luminosities shown
by the SRVs. The ratio between the high and low level of the
two Mira variables is 15-20, which is slightly higher than for the
four SRVs with ratios >6-16 (>35-45 between LUHZO and the low
levels of L, compared to >25-55 of the SRVs).

As in Paper II, we compared the H,O maser photon lumi-
nosities with the bolometric luminosities and mass-loss rates of
the stars. The bolometric luminosities Ly, (Col. 11) were deter-
mined from bolometric fluxes, as described in Jiménez-Esteban &
Engels (2015), and the distances listed in Table 5. The mass-loss
rates M (Col. 12) were taken from Loup et al. (1993) (U Her)
and Danilovich et al. (2015) (RR Aql) scaled to the distances
used here. All mass-loss rates come from measurements of the
CO molecular line and are estimated to have an error of a fac-
tor of 3 (=0.5 dex) prior to the uncertainties introduced by the
distances. We note however, that due to a general underestimate
of the terminal stellar wind velocities in the past, these mass-
loss rates could be systematically underestimated (Gottlieb et al.
2022). The results are listed together with those of the SRVs (see
Paper II) in the last two columns of Table 5.

We find that the two Mira variables have stellar luminosities
and mass-loss rates within the range shown by the SRVs. Not
surprisingly also the H,O maser photon luminosities fit well
within the range of those of the SRVs. The stars selected by us for
H,0 maser monitoring all showed apparently bright masers since
their discovery. Except for SV Peg, all of them appear among
the 10% brightest galactic H,O masers in late-type stars known
by the year 2000 on the sky north of 6 > —30° (Valdettaro et al.
2001). Besides a few Red Supergiants this list of late-type stars is
composed of optically bright Mira and SR variables. It is therefore
obvious that the stars from our monitoring program represent only
the upper end of the photon luminosity distribution of H,O masers
of Mira and SR variables in the solar neighbourhood.

6.6. Constraints on the CSE standard model

The analysis and discussion of the H,O maser properties of U Her
and RR Aql are based on the standard model, which assumes the
presence of a spherical H,O maser shell within a circumstellar
envelope continuously fed by a homogeneous spherically outflow-
ing stellar wind with smoothly increasing velocities. The stellar
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pulsations naturally lead to maser brightness variations and con-
nected with this to variations of the velocity range over which
emission is detected above the sensitivity limit. The boundaries
of the maser shell are, strictly speaking, boundaries for luminous
maser sites, and may change over time due to evolution of the
excitation conditions and changes in beaming directions. The time
coverage of the maser observations since their discovery is still
too short to provide information on the origins of the long-term
variations, but they indicate that there are regions of improved
excitation conditions within the maser shell — as discussed in
Sect. 6.4 — and therefore inhomogeneities in the spherical outflow.

The filling factor of detectable maser clouds within the maser
shell is rather small (Richards et al. 2012) and so asymmetries
seen in maser maps can be due either to accidentally emerging illu-
mination variations, or is another indication that the underlying
stellar wind itself is inhomogeneous. 3D models of the formation
of dust-driven winds in AGB stars by Freytag & Hofner (2023),
indicate that the stellar wind starts clumpy above the photosphere.
It is not clear how much of the clumpiness is still present at the
location of the H,O maser shell (10-30 AU from the star for
SRV and Mira variables), but the related velocity variations of
the wind due to shock waves generated close to the photosphere
may have become negligible at these distances (Bladh et al. 2019).
Smoothly increasing outflow velocities described by a velocity
law with continuous acceleration and approaching a constant out-
flow at large distances, as for example expressed by Eq. (2), may
therefore still be applicable.

However, new observations of several molecular species and
transitions in the CSEs of several AGB stars and RSGs chal-
lenge the validity of such a law (Gottlieb et al. 2022). While
these authors observe an overall increase of outflow veloci-
ties with radial distances, the scatter is not compatible with a
smooth velocity law. The scatter is ascribed to the presence of
a (sub)stellar companion which disturbs the velocity field. In
addition, they find that the final expansion velocities are up to
a factor of two higher than previously adopted. For U Her this
is Vexp = 19.7 kms™" compared to 13.1 kms™" as adopted by us
(Table 1). RR Aql was not observed. Their outflow velocity law for
UHeris V(r) = Vo + (Vexp — Vo) - (1 = ro/r)P, where ry = 2.6 R,
Vo ~4.4kms™! and 8 = 2.00 + 0.54. Parameter r is the dust con-
densation radius, where the wind starts, and Vj is the velocity at
this radius. This law is considered an approximation and is given
for distances in the CSE between ~2.6 and 500 R, (~4—700 AU).

Adopting this law in our model of the H;O maser shell
(Sect. 4.3), the larger final expansion velocity leads to an increase
of the acceleration in particular in the inner shell, where the H,O
masers are located. For example at radial distance r = 18 AU the
increase is from 0.5 to 1 kms~'yr~!. Correspondingly the cross-
ing time and the lifetimes derived for individual maser clouds are
decreased by a factor of ~1.8.

As long as acceleration is present in the H,O maser shell, the
absence of velocity drifts of the H,O maser spectral components
constrains the lifetimes of the maser emitting clouds. A lifetime
larger than the monitoring period of 22 yr, would require a rather
small acceleration a < 0.023/sin6 kms~'yr™! to avoid shifts
in Vigs |AVies| > 0.5 kms™! (see Sect. 4.5.1). This would need
almost a suspension of the acceleration within the H,O maser
shell (i.e. a step-wise increase of the velocity curve as discussed
by Decin et al. (2015) in the case of the carbon star IRC+10216)
or an approach to the final expansion velocity already at the inner
maser shell radius. We adopted the latter explanation for the
SRV RT Vir, where we observed a maser feature showing a con-
stant velocity within <0.06 kms™! over 7.5 yr. We suggested the
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maser-emitting cloud to move in the outer part of the shell, where
the final expansion velocity could have been reached already. The
alternative, maser clouds with short lifetimes created again and
again, was considered as less likely because of the very small
velocity scatter (Paper II).

So far, a step-wise increase of the velocity curve has not
been considered to explain the observed velocities in the H,O
maser shell. The model presented in Sect. 4.3 for U Her is strictly
constrained only by the outflow velocity Vo, = 9.6 kms™' at a
radial distance of 23.9 AU. Forcing the adopted velocity law to
start at the photosphere (ry = 1.4 AU, Vy = 0 kms™') is a rather
coarse assumption given that in U Her’s CSE, H,O line emission
from the (0,2,0) 65, — 743 transition at 268 GHz line was detected
over a velocity range —24.2 to —4.5 km s™! by Baudry et al. (2023)
within a projected distance of ~3.2 AU from the centre of the
star. This implies gas motions with outflow and infall of up to 10
kms~! in the inner shell, and a smooth velocity law may not be
applicable within several stellar radii from the star.

In principle, the outflow velocity could reach Vi, = 9.6
kms~! at the inner maser shell boundary, stay constant up to
the outer maser shell boundary, and increase further beyond. In
the case of a step-wise increase of the velocity curve, a section
with constant velocity of 9.6 km s~ will have improved velocity
coherence, and naturally delineate the shell, where H,O maser
emission preferentially occurs. The boundaries at ~5 and ~30 AU
would be determined by the loss of velocity coherence outside the
section with constant outflow velocity. However, marginal accel-
eration would favour radial amplification paths and one would
expect double-peaked maser profiles strongest close to £V (in
our case +9.6 kms™') as seen for 1612 MHz OH masers, which
are excited at much larger distances from the star, where the out-
flow velocity also in the standard model is almost constant. This
is however not observed, as H,O maser profiles of SR- and Mira
variables generally peak close to the stellar velocity (Takaba et al.
1994), meaning that tangential maser amplifications paths are pre-
ferred to radial ones. Richards et al. (2012) also argue against an
absence of acceleration within the H,O maser shell, as they found
that in the shells of all observed AGB and RSG stars the outflow
velocity increases by a factor of two. Following the numerous
indications that the velocity field of the stellar winds is likely
disturbed over a great part of the CSE, we therefore consider an
almost constant velocity over several AU delineating the H,O
maser shell unlikely.

7. Conclusions

We analysed the properties of the H,O maser emission of two
Mira variables U Her and RR Agql, which both show maser
emission spread in velocity over several kms~!, with usually
bright individual features (>100 Jy). Their masers are among the
strongest H,O masers seen in late-type stars on the sky.

The variability of the maser emission is dominated by regu-
lar brightness variations synchronised with the stellar pulsation.
As generally observed in Mira variables, the maser brightness
variations are delayed relative to the optical variations; in the
case of U Her and RR Aq]l, these delays are two and nearly three
months, respectively. We attribute the cause of this phase-lag to
the influence of absorption by molecular bands on the optical light
curve. Superposed on the regular variations are brightness fluctu-
ations on shorter timescales, which are due to secular variations
of individual spectral components. Also, on longer timescales,
variations are seen of the average brightness level in both stars.
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The brightness levels in the blueshifted and redshifted velocity
ranges show (on these timescales) variations that are independent
from each other. This indicates that the stellar wind is inhomoge-
neous, which leads to varying excitation conditions in the front
and rear cap of the H,O maser shell. This change in excitation
conditions can lead to a completely different spectral profile,
where in the case of U Her the usually dominating profile peak
at —15 kms™! was exceeded for 1.5 yr by peaks at < —18 kms™!
(°1991/1992 peculiar phase’). Apart from that, the H,O maser
variability patterns of U Her and RR Aql are remarkably similar.

Based on our VLA observations 1990-1992, we find that the
H,O masers of UHer were located in a spherical shell with a
size of 11-25 AU. Additional weak maser emission was found
inside and outside these boundaries. Comparing this result with
interferometric observations from the literature obtained at other
epochs shows some variations of the size, but in general the
strongest emission comes from radial distances of ~15-20 AU.
With a radius of ~21 AU reported for RR Aql’s H,O maser shell,
also the shell dimensions corroborate the similarity of the H,O
maser properties between U Her and RR Aql.

The absence of velocity drifts is strong evidence in favour
of short lifetimes of maser clouds (about <4 yr). The location
of the main emission features of U Her in the same part of the
H,0 maser shell over at least 6.5 yr and the regular reappearance
of emission at the same velocity (see component K in U Her)
support the idea of there being long-living regions or sections of
the maser shell with favourable excitation conditions, which last
over timescales longer than the stellar period and the lifetime of
individual maser clouds.

The H,O maser luminosities of the two Mira variables are
within the range of luminosities derived in Paper I and II for
SRVs. These objects have variation properties that are very sim-
ilar to those of SRVs, except for their periodic variations as a
consequence of the stellar pulsation (via pumping variations).

Variability is present on several timescales, meaning that the
conclusions drawn from our monitoring program — lasting more
than two decades — are strictly only valid for the scales covered.
For U Her, the length of the monitoring program is about twice
the time needed for the stellar wind to cross the H,O maser shell.
Variations in the mass-loss rates on longer timescales (hundreds
to thousands of years) may lead to a loss of U Her’s and RR Aql’s
prominent status among the strongest circumstellar H,O masers
observed from Earth; they may even join the much larger group
of Mira variables that are currently not detected with H,O masers,
while in other Mira variables H,O maser emission may brighten
and/or be beamed into our line of sight.

As the validity of a smooth acceleration of the stellar wind
was recently brought into question, the use of H,O masers to
trace the velocity field of the inner wind region of AGB stars
(r £ 20 R,) should gain importance.
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Appendix A: U Her spectral line fitting results

The maser features identified between 1987 and 2015 in the indi-
vidual spectra are listed in Tables A.1 and A.2, where they were
assigned to different spectral components separated through Gaus-
sian fits. For each spectrum we give the Gregorian and Julian
dates, its rms noise level in Jansky, the integrated flux densities
S (tot) in Jy kms™!, the phase of the optical light curve ¢y, and the
velocity (V},) and peak flux density (S ,) for each component. Flux
density values marked by ‘" and upper limits were measured with
the cursor on the computer screen. Velocity values marked by ‘:’
are uncertain. ¢s was calculated for each observing date using
the optical period and a reference epoch for the optical maxima
TIDax (.. s = 0), as given in Table 1. In the following we
discuss in detail the variations in flux density and velocity of the
spectral components, for the main velocity ranges discussed in
the main body of the paper.

Appendix A.1: The Vi,s < —18 kms™! velocity range

The most blueshifted emission observed by us in 1987 — 2015
was detected at —23.8 kms™! in the Oct. 1991 VLA observation
(spatial component A1 in Table 3). The emission was weak (0.4
Jy/beam) and not seen in the single-dish spectra of this epoch.
Emission at velocities < —22 kms™! was seen in the single-dish
spectra only occasionally and was blended with the stronger spec-
tral component B. The most blueshifted emission detected in
Effelsberg and Medicina was seen in 1995 with a peak at —22
kms~'and extending down to —23.3 km s~!, while the star was
increasing its optical brightness (0.7 < ¢, < 1.0). The emission
was on the =1 Jy level. We therefore conclude that in the velocity
range —24 < Vjos < —22 kms™! (the location of a putative spec-
tral component A) maser emission was probably present, although
below our detection limits most of the time.

In addition to this low-level emission we identified three
spectral components B—D at velocities Vi, < —18 kms™!. The
emission in the =22 < V4 < —20 kms™! region (spectral com-
ponent B) was seen only until 1996 and was in general about a
factor of 10-100 weaker than emission at higher velocities. Only
during a very brief period (the ‘1991/1992 peculiar phase’) in
Oct./Nov. 1991 (TJD = 8959) component B (then at —20.6 kms~!)
was the strongest of all spectral components (Fig. 1). The com-
ponent was not detected in May 1991 and declined by a factor of
~ 15 until January 1992.

During the ‘1991/1992 peculiar phase’, emission at —20 <
Vies < =19 kms™! (spectral component C) increased in intensity
after May 1991 (TJD ~ 8400), reached its peak in Jan. 1992 (TJD
~ 8640) and faded to the level seen before and afterwards until
March 1992 (TJD ~ 8700). A similar short dominance was seen
in Sep. 1996 (TJD = 10353), when spectral velocity component
D’ (Vis = —18.8 kms™') was the strongest feature in the profile.
The brightenings seen in spectral components B, C, and D’ lasted
typically 6 to 12 months.

The emission between Vi, = —19 and —18 kms™ was domi-
nated by spectral components D’ (strong in 3/1995 — 2/1997, TID
= 9790 — 10486) and D", which often were difficult to separate in
velocity space. Therefore, Tables A.1 and A.2 usually list only one
of both components depending on the peak velocity provided by
the Gaussian fit, although most probably both components where
present. In February 1992 (TID = 8682; ¢s = 0.97) component
D” reached the strongest flux density (> 300 Jy) ever observed
between 1987 and 2015 for an individual spectral feature. Until
October 1992 it decreased to a level of ~ 10 Jy and remained on
that level until it disappeared after 2001.

1

Appendix A.2: The —18 < Vi, < —16 kms™! velocity range

Often blended with spectral components D”” at —18.3 kms~! and
G’ at —15.5 kms~! the emission in between was almost always
detected. Peak velocities of the Gaussian fits varied between
—17.5 and —16.5 kms~!, indicating that more than a single emis-
sion feature contributed. As these features in general could not be
decomposed, they are listed together in Table A.1 as spectral com-
ponent E. In the interferometric maps 1990 — 1992 we identified
five spatial components E1 — E5 (Table 3).

Appendix A.3: The —16 < Vi, < —14 kms™! velocity range

The dominant H,O maser emission stemmed almost continuously
from velocities —16 < Vjos < —14 kms~!. Within this velocity
range two or more spectral features contributed. Due to the vari-
ations of the relative intensities, the central velocities of the
Gaussian fits drifted. Usually two features could be identified,
which we designated spectral components G” and G’ in Table A.2.
In 1990, at the beginning of the systematic monitoring program
two features with > 200 Jy at —15.3 (G’) and —14.7 (G”") km s~
dominated the profile, with component G” being the stronger
one. This changed after 1991 and lasted until 2006, when again
component G became stronger than G’. This behaviour is the
cause for the apparent curvature of the ridge of the emission in the
FVt-plot (Fig. 2) within the velocity interval —16 < Vs < —14
kms™!. In 2007 — 2011 (TJD 2 14000) the evidence that G’ is a
blend of maser lines is particularly strong, as the peak velocity
varied in the interval —16.0 < V,,; < —14.8 and showed shifts
between the extremes of this interval within four months (August
- December 2007).

Appendix A.4: The Vi, > —14 kms™! velocity range

In this fourth velocity range only weaker emission was present
which was assigned to spectral components I-M in Table A.2.
Spectral component I was centred most of the time at —12.9 + 0.1
kms!. Only between 1993 and 1995 (TJD ~ 8700 — 10200) the
centre was at —13.5 + 0.2 kms~!. After 1995 the component
surpassed the detection limit only close to the maxima of the
stellar lightcurve. The last four years after 2007 (TJD > 14450)
it was not detectable anymore, but reappeared in 2015 during an
optical maximum (Fig. C.1).

In the period 1995 — 2010 (9700 < TJD < 11700) emission
was detected at ~ —11.0 kms~! (component K), often at phases
when also component I was detected and similar in strength
(Fig. 2). At velocities ~ —10 kms™!, in 1990/1991 (TID < 8400)
emission with flux densities of a few Jansky was present at —10.2
kms~!. Later in a short phase of about 6 months in 2009/2010
emission was detected at at —9.7 kms~' (Table A.2). Due to their
proximity in velocity we assigned to them a common spectral
component L. Components I, K and L are responsible for the
distinguished feature in the FVt-plot (Fig. 2) at ~ —10 kms™! at
TID ~ 15100 — 15300.

Also seen for only a few months (Oct. 1990 — May 1991;
Table A.2) was spectral component M, the most redshifted
component in the H,O maser profile. It appeared at ~ —8 kms™!
with flux densities ~1 Jy and is marginally visible at TID ~ 8300
in the FVt-plot (Fig. 2).
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Appendix B: RR Agl spectral line fitting results

The maser features identified between 1987 and 2015 in individual
spectra are listed in Table B.1, where they were assigned to five
different spectral components labeled A—E. The corresponding
Gaussian fits were made using the original spectral resolution of
the individual spectra. The meaning of the columns in Table B.1
are as in Tables A.1 and A.2. In the following we discuss the
variations in flux density and velocity of the spectral components.

Appendix B.1: The Vi, < 28 kms™! velocity range

The spectral component, which was almost always detectable in
this velocity range is component A centred on Vo = 27 kms™!.
It could be identified during the entire monitoring period 1990
— 2011, except for a few months in 2005 and 2007. During these
months emission was present at this velocity, but was too weak
to be identified by the Gaussian fitting procedure as a separate
maser feature. The same applies for 2015, when the velocity of
component A was within the blue wing of the maser profile.
Component A occasionally became the strongest feature in the
spectral profile. If it reached high brightness levels (>150 Jy), this
occurred usually around the maximum of the visual light curve
0.0<¢,<0.3.

Between 1990 and the beginning of 1994 spectral component
B, centred on Vjos = 28 kms™!, was the strongest component
in the profiles (see the 1991 spectrum in Fig. 14). With bright-
ness levels surpassing 400 Jy (0.2 < ¢s < 0.4), it reached also
the highest brightness among all spectral components between
1987 and 2015. In 1994, emission at this velocity became weaker.
After March 1995, blending by the neighbouring spectral compo-
nents A and C became so severe that component B could not be
identified unambiguously with the Gaussian fitting procedure any-
more. After the observing gap 2011 — 2015 component B was the
dominating spectral component again, but with a slightly higher
velocity of Vjos = 28.5 kms!.

At velocities Vios < 27 kms™! the emission was always a
factor of > 10 weaker than spectral components A or B. No
convincing spectral components covering more than a few spectra
could be identified with the Gaussian fitting procedure.

Appendix B.2: The 28 < Vj,s < 30 kms™! velocity range

This velocity range includes the stellar radial velocity V, = 28.5
kms~! (see Table 1). The prominent feature in this velocity
range is spectral component C at Vi, = 29 kms~!. It was always
present, even in 2015, when the emission at 29 km s~ was blended
with the single feature seen at Vjo, = 28.5 kms™! and which we
assigned to spectral component B. Component C was the strongest
feature in the years 2000-2009. In 2010 and 2011 it had a similar
brightness as component A, resulting sometimes in characteristic
double-peaked profiles (cf. in Fig. C.2).

For about a year in 1994/1995 we could identify a component
with the Gaussian fits with a velocity of Viss = 29.8 kms~!. This
component D is blended at other times with the stronger com-
ponents C and E. Although emission is always present at this
velocity, a separate feature could not be identified unambiguously
with the Gaussian fit procedure. Component D is therefore similar
to component B. When they are significantly weaker than their
neighbouring components (or maybe even absent) they could not
be identified due to blending in velocity space.
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Appendix B.3: The Vi, 2 30 kms™! velocity range

Velocities Vs > 30 kms™! are represented by component E at
Vies = 30.5 kms~!. In general the emission is significantly weaker
than those of spectral components A, B, and C. In only one
occasion component E was found to be the strongest: In our
first (isolated) spectrum taken 12.6.1987 and reported also by
Comoretto et al. (1990), this feature reached a peak flux density
~ 60 Jy. The maximum brightness observed during the whole
monitoring time was in December 2004 / January 2005 with a
flux density ~65 Jy. This indicates that in 1987 the other com-
ponents were unusually weak, rather than that component E was
particularly bright. The component E emission is prominent in the
FVt-plot and could be identified with the Gaussian fit procedure
mostly at phases after the visual maximum, when the star was
bright. After May 2009 and including 2015, the spectral compo-
nent disappeared from the spectra, except between March and
May 2010 and in September/October 2015 (at phase ¢s = 0.0+ 0.1
in both cases), when emission < 5 Jy was observed at its velocity.
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Appendix C: all maser spectra

In this section we show all H,O maser spectra of our targets.
There are more spectra here than in the FVt-plots, because in
those plots (apart from having averaged spectra taken within 4
days from one another) we have tried to avoid large gaps between

observations, in order not to have to interpolate over large time
intervals.
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Fig. C.1. All H,O maser spectra of U Her. The observing date (top left) and TJD (top right) are indicated for each spectrum.

A251, page 41 of 53



02—NOV—-1991

Winnberg, A., et al.: A&A, 686, A251 (2024)

@
w\
D
N

11-JAN—-1992

18—JAN—-1992

60

40

20

\H‘H\‘H\‘\H

\\\‘\\\‘\\\‘\\l

100

50

8632
T

200

150

100

50

HH‘HH‘HH‘\HW

8639
T

HH‘HH‘HH‘\HH

29-FEB-1992

18—APR—-1992

(0]
~l
o
© o

00T T T T,

200

100

HH‘HH‘HH‘HI

HH‘HH‘HH‘H}

23-0CT—-1992

05-JUL—-1992
T T

60

40

20

\\\‘\\\‘\\\L

\\\‘\\\‘\\\l

|

©
o
W

20—APR—1993

©
1O

[¢e)

~N o

HH‘HH‘HH‘H\H

1

30 —

20

HH‘HH‘HH}

|

o

03—NOV—-1993

©

N
1w

> o

©
N
o

H\‘HH‘HH‘H

60

40

20

\\\‘\\\‘\\\‘l

Fig. C.1. Continued.

A251, page 42 of 53




Winnberg, A., et al.: A&A, 686, A251 (2024)

08—SEP-1994 9603 28—0CT—1994 9653 18—JAN—1995
LI L PO B B O A B LI L PO B B I B B 40 L

O
N
W
(&)

60 60

30

40 40

20

20

\\\‘\\\‘\\\‘\I
\\\‘\\\‘\\\‘\l
\\\‘\\\‘\\\‘\I
\\\‘\\\‘\\\‘\l
HH‘HH‘HH‘H\W

HH‘HH‘HH‘HH}

|
&
o
|
N
o
|
o
o
|
[
o
|
N
o
|
o
o

27-MAR-1995
LI N R Y O O

[{e)
o
S
x

\\\‘\\\‘\\\‘l

03—JUN—-1995
WOO*\\\\‘\\\\‘\\

50 —

\\\‘\\\‘\\\‘I

o
|
W
o

17—-SEP-1995
T T

©
_|©
~
~

\\\\‘\\\\‘\\l

23—JAN—1996 10105
T T T

60

40

20

\\\\‘\\\\‘\\I

H\‘\H‘H\‘\\I

0
N
%\ -30 -20 -10 0
—
01-MAR-1986 10143 26—SEP—-1996 10352
L L L PO B LI B B L L O B L B

30
60

20
40

20

HH‘HH‘HH‘H

\\\‘\\\‘\\\‘\\I

-30 -20 -10 Q

12—MAR—-1997 10519 14—MAR—-1997 10521

T 1T 1T T ‘ T T T ‘ T T T7 80 T T T 1 ‘ T T T ‘ T T T

60 — 60 ; {

40 40 -

20 — 20 [— ]

0 [ 0k ]

-30 -30 Q
23—-0CT—1997 1

o
I
~
IS

40 = = u ]
E i 201 7

30 = = C ]

20 = 4 10 -]

10 = — C :

ok Jd o

-30 -20 -10 0o -30 -20 -10 0

Fig. C.1. Continued.

A251, page 43 of 53



60

100

50

80
60

40

Fig. C.1. Continued.

A251, page 44 of 53

Winnberg, A., et al.: A&A, 686, A251 (2024)

15—-DEC-1997 10797 16—DEC-1997 10798 29—-JAN—1998 10842
1T T T 1T T 1T T T T T 1T T T 1T T FrT1 1T 1T 13
| | o | 3
40 — -
20 = ]
ok ]
30 -20 -10 0 -30 -20 6]
20—MAR—-1998 10892 07—-APR—1998 10910 11-MAY—-1998 10944
I R A A L go T T T T[] T 1] [T 11 ]
60 [ — ]
40 [— — J
20 [— 3 —
0 i
-30 0 -30 -20 -10 6]
12—DEC—-1998 11159 19—JAN—-1999 11197 18—MAR—1999 11255
T FTr oo L —— L B — T T
60 — ] 60 [ 1
40 — ] 40 [ 1
20 — — 20 — .
| 0 - . 0 - [ .
30 —-20 —-10 0 —-30 —-20 0 -30 6]
12—MAY—-1999 11310 31-JUL—-1999 11390 29-0CT—-1999 11480
T T
28—DEC—-1999 11540 15—JAN-2000 11558 05—-APR—-2000 11639
1 150 =1 1T T 1 [T T 1 FTrr o ‘ T T
F 1 150 —
100 — £ .
- 4 100 -
50 [— 4 C 3
C 1 S0 =
0 41 ok 4
-30 6]
11844

27-0CT-2000
L I O PO B B I

\H‘\H‘H\‘H\‘I

1|

27-JAN—2001
T 11




Winnberg, A., et al.: A&A, 686, A251 (2024)

80 19—-APR-2001 12018 03—-MAY—-2001 12032 19—-SEP-2001 12171
CT T T T T T Fror o7 T L B T
C ] 60 — —
60 — — C 7
C ] 40 |— ]
40— - r 7
20 4 0 .
0 I o O 1]
g =
-30 0 —-30 -20 -10 0
24—-0CT-2001 12206 28—-JAN—-2002 12302 20—MAR—-2002 12353
B I o L P B Y B B T T [T T 1 1]
C 20 [ ]
20 |— L ]
r 10 [— —
10 - = .
0 oW Y
kil B [ B i
—-30 -20 -10 0 -30 —-20 -10 6]
24—APR—-2002 12388 20—-JUN—-2002 12445 60 26—JUN—2002 12451
CT T T T T T FT T 1T L ——— T T T T T T L |
: | 1 wb | \ [ | \ 7
50 - =
e 4 40—
20 - = C
oF 3 =
0 L
- O oot | LT
>
e
~—
L

19—NOV—-2003

N
O
()]
N

14—JAN-2003
T T
40 — !

80*““‘

N
o
H\‘\H‘\H‘H\

\H‘\H‘\H‘H\l

11-MAY—2004

28—JAN—2004
T T

T T
30

20

Fig. C.1. Continued.

A251, page 45 of 53



Winnberg, A., et al.: A&A, 686, A251 (2024)

18—-JUN-2004 13174 17-SEP-2004 13265 18—-DEC-2004 13357
T 1T 71771 ‘ 1T T T 1T T T 40 1T T T ‘ 1T T 1T T T ] £ 1T T T ‘ T T T 1T T T 3
C ] C q 30— —
30 =y = 3 - ]
E . E 3 20 —
20 - 20 . E 3
E E = | 10 — |
10 — 10 — = .
E ] E 3 o0
0 0 | |
C - | i S N | I I I .. |
=30 -20 -10 0 -30 -20 -10 0 -30 -20 -10 0
12—JAN-2005 13382 15—-FEB—-2005 13416 13—-APR—-2005 13473
ET T T 1 T T 1 T T T4 [ T T 1 T T T4 T T 1 T T 1 T T T
F \ \ 1 L F \ \ B \ \ ]
30— = C 1 30 -
20 ; —: 20 C ] 20 ;
10 :— —: 10 ; { 10 |
0 B 0 2 0
ST SRS B R Cl1 11 T T N
=30 -20 -10 0 -30 -20 -10 0 -30 -20 -10 0
21—-JUN—-2005 13542 3562 23—N0OV—-2005 13697

11-JUL-2005 1
FT 1T T ‘ T

40 £

20 30

20

HH‘\H\‘\\H}
HH‘HH‘HH
HH‘HH‘HH}X

HH‘HH‘HH‘HH}

0
0
/; = Eov oo b o ey gy
) 0 -30 -20 -10 0 -30 -20 -10 Q
N—
14—-FEB—-2006 13780 07—-APR-2006
L LI B PO B B BB B L I A B

T

30— - -
r 1 20F
20 |- — »
F 1 10
10 3 -
oI 1 o

-30
17-0CT—2006 14025
T 1T 17T I T T T4
60 [— ‘ —
40 [— -
20 I— _
F ]
-30 -20 0 -30 -20 -10 0
17—JAN=2007 14117 23—FEB—2007 14154 10—APR—2007 14200
ET 17 1771 T T T T T T3 FT 1T 171 T T T T T T4 T T T T T T T T |
30 - \ \ E F \ \ b \ \ 3
C 7 20 — — 30 ;
20 [ - C a =
C ] - -4 20 -
C 1 9 - a
10— = = 4 10 —
0 i B 0
L1 1 1 ‘ L1 1 1 ‘ L1 1 1 I I I | ‘ L1 1 1 ‘ I I s
-30 -20 -10 0 -30 -20 -10 0 -30 -20 -10 0
\/\09 <km/8)

Fig. C.1. Continued.

A251, page 46 of 53



Winnberg, A., et al.: A&A, 686, A251 (2024)

24-JUL-2007

24—-AUG—-2007

14336

28—-JUN-2007 14279
T

50*“““‘

40

20

L

0
-30 -20 -10 0
15-0CT—2007 14388
FT 1T 17T ‘ I T ‘ 1T T T3
80 | -
60 [— —
= -
20 —
ok 7
-30 0
29—JAN-2008 14494 31—MAR—2008 14556 13—MAY—2008 14599
ET 1T 7171 ‘ 1T T T ‘ 1T T T FT 1 7T ‘ 1T T T ‘ I 173 FT 17 7T ‘ T 1 ‘ 1T T T3
60 g eo |- f
40 B T, —
20 - ] 20 . 7
= 5 =
= -30 0 -30 -20 -10 0
N—
19—JUN—2008 14636 15-JUL—2008 14662
LL 4Q T T T ‘ T T T ‘ T T T T T T ‘ T T T ‘ T T

30

20

H\‘HH‘HH‘H\W
HH‘HH‘HH‘H\H

20

\\\\‘\\\\‘\T

0 0
- I I I | ‘ L1 1 1 ‘ 1 L 17
-30 -20 -10 0 =30 -20 —-10 0
03—APR—2009 14924 13—MAY—2009 14964 23—SEP—2009 15097
CT 1T T ‘ T T T ‘ T T T3 F T T T ‘ T T T ‘ I T 7 T T T ‘ 1T ‘ T T 1T
30 = 4 30 EF — .
C J F 3 10 1
20 — =0 20 — ]
r 7 E 3 s —
10 — - 10 — — ]
ok 4 op 5 0
-30 -20 -10 0 =30 -20 —-10 0 =30 -20 -10 0
17—NOV—2009 15152 09—-DEC—2009 15174 19—JAN—2010 15215
T 1T 1T ‘ T T T ‘ T T T CT 1T 1T ‘ T T T ‘ I 1] 40 T T T 1 ‘ I I ‘ T T T
L 4 30— — E -
20 — — C 7 C =
C . F 4 S0 =
L 1 20 — — C ]
10 — _ - 4 20 = =
L 4 10 — C -
- . C J 10 -
0 W o ] = 3
L1 1 1 ‘ L1 1 1 ‘ L1 1 1 0
-30 -20 -10 0 =30 -20 —-10 0 =30 0
\/\09 <km/8>

Fig. C.1. Continued.

A251, page 47 of 53



Winnberg, A., et al.: A&A, 686, A251 (2024)

02—-MAR-2010 15257 07—-APR-2010 15293 12—MAY—-2010 15328
O =T 717 ‘ ‘ T T LI B L B T L B ‘ T
" J 30 r ]
C ] 40 — |
20 — — L |
10 = . 20 — —
0 P | | [ O o) | i
—-30 —-20 =10 0 —-30 —-20 -10 0 —-30 —-20 —-10 0
08—-DEC—-2010 15538 22—-FEB—2011 15614 20—MAR—-2011 15640
T ‘ T L B B B B T T
15 20 — —
15 —
10 —
5 =
Q
%\ I L1 I L1
N —-30 -20 -10 0 —-30 -20 —-10 0
L 24—FEB—-2015 17077 27—-MAY—-2015 17169 06—-JUL-2015 17209
gO T T T T { T 150 7171 [T T, 1 T BOFT T T T 1 { T
C i C 1 60 ]
60 |- 31 100 [~ — r N
40 - - C 1 40 —]
r 1 50 — r ]
20 [ — C 1 20 -]
0 i T O Py 11 1 1 O P17 1 T
-30 —-20 -10 0 —-30 -20 -10 0 —-30 —-20 —-10 0
08—-SEP-2015 17273 12-0CT-2015 17307
T ‘ T L O T
60 — — | |
40 — ] - -
- - 50 — —
20 I— ] - -
0 171 I O =111 T 11 I i
-30 —-20 -10 0 —-30 -20 -10 0
\/\os <km/8>

Fig. C.1. Continued.

A251, page 48 of 53



Winnberg, A., et al.: A&A, 686, A251 (2024)

12—-JUN-1987 6958 17-FEB-1990
I L P B B B B B L

~
«©
(]
«©

24—APR-1990
L L

@
o
(@]
(@]

60 30 30

40 20

20

-] 20

0 3
| —10 B 1 ‘ [ | ‘ [ | ‘ |
20 30 40 20 30 40 20 30 40
21-0CT—1990 8185 24—-0CT—-1990 8188 19—JAN—-1991 8275
4O T [ T 11 [T T T T T4 8OFT T 1T [T T T 1111 T T L
- = C - 100 — —
30 3 e — =
20 |- S s - 50
10 - 4 20 =
0k 4 °F 0
20 30 40 20 30 40
01-MAY—-1991 8377 06—MAY—1991 8382 25-0CT—-1991 8554
T ‘ 1T T 7 ‘ 1T T T ‘ [ 80 T ‘ 1T T 7 ‘ 1T T 1 ‘ I/ 300 =T ‘ 1T T 7 ‘ 1T T T ‘ T
200 — - r ]
150 — 60 T 200 ]
100 4 % = E ]
1 20 4 100~ -
50 — n L -
4 o F -
—~ 0 0
j>\ 20 30 40 20 30 40
~—
18—JAN—-1992 8639 29—-FEB-1992 8681
LL :\ T ‘ 1T T 7 ‘ 1T T T ‘ T \: 300 i T ‘ 1T T 7 ‘ 1T T 1 ‘ T :
o 1 E 1 100
C ] 200 —
200 — — C 1 50
[ - 100 — —
- - C ] 0
O t—r+T1771 | T T T T Ofr—T+tT1771 . e e B s
20 30 40 20 30 40
02—-SEP—-1992 8867 16—0CT—1992 8911
O T[T T T [T T T T[T 20FT [T 1T T[T TTT]TH
150 = 150 —
100 — — 100 |~ —
50 [— - 50— =
0tr+tr717% 1 rrrrtrd 0
20 30 40 20 30 40
22—-DEC—-1992 8978 26—JAN—-1993 9013 40 21—APR—-1993 9098
= T I B L [T T T T 14
400 = — =
c = 30 —
300 — ]
E ] 20 -
200 - = 3
= = 10 —
100 — = 3
E = 0
Otr—r T | I

\/\os <km/8>

Fig. C.2. All H,O maser spectra of RR Aql. The observing date (top left) and TID (top right) are indicated for each spectrum.
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