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ABSTRACT

Context. Some Miras (long-period variables in late evolutionary stages) have meandering pulsation periods and light-curve asymme-
tries, the causes of which are still unclear.

Aims. We aim to better understand the origin of meandering periods and light-curve asymmetries by investigating a sample of Miras
in the solar neighbourhood. We characterised this group of stars and related their variability characteristics to other stellar parameters.
Methods. We analysed observations from several databases to obtain light curves with maximum time span and temporal coverage for
a sample of 548 Miras. We determined their pulsation-period evolution over a time span of many decades, searched for changes in the
periods, and determined the amplitude of the period change. We also analysed the Fourier spectra with respect to possible secondary
frequency maxima. The sample was divided into two groups with respect to the presence of light-curve asymmetries (‘bumps’). In-
frared colours and indicators of the third dredge-up were collected to study the mass loss and deep mixing properties of the stars of
our sample.

Results. Our analysis reveals one new star, T Lyn, with a continuously changing period. The group of Miras with meandering period
changes is exclusively made up of M-type stars. The Fourier spectra of the meandering-period Miras have no prominent additional
peaks, suggesting that additional pulsation modes are not the cause of the meandering periods. We confirm that light-curve bumps are
more common among S and C Miras and show, for the first time, that Miras with such bumps have lower mass-loss rates than those
with regular, symmetric light curves. Also, Miras with meandering period changes have relatively little mass loss.

Conclusions. We conclude that Miras with strongly changing periods (including meandering periods) or asymmetries in their light
curves have relatively low dust mass-loss rates. Meandering period changes and light-curve asymmetries could be connected to He-

shell flashes and third dredge-up episodes.
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1. Introduction

Mira stars are long-period variables in the asymptotic giant
branch (AGB) phase of stellar evolution. They are characterised
by large-amplitude variation (AV > 2™5) in their luminosity and
pulsation periods of P~100—1000d. Most Miras have periods
that are stable over time spans of decades or even centuries. Nev-
ertheless, some stars experience significant changes in the pulsa-
tion period. Miras with changing pulsation periods were divided
into three different groups by Zijlstra & Bedding (2002):

Those that display continuous period changes (CPCs), show
a continuous and prolonged increase or decrease in the period
over time and no evidence of epochs with stable periods. Only
~1%—-2% of Mira-type variables show CPCs. Highlights are
the period changes observed in R Aql, R Hya, and W Dra of
AP/P ~ 15% or more (Wood & Zarro 1981). Miras that exhibit
sudden period changes (SPCs) show a sudden and rapid period
change after a relatively long phase of stable pulsation period,
with a total variation similar to the CPCs but reached in a
much shorter time. For example, the period changes observed

* Full Table B.1 is only available at the CDS via anonymous
ftp to cdsarc.cds.unistra.fr (130.79.128.5) or via https://
cdsarc.cds.unistra. fr/viz-bin/cat/J/A+A/672/A165

in T UMi (Gal & Szatmary 1995), R Cen (Hawkins et al. 2001),
and RU Vul (Uttenthaler et al. 2016a) are noteworthy. Also this
type of period variation is observed in only ~1%—-2% of Mira-
type stars. Finally, Miras that show meandering period changes
(MPCs) have periods going up and down by up to ~10% of
the average period on timescales of a few decades. The rate of
change is comparable to the other two groups, but the total period
change is in general slightly smaller than in the other two classes.
For example, the variations observed in S Ori amount to ~9%
of its average period (Merchan Benitez & Jurado Vargas 2002).
The fraction of observed Mira stars that undergo MPCs is higher
than those that undergo CPCs and SPCs, namely of around 10%.
This fraction is of the order of 15% if only stars with periods
P > 400d are considered.

Several hypotheses have been put forward to explain these
period changes. Most importantly, violent ignitions of the He-
burning shells called thermal pulses (TPs) are expected to have
an important impact on the stellar structure and therefore on
the pulsation period of the outer envelope. When a TP sets
in, the star shrinks significantly, and its pulsation period short-
ens. As this is predicted to happen within a few decades, it
is thought that the onset of a TP may explain the SPC class
of Miras with strongly decreasing periods. From theoretical
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considerations (Wood & Zarro 1981), it is expected that ~1% of
Miras undergo this phase in the TP cycle at any one time. At
later phases of the TP cycle, the changes in stellar radius and
therefore pulsation period become slower, and so the CPC class
of Miras may also be explained as a result of a TP.

From an observational point of view, stars undergoing TPs
can be distinguished based on nucleosynthesis products such as
radioactive technetium (Tc) and '>C mixed to the stellar sur-
face in deep-mixing events called the third dredge-up (3DUP).
A 3DUP event may occur several hundred years after the TP
ignition (Herwig 2005), and Tc can be detected in optical stel-
lar spectra (Little et al. 1987; Uttenthaler et al. 2011). However,
the absence of Tc does not necessarily mean the absence of TPs
because they may not yet have become powerful enough to drive
3DUP in their aftermath.

Templeton et al. (2005) analysed decades-long light curves
of Mira-type variables, finding that only ~10% showed signif-
icant period variations on timescales of decades. Among them,
only eight (~1.6%) showed highly significant monotonic period
changes, a fraction consistent with that expected for stars in
the early post-TP phase, where the models predict the largest
period change. The rest of the stars with significant but non-
monotonic period changes belong to the MPC group in the
Zijlstra & Bedding (2002) classification.

The physical mechanism to account for these MPCs is
unclear, but various theories have been put forward in recent
decades. Templeton et al. (2005) speculate that MPCs might
also be related to TPs, although the timescales of these varia-
tions (several decades) are much shorter than those predicted for
global changes induced directly by a TP. Ostlie & Cox (1986)
worked with several AGB model stars in the mass range of
0.8-2.0 M, and obtained Kelvin-Helmholtz cooling timescales
Tky of between 6 and 200 yr. The timescales observed in the
MPCs are therefore similar to the Kelvin-Helmholtz cooling
timescale of the envelopes of solar-like stars. Therefore, these
shorter period variations may be thermal relaxation oscillations
in response to the global changes caused by a TP. Another expla-
nation, in this case non-evolutionary, is that the pulsations of
Mira variables are intrinsically non-linear by nature and exhibit
low-dimensional chaotic behaviour (Kiss & Szatmary 2002).
Amplitude (not period) variations in the light curve of some
of these stars could be due to the non-linear interaction of two
or more pulsation modes, which is similar to what is found for
RV Tauri stars (Buchler et al. 1996). Another hypothesis is that
the pulsations of Mira-type variables may be strong enough to
modify the stars’ internal structure (Ya’Ari & Tuchman 1996);
they could modify the entropic structure of the star over time,
causing both a change in pulsation mode and a readjustment of
the equilibrium structure.

The shapes of the light curves of Mira variables have
also been studied. Here, the presence of asymmetries such as
so-called ‘bumps’ or ‘humps’ are of particular interest. Classi-
fication systems of Mira light curves have, for example, been
established by Campbell (1925) and Ludendorff (1928). The lat-
ter separated the stars into three main groups (e, 8, and y) and
further divided them into a total of ten subgroups. Vardya (1988)
included an asymmetry factor f in the classification, defined as
the rise time in proportion to the mean pulsation period, and
found that only a fraction of ~20% of the Miras shows sub-
stantial deviations from a symmetric light curve with f < 0.4
or 0.5 < f. Lebzelter (2011) used the parameter )(2, which
is defined as the sum of the squared differences between the
light curve of a star and a sinusoidal reference curve, and found
that ~30% of the sample stars have light curves that signifi-
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cantly deviate from a purely sinusoidal shape. Lebzelter also
found a connection between atmospheric chemistry and light-
curve shape, with a higher fraction of S and C stars with non-
sinusoidal variations compared to M stars. However, no simple
correlation between light-curve shape and various colour indices
was found. On the other hand, Lockwood & Wing (1971) found
that the stars’ spectral types change along the rising and descend-
ing branches, but they do not appear to be directly related to
the asymmetries and bumps observed. These authors determined
that the stellar temperature increases continuously from mini-
mum to maximum light regardless of whether or not there are
bumps. In summary, no clear explanation for light-curve asym-
metries exists to date.

Several papers have focused on CPC and SPC stars, but there
have been very few systematic studies on MPC stars. In this
paper, we analyse the periods and light curves of a sizeable sam-
ple of Miras in the solar neighbourhood, focusing on the MPC
class to shed more light on the origin of this type of period
change. We search multi-decade light curves for period changes,
quantify the amplitude of period change, and inspect informa-
tion on the 3DUP activity and mass loss of the sample stars. The
mass-loss properties of Miras with changing pulsation periods,
particularly the MPC group, have received very little attention in
the literature, with a few exceptions (Zijlstra et al. 2002).

2. Sample stars and data reduction
2.1. Sample selection and data collection

We used the long-term observations collected in four databases
to search for period changes: AAVSO (American Association of
Variable Star Observers), AFOEV (French Association of Vari-
able Star Observers), ASAS (All Sky Automated Survey), and
DASCH (Digital Access to a Sky Century at Harvard). Most data
are visual or V-band observations of the AAVSO and AFOEV.
In these two databases, the visual observations are heteroge-
neous because they are made by a large number of observers
with slightly different ocular responses and observing methods;
they are therefore subsequently subjected to an averaging pro-
cess, which we describe below. On the other hand, the large
amount of observational data collected allows us to obtain long-
term average light curves with good accuracy, reaching, in some
cases, more than 120 yr of observation. The V-band photomet-
ric data collected from the ASAS database stem from observa-
tions obtained by a CCD photometric tracking program at Las
Campanas Observatory, Chile, in the declination range —90° to
+28° between 2000 and 2009. The limiting magnitude is about
14m5, and about 500 observations per star have been collected.
Finally, the historical data in the DASCH database come from an
archive of digitised photographic plates of the Harvard College
Observatory (Laycock et al. 2010) dating back several decades
to over 100 yr. However, the temporal coverage of the ASAS
and DASCH databases alone is too low to analyse the long-
term period evolution. The ASAS database covers intervals of
about ten years, while in the DASCH database, we can find very
old observations but generally very dispersed in time. Therefore,
although they are a great tool to use in combination with the
other databases, they alone do not usually allow a detailed study
of the period changes.

In addition, we used the relatively short-term, high-
cadence ASAS-SN (All-Sky Automated Survey for Super-
novae, Shappee et al. 2014) Catalog of Variable Stars III
(Jayasinghe et al. 2019) to analyse light-curve shapes and search
for asymmetries (Sect. 3.3). For the stars with insufficient
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Fig. 1. Typical examples of period changes found with the VStar
program: Top left: continuous period change (R Aql); Top right:
sudden period change (T UMi); Bottom left: significant meandering
period change (S Ori); Bottom right: non-significant meandering period
change (U UMi).

ASAS-SN observations or those with poorly covered rising
branches of the light curve, we turned to V-band photometric
data from the AAVSO database and ultimately to binned light
curves as described in Sect. 2.2.

We began by reviewing the variables marked as Mira type
in the General Catalog of Variable Stars (GCVS, Samus’ et al.
2017), where we found around 8000 stars. Of these, we dis-
carded those with a full V-band amplitude of less than 2M5
(i.e. those stars not fulfilling the amplitude criterion of Miras),
obtaining a first selection of about 1500 Mira-type variables.
Many of these stars are very faint, and so their light curves
in the AAVSO and AFOEV databases are too sparse to anal-
yse the period evolution. We therefore eliminated these from
our selection by a simple visual inspection of their light curves.
Based on these criteria, our final selection contains 548 Mira-
type variables, of which 472 are M-type, 43 are S-type, and 33
are C-type. Although our sample size is almost identical to that
of Templeton et al. (2005, 547 stars), we have only 465 stars in
common. The largest part of the difference may be explained
by the fact that our time series are augmented by DASCH data
where possible, and our selection criteria do not include stars
such as semi-regular variables or symbiotics.

In these 548 sample stars, we studied the period changes
using the VStar program, which includes the option of per-
forming a time-frequency analysis through the weighted wavelet
z-transform (WWZ; Foster 1996). With this tool, we constructed
plots of the period versus time and determined the full amplitude
of period variations, calculated as the ratio between the observed
amplitude of the period variation and the mean period obtained
by Fourier analysis of the complete data. We then separated the
sample stars with large period changes into the three groups
described in Sect. 1: stars with continuous (CPCs), sudden
(SPCs), and meandering (MPCs) period changes. Figure 1 shows
typical examples of these different types of period changes in
a period vs. time plot. This figure includes two examples of
MPC:s: S Ori as one of the most obvious examples of a Mira with
a period change of greater than 5% (which we refer to below
as significant MPC; see Sect. 4.1), and U UMi, with a period
change of less than 5%. Figure 1 also illustrates the definition of
the full amplitude of period variation calculated for each star.

2.2. Binning and averaging light curves

We focus on those Mira-type variables among the 548 sample
stars that present either significant meandering period changes
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Fig. 2. Combined individual data from different databases. Top panel:
S Ori: visual AAVSO (yellow), V-band AAVSO (blue), and ASAS (red).
Bottom panel: T Cep: visual AAVSO (red) and DASCH (blue).

above 5% or clear asymmetries or bumps in their light curves.
For these latter stars, we collected all available data in the four
databases, seeking the maximum temporal coverage to analyse
their period changes and as much data as possible to analyse
in detail the shape of their light curves (e.g., bumps). All these
observations were subjected to a validation process during which
discrepant data or data with high uncertainty were eliminated.
Subsequently, we checked in the graphs whether or not they
could be combined. As an example, Fig. 2 shows sections of
the light curves of S Ori and T Cep with all the data combined,
where we can observe that the minor differences that may exist
between the various databases do not exceed the dispersion level
of the data. Therefore, data from all sources were merged to cal-
culate the average light curves.

For the averaging process of the observations, we tailored
a code to calculate the average value of all the individual data
with intervals of between 3 and 5 days, depending on the pulsa-
tion period of the star, obtaining between 70 and 80 data points
per cycle. Double weight was assigned to the AAVSO, AFOEYV,
ASAS, and DASCH V-band photometric data compared to the
AAVSO and AFOEV visual data because of the higher precision
of the former. The result can be seen in Fig. 3, which shows the
final processed light curve of T Cep as an example. The plots
demonstrate that our binning and averaging process results in
very smooth light curves that are well suited for further analysis.

2.83. Frequency test

To determine the possible impact of the binning process and sub-
sequent averaging of data on the Fourier spectra, as well as to
study the possible appearance of artificial peaks, we performed
two different tests, as in Kiss et al. (1999). In the first test, we
compared the Fourier spectrum of the raw data with that of the
averaged data in five-day bins. The results of this test are shown
in Fig. 4 for T Cep and T Cas. These two stars were chosen
because the number of observations differs significantly: 121 622
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Fig. 3. Section of the light curve of T Cep. Top panel: raw observational
data. Bottom panel: final data after processing and averaging in five-day

bins.

and 55417, respectively. The dominant frequency obtained is
shown in the figure. No additional peaks appear, and the main
frequency remains almost unchanged in both position and ampli-
tude. The structure of the main peaks is preserved, and the
aliasing peaks diminish. Similar results were obtained by per-
forming this process with the rest of the stars analysed in this
study.

The second test was done with synthetic light curves and
pursued two aims: (i) to check the impact of seasonal observa-
tion gaps on the appearance of additional peaks in the Fourier
spectrum, and (ii) to check whether or not our analysis pro-
gram can recover the phases of period increase or decrease
similar to those observed in MPC stars. We generated several
synthetic light curves with random observational noise to the
magnitude (Gaussian noise with o = 0m15) and the observa-
tion date (uniformly distributed shifts of +2d to the five-day
bins). The synthetic light curves span a time of about 65 yr.
With these artificial data, we tried to mimic the observations used
for the analyses and the period changes observed in the MPC
stars, both in depth (between 5% and 10%) and in timescale
(several decades). These synthetic light curves were generated
in two different situations. First, a continuous period increase
of 10% was assumed (between 400 and 440 days over about
25 yr), including 20 yr of constant period before and after the
increase. The second situation assumed a continuous period
decrease of 5% (between 525 and 500 days over 25 yr) and
stable period phases of about 20 yr before and after. In addi-
tion, in both situations, we varied the length of the seasonal gaps
between approximately 0, 30, 60, and 90 days. The left panel
of Fig. 5 shows the case results corresponding to a continuous
period increase of approximately 10% with seasonal gaps of
90 days; this verifies that the result is in good agreement with the
input parameters.

We also analysed a synthetic light curve containing phases
of rising and falling periods. The Fourier spectrum of this light
curve shows a broad peak between the frequencies correspond-
ing to the minimum and maximum period but without addi-
tional peaks beyond those corresponding to the seasonal aliases.
Period-versus-time plots clearly reveal the evolution of the input
period (right panel of Fig. 5). Therefore, we conclude that our
analysis program can reliably recover the actual period changes
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in the observed stars and allows us to interpret the possible peaks
appearing in the Fourier analyses.

2.4. Additional data

As we aim to study the mass-loss properties of our stars, we
need a measure of their mass-loss rates. The best (gas) mass-loss
rates are traditionally determined from radio CO rotational lines.
However, they are available only for a small fraction of our sam-
ple stars. Therefore, we mainly use the K — [22] colour as an
indicator of the dust mass-loss rate. Although this infrared (IR)
colour traces only the dust in the stellar outflow, which is a small
fraction of the total mass loss, and the dust-to-gas ratio in the
outflow is suspected to vary from star to star, McDonald et al.
(2018, see their Fig. 5) showed that this is directly related to the
total (gas) mass-loss rate above a cut-off of K — [22] > Om55.
Throughout this paper, we refer to the mass-loss rates of the
stars, but keep in mind that the IR colours are only indica-
tors of the dust mass-loss rate. We collected photometric data
to calculate colour indices such as K — [22] and [3.4]-[22].
The K-band magnitude was taken from the 2MASS catalogue
(Skrutskie et al. 2006) or, when available, from the compilation
of average magnitudes in Uttenthaler et al. (2019). The [3.4] and
[22] magnitudes were measured by the Wide-field Infrared Sur-
vey Explorer (WISE) space observatory (Wright et al. 2010) and
are taken from the AIIWISE (Cutri et al. 2021) or, in case of sat-
uration, from the unWISE catalogue (Schlafly et al. 2019).

Furthermore, information about technetium (Tc) and the
carbon isotopic ratio was collected in order to inspect the
3DUP activity of our sample stars. Tc data were adopted
from Littleetal. (1987), Uttenthaleretal. (2019, and in
prep.). Literature sources for the '>C/'3C comprised of
Lambertet al. (1986), Ohnaka & Tsuji (1996), Abia & Isern
(1997), and Greaves & Holland (1997) for the C-type stars;
Dominy & Wallerstein (1987), Schoier & Olofsson (2000), and
Lebzelter et al. (2019) for S-type stars; and Ramstedt & Olofsson
(2014) and Hinkle et al. (2016) for M-type stars.

Infrared colour indices are available for all stars, Tc obser-
vations for 154 stars, and '2C/'3C ratios for 47 stars. All data are
listed in Table B.1.

3. Period changes and light-curve shapes
3.1. The stars with the strongest period changes

We derived relative period changes AP/(P) for the 548 stars of
our sample. Here, AP is the full amplitude of the period change,
and (P) is the mean period obtained by our Fourier analysis of
the complete time series available. The quantity AP/(P) should
be better suited to identifying MPC Miras than a linear fit to
the period evolution, as used for example by Templeton et al.
(2005). We verified that AP/({P) is essentially independent of the
length of the available time series. However, we cannot exclude
that the relative period change might be underestimated for
the shortest time series in the sample (<20000d, equivalent to
~55yr). Applying a limit of variation of AP/(P) > 5% (roughly
equivalent to the 2—-3 o significance level of Templeton et al.
2005), we find a total of 27 Mira variables that surpass this limit;
their data are shown in Table 1. Column 4 of this table contains
the period change over the analysed time. Our choice of the 5%
limit is justified below in Sect. 4.1.

Five Miras are classified as CPC, namely R Aql, W Dra,
R Hya, T Lyn, and Z Tau, and four as SPCs, namely R Cen,
BH Cru, LX Cyg, and T UMi. These nine stars account for
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~1.6% of the total sample, which agrees well with the frac-
tion of stars with highly significant period changes obtained
by Templeton et al. (2005). The only difference between this
latter study and ours lies in the carbon Mira T Lyn, for
which we find a period change of 6.4%, which happened rel-
atively continuously. As we can see in Fig. 6, half of the
period change in T Lyn occurred in the last 15 yr or so,
which is probably why it did not appear among the most
significant period changes in the survey of Templeton et al.
(2005) almost 20 yr ago. We therefore propose T Lyn as
a new CPC candidate and recommend monitoring its period
evolution.

We also highlight the case of BH Cru: Prior to 1999, it expe-
rienced an increase of about 25% relative to the average period
given in the GCVS (1970). On the other hand, we detected a
period decrease of 9.5% since 1999. It has been speculated that
the period increase in BH Cru (and LX Cyg) is the result of
a recent 3DUP event in the aftermath of a TP that increased

its atmospheric C/O ratio from ~1 to >1 (Whitelock 1999;
Uttenthaler et al. 2016b). The increased C/O probably provides
feedback to the pulsation mechanism because of higher atmo-
spheric opacity. Possibly, the maximum period reached after
this event is not long-term stable. BH Cru is an exciting object
to study in depth, and we recommend monitoring its period
evolution.

The group of 18 MPC Miras in Table 1 is exclusively made
up of M-type stars. Based on the distribution of the spectral types
in the sample (472 M-type, 43 S-type, 33 C-type), basic com-
binatorial considerations yield a probability of ~6.6% to draw
only M-type stars when randomly selecting 18 from the sam-
ple. Though it cannot be excluded that this is a chance result,
it seems plausible that significant MPCs are much more com-
mon among M-type Miras than among the other spectral types.
Figure A.1 presents the result of the period evolution analysis
carried out with the VStar program for these 18 MCP candidate
stars. It shows the period versus time and period versus time ver-
sus WWZ 2D contour plots for all of them. We can read off from
these diagrams that the period meanders with typical timescales
of 30-75 yr.

Interestingly, the distribution of period variations AP/{P)
does not peak around zero, that is, a completely stable period
is not the most common property. Instead, the distribution shows
a peak at ~2%; the median value is 2.4%. This would also be the
precision to which pulsation periods of Miras can be determined
in general, which also affects the width of period—magnitude
relations of Miras (Soszynski et al. 2007).

3.2. Fourier analysis of Mira stars with significant MPCs

Fourier analysis of stellar light curves can reveal important
information about how brightness variations occur. It is often a
complex process because the discrete Fourier transform (DFT)
can introduce additional misleading frequencies due to cycle-
to-cycle variations, long-term brightness changes, gaps in the
light curves, and so on, in addition to the non-constant periods
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Table 1. Mira-type stars with significant period changes.

GCVS (Py  Spectral AP/{P) K —1[22]
[dl  type Yo [mag]
MPC
RU Tau 588.6 M3.5e-M6.5 9.5 1.685
S Ori 409.2 M6.5e-M9.5¢ 8.5 1.733
RS Aql 4179 MS5e-M8 7.2 2.531
UCMi 411.6 Mde 7.0 2.018
T Cep 390.2 M5-MOIlle 7.0 1.246
Z Vel 411.4 MO9e 7.0 2.327
T Hya 285.7 M3e-M9:e 6.7 1.351
RU Sco  370.5 M4/6e-MT711-11le 6.7 2.142
T CMi 316.2 M4Se-M8 6.5 1.867
AF Car 446.5 MB8e 6.3 1.889
S Sex 259.0 M2e-Mb5e 6.0 1.704
T Ser 340.0 MT7e 5.9 1.567
W Lac 320.2 M7e-M8e 5.8 1.955
SUHer 341.6 M6e 5.7 1.963
SSPeg 4163 M6e-M7e 5.7 1.962
S Her 305.5 M4.Se-M7.5,Se 52 1.032
TY Cyg 357.0 M6e-M8e 5.1 1.868
Z Sco 345.3 M5.5e:-M7e 5.0 1.633
CpPC
R Aql 280.7 MS5e-MO9Ille 16.7 2.270
R Hya 388.0 M6e-M9eS 154 0.839
W Dra 279.3 M3e-M4e 14.9 3.033
Z Tau 458.5 S7.5,1e(M7e) 11.8 2.633
T Lyn 409.0 C5.2¢e-C7.1e 6.4 2.148
SPC
TUMi  317.3 Mde-Mo6e 38.2 1.212
LX Cyg 477.0 CN) 22.6 1.602
R Cen 571.5 M4e-M9.5 13.9 2.163
BHCru 528.7 C@N) 9.5 1.573

Notes. The stars are grouped in MPC, CPC, and SPC classes. Column 1:
Denomination in GCVS; Col. 2: Mean period obtained by Fourier anal-
ysis of the time series data; Col. 3: Spectral type in GCVS; Col. 4:
Relative period change; Col. 5: K — [22] colour.

of MPC stars. As observed in Sect. 2.3, the Fourier spec-
trum shape of MPC stars is dominated by a structure of peaks
around the primary frequency (fy) accompanied by its harmonics
2fo, 30, - - .). Moreover, as the time series are not homogeneous
and have gaps, seasonal aliases (+1y, +2y, ...) appear. In a few
cases, the time series are almost uninterrupted, with only one
seasonal alias appearing. Finally, due to a physiological effect
called the Cerasky effect, the visual observations may addition-
ally have a spurious period of about one year (fy) (see for these
topics e.g., Kiss et al. 1999; Templeton et al. 2005; Percy 2015).

We calculated the Fourier spectra of the 18 MPC stars using
the Fourier routine DC-DFT in the AAVSO software package
VStar. We then analysed the structure of the frequency peaks
in a semi-amplitude versus frequency diagram. The data were
merged, separated into bins, and averaged according to the pro-
cess described in Sect. 2.2. In cases where the number of data
points is low and gaps are very frequent, the level of background
noise makes it difficult to identify peaks, and so power versus
frequency plots were used to highlight the dominant frequen-
cies. Figure 7 shows the Fourier spectra and the identification of
obvious peaks for three stars with different characteristics in the
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Fig. 6. Period evolution of the carbon Mira T Lyn. A strong period
decrease commenced about 15 yr ago, continuing the trend seen at the
beginning of the available time series.

collected data. The top panel shows T Cep, with the highest num-
ber of data points and an almost uninterrupted time series, and
so only one seasonal aliasing is minimally noticeable in addition
to the primary frequency and its first two harmonics. The middle
panel shows the Fourier spectrum of S Ori, a star with a much
smaller number of data points and seasonal gaps. This star dis-
plays a more complex structure of seasonal aliases in addition
to its first harmonics. The appearance of the seasonal frequency
Jfy can also be seen. The lower panel of Fig. 7 shows the spec-
trum of AF Car, the star with the fewest and most scattered data
points. For this object we had to resort to the power versus fre-
quency plot with a smoother noise background. Nevertheless, it
can be seen that, besides only a faint unidentified peak f; with a
power of ~10% that of fj, no obvious peaks appear in AF Car’s
spectrum beyond those discussed above.

Figure A.1 shows the same analysis for the remaining
15 stars, and we can see that none of these Fourier spectra
show prominent additional peaks. Along with AF Car mentioned
above, there are only three other stars (RU Sco, RS Aql, and
SS Peg) with some unidentified frequency peaks, marked as fi,
but with low amplitude.

3.3. Light-curve shapes

We are interested in the light curves of our sample stars because
we find that 16 out of the 18 stars with significant MPCs
(Table 1) have apparent bumps on the ascending branch of most
light cycles. For the remaining two stars, W Lac and Z Sco, we
cannot state with certainty the presence of bumps because of the
relatively low number of observations in the ascending branch
of their cycles. We visually inspected the ASAS-SN light curves
and phase diagrams and qualitatively divided all sample stars
into two large groups:

Group A (asymmetric). These are stars with apparent asym-
metries in their light curves, such as bumps on the rising branch,
double maxima, or abrupt changes in the slope of the rising
branch. Given the similarity of all these anomalies, they may
correspond to a larger or smaller-scale expression of similar
phenomena in the stars’ atmospheres and represent a relatively
homogeneous group. We find a total of 203 Mira-type variable
stars with these characteristics. This fraction of 203/548 ~ 37%
is slightly higher but in relatively good agreement with the
findings of previous studies, namely Vardya (1988, 20%) and
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Fig. 7. Fourier spectra and identification of frequency peaks of three
Miras with significant MPCs. Besides the harmonics of the main fre-
quency and seasonal aliases, no obvious additional peaks appear in the
spectra.

Lebzelter (2011, 30%). Group A would include the stars that
Ludendorff (1928) classified as y-type stars.

Group S (symmetric). This group includes the remainder of
the sample, that is the 336 stars without anomalies in the rising
branch of their light curves. This also includes doubtful cases
in which the possible observed anomalies occur only in a few
cycles or are so weak that we cannot be certain of their exis-
tence. Although this aspect may introduce some uncertainty in
our results, the high number of stars in our selection and the use
of up to four different sources to inspect the light curves min-
imises these uncertainties. This group would correspond to the
a- and S-type stars of the Ludendorff classification.

Given this procedure to classify stars in Group A only if they
have evident anomalies, we expect Group A to be relatively pure.
In contrast, Group S might contain a few stars that would be
classified as Group A had better data been available. In Fig. 8, we
show example light curves of Miras in Group A (left columns)
and light curves of Miras in Group S (right columns). Figure 3
shows a portion of the light curve of T Cep, another example
of a Mira in Group A. Table B.1 collects the classification with
respect to light-curve asymmetries.

3.4. 3DUP indicators

Thermal pulses and 3DUP events have been proposed as the
basis of the various period change classes. If this is the case, one
would expect these stars to show the 3DUP indicator Tc in their

spectra and have increased 'C/'*C ratios. Table 2 shows the
data of the stars with significant period changes from Table 1 for
which information about Tc is available. We found information
for only 5 of the 18 stars with significant MPCs in our sample; in
4 of which the presence of Tc has been confirmed, or Tc is likely
present. We reiterate the fact that the absence of Tc does not nec-
essarily mean the absence of TPs because they may have yet to
become powerful enough to drive 3DUP in their aftermath. Nev-
ertheless, it seems likely that many of them have indeed under-
gone 3DUP events. Further observations are required in order to
come to a more robust conclusion.

The distribution of the 203 Group A stars in terms of their
spectral types has an interesting pattern. Stars with bumps in
their light curves are much more common among S- and C-type
than among M-type stars. Specifically, the fraction is 32/40 =~
80% for the S-type, 24/32 ~ 75% for the C-type, and only
147/467 = 31% for the M-type Miras. This is in agreement with
the result of Lebzelter (2011), who find that S and C stars gener-
ally show a higher fraction of non-sinusoidal variation than the
M-type stars. The higher C/O ratio of more advanced evolution-
ary stages might favour the presence of asymmetries in the light
curves.

This suggests that there could also be a relation between
light-curve shape and 3DUP activity. All S- and C-type sam-
ple stars observed for Tc are confirmed to be Tc-rich, and many
also have bumps. The histogram of how the M-type stars in
the two groups are distributed with respect to the presence of
Tc in their spectra is displayed in Fig. 9. The classifications
‘doubtful’ (dbfl), ‘possibly’ (poss), and ‘probably’ (prob) are
used only in Little et al. (1987), which we retain here. Restrict-
ing the selection to the unambiguous ‘yes’ and ‘no’ classifi-
cations of Uttenthaler et al. (2019), we find 17 Tc-poor and
18 Tc-rich M-type Miras in Group A. On the other hand, there
are 37 Tc-poor M-type stars in Group S, but only one Tc-rich
star. Thus, while Group A contains many Tc-rich stars of all
spectral types, Group S is almost devoid of Tc-rich ones. We
therefore conclude that, given the prior condition that a Mira of
any spectral type is Tc-rich, the probability that it also has bumps
in its light curve is of the order of (18 +32+24)/(19+40+32) =
81.3%. On the other hand, given the prior condition that an M-
type Mira has no bumps, the probability that it is Tc-poor is
almost 100%.

We can also check on the population level whether or not
the fractions of Miras with light-curve asymmetries and with the
3DUP indicator Tc agree. If these things are connected some-
how, the respective fractions should be similar. We better avoid
selection biases that could plague especially the Tc observa-
tions collected from many literature sources and therefore focus
on the M-type Miras. M-type Group A stars in the complete
sample make up a fraction of 147/467 = 0.315. On the other
hand, M/MS-type Galactic-disc Miras with Tc in the sample of
Uttenthaler et al. (2019) make up a fraction of 28/105 = 0.267.
Given a base fraction of 0.315, the probability of drawing 28 or
fewer Tc-rich stars out of 105 M-type stars is 17%. Therefore,
we cannot reject the notion that the two fractions are identical
with high confidence.

In addition to Tc, the carbon isotopic ratio 12¢/13C is an indi-
cator of the 3DUP activity of an AGB star. When the first TP
takes place on the AGB, the '2C/!3C ratio is expected to be of
the order 10 < '>C/'3C < 25, depending on the initial mass
(Hinkle et al. 2016). The lowest values, 10 < '>2C/3C < 20,
would be found in stars with masses <2 M, while the high-
est values, 20 < '2C/13C < 25, would be found in the most
massive stars. For stars undergoing 3DUP episodes, the carbon
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Fig. 8. Example light curves of Groups A and S stars. Left column: Group A. From top to bottom: R Aur (bumps in the ascending branch),
T Cas (double-peaked maximum), and U Her (abrupt change in the slope of the ascending branch). Right column: Group S. From top to bottom:
S CrB (quasi-sinusoidal light curve), U Cen (slight asymmetries only in some of its cycles), and RR Lib (gaps in the light curve prevent us from

identifying asymmetries with certainty).

isotopic ratio will increase as new '>C synthesised in the He-
burning layer is brought to the surface. We may therefore iden-
tify M-type Miras that underwent 3DUP events by their carbon
isotopic ratio elevated to values of '>C/13C > 25.

Among the 47 sample stars for which we find '2C/'3C iso-
tope ratios in the literature (Sect. 2.4), 23 are M-type, 10 are
S-type, and 14 are C-type. The '2C/!3C is known for two M-type
stars with significant MPCs in our sample, S Ori and T Cep.
The values are reported to be 45 + 10 and 33 + 10, in agreement
with the fact that both are also Tc-rich. Even the next two stars
with non-significant MPCs but with relatively high AP/{P) val-
ues with known isotopic ratios, RU Her and R Aur with AP/(P)
of 4.5 and 4.4, have '>C/!3C values of 25 and 33, respectively.
This agrees with the fact that they are also reported to contain
Tec.

The few carbon isotopic ratios available in the literature sup-
port the findings from Tc concerning the light-curve shapes. The
12C/13C ratio is reported for four stars from Group S: Two clas-
sified for Tc as ‘doubtful’ and ‘no’ have ratios of 12 and 16, and
two Tc-rich ones have ratios of 22 and 26. Also, the carbon iso-
topic ratios of Group A stars agree with their Tc classifications:
The mean 2C/'3C of the nine Tc-poor stars is 13 (range 8—19),
and that of the seven Tc-rich is 28 (range 14—45). Among the
29 M-type Miras we have in common with Hinkle et al. (2016),
9 have '2C/*C > 25 (taking into account the measurement
uncertainty), indicating the possibility of having undergone '>C
enrichment by 3DUP events. Indeed, the literature confirms that
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Table 2. Tc information for stars with significant period changes.

GCVS Tc GCVS Tc GCVS Tc
MPC CPC SPC

S Ori yes® RAql no® TUMi no®
UCMi no® RHya yes® LXCyg yes®
TCep yes® WDra no® RCen no®
THya prob® BHCru yes®
SHer  yes®

Notes. (1): Uttenthaler et al. (2019); (2): Little et al. (1987).

most of them also have Tc in their atmosphere, or at least Tc
is possibly or probably present. Interestingly, all nine stars are
in our Group A of stars with bumps in the ascending branch of
their light curves. The data for these stars were extracted from
Table B.1 and are shown separately in Table 3. This underlines
the possibility of a connection between bumps in the light curve
and the occurrence of 3DUP events.

4. Mass-loss properties

4.1. Mass loss as a function of relative period change

To connect the period variations presented above to colour
indices and mass-loss considerations, it is first insightful to plot
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Table 3. Data of M-type Miras with '>C/!3C 3z 25.

GCVS Bumps Tc 2¢/3¢
R Aur yes yes®  33+13
TX Cam yes - 21+6
T Cas yes yes @ 3345
T Cep yes yes®® 33110
U Her yes no ® 19+8
RU Her yes yes 25+5
R Hya yes yes D 26+4
S Ori yes yes®  45+13
U Ori yes  poss®  25+10

Notes. Literature sources of Tc content: (1) Uttenthaler et al. (2019);
(2) Little et al. (1987); (3) Uttenthaler et al. (in prep.)

the K — [22] dust mass-loss indicator as a function of rela-
tive period change AP/(P). All sample stars except the CPC
and SPC Miras are plotted in this diagram in Fig. 10. Up to a
level of AP/{P) ~ 5%, the stars show a considerable spread in
K —[22] independent of spectral type, except for the S-type stars,
which have several specimens with a lower colour index than
the rest. Furthermore, we can identify a ‘tail’ of stars with more
strongly varying periods. This group has two remarkable prop-
erties: (i) its colour indices are confined to the narrow range of
1.0 £ K —[22] 5 2.5, and (ii) implying a limit of AP/{P) > 5%,
it is exclusively made up of M-type stars; these are the 18 MPC
stars listed in Table 1. This feature led us to define the limit of
‘significant period change’ used throughout this paper; it sug-
gests that the limit of AP/{P) > 5% is suitable to distinguish
between random period variations known to occur in Mira stars
(Templeton et al. 2005) and actual period changes. Stars that
change period more than this could form a homogeneous group
of MPC stars.

4.2. Mass loss from stars with significant period change

We inspect the K — [22] colour of the 27 stars with significant
period changes from Table 1 as a function of the mean period in
Fig. 11. The stars do not appear to have particularly strong dust
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Fig. 10. K —[22] vs. AP/{P) diagram of our sample stars, excluding the
SPC and CPC stars identified in Sect. 3.1. The chemical spectral types
are distinguished by the symbols; see the legend. A few S stars have
very low K — [22] colours (dust mass-loss rate), and the ‘tail’ of more
strongly varying periods (>5%) is exclusively made up of M stars.
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Fig. 11. K — [22] vs. P diagram of the 27 stars in Table 1; see the leg-
end for the identification of the three types of period change. The red
solid line is the relation that best separates Tc-poor from Tc-rich Miras
following Eq. (1). The arrows attached to the symbols of the SPC stars
indicate their recent period evolution.

production, given that Miras can easily have K — [22] colours
above 410 (Fig. 10). Uttenthaler et al. (2019) used this colour
to study the mass loss from Miras with and without the 3DUP
indicator Tc. These authors demonstrated that Tc-poor and Tc-
rich stars occupy two distinct regions in the K — [22] versus P
diagram. The optimised linear relation that best separates the two
groups takes the form:

K —[22] =0.011 x P - 1.380. 1)

Tc-poor Miras are generally found above this line, whereas
Tc-rich (post-3DUP) Miras are located below. This linear
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relation is included in Fig. 11 to guide the eye. The accuracy of
the separation was found to be 0.87, that is, the probability that a
star is placed on the ‘correct’ side, according to its Tc content, is
87%. The location of a star in the K — [22] diagram is therefore
a strong indicator of the star having undergone TP events and
subsequent 3DUP.

As already indicated by Fig. 10, stars with significant MPCs
appear to have relatively low K —[22] colours, or low dust mass-
loss rates. Indeed, 17 out of 18 (94%) MPC stars are located
below this separating line, where the 3DUP indicator Tc is usu-
ally detected. Only one star, S Sex, is located above the line,
and by a narrow margin. This star has also been proposed as
a candidate for having undergone a TP recently because of its
substantial period decrease (Merchdn Benitez & Jurado Vargas
2000). The location of the stars in this period—colour diagram
supports the notion from Sect. 3.4 that the MPC phenomenon
could be related to TP and subsequent 3DUP events.

In Fig. 11, we can also observe how the stars classified as
SPCs all fall in the Tc-rich zone. This would be expected because
a recent TP or 3DUP event has been proposed to cause the
sudden period change. SPC stars are characterised by period
changes that can be as large as ~40% within a few decades,
and so their location in the K — [22] versus P diagram will
present some uncertainties depending on the mean period used.
For example, looking only at its Mira phase, the period change
in T UMi amounts to 38%. We note that this star has recently
switched from the fundamental Mira pulsation mode to a higher-
overtone mode (Molndr et al. 2019). In Fig. 11, we indicated the
period evolution by arrows. (We note that the colour might also
have changed, but there are insufficient IR data to quantify this.)
LX Cyg and BH Cru are C-type Miras, and so their location in
the Tc-rich zone is consistent with expectations. For the latter,
the arrow in Fig. 11 indicates the 9.5% period decrease since
1999.

On the other hand, the location of R Cen and T UMi in the
K — [22] versus P diagram is not consistent with the proposed
separation of Tc-poor and Tc-rich Miras. Both stars are M-type
and Tc-poor but located in the Tc-rich zone of the diagram.
R Cen is a candidate for being a fairly massive star undergoing
HBB. The *’Ne neutron source operating in such stars produces
only little Tc, and 3DUP events are inefficient, meaning that Tc
is sufficiently enriched in the atmosphere only until after many
TPs (Garcia-Hernandez et al. 2013). Reconstructing the K —[22]
infrared excess from historical observations, McDonald et al.
(2020) showed that T UMi has become significantly less dusty
since about 1975. It may well have been located in the Tc-poor
region before the sudden period decrease commenced.

In any case, keeping in mind the different spectral types and
directions of period evolution, even from these few stars, it is
clear that the SPC group appears to be inhomogeneous, and that
the observed period changes may reflect different physical pro-
cesses going on in these stars (TPs, 3DUP). Also, the five CPC
stars exhibit some diversity: three of them are located in the Tc-
rich zone (R Hya, Z Tau, T Lyn) and two in the Tc-poor zone
(W Dra, R Aql) in Fig. 11. The three CPC stars for which the Tc
content is known (Table 2) are located in the part of the K —[22]
versus. P diagram expected for their Tc content. Also, the spec-
tral types are diverse; see Table 1. We reiterate that the absence
of Tc or >C enrichment does not necessarily mean that TPs are
absent in those stars.

The assignment of the Tc-rich area in the K — [22] versus.
period diagram can be reviewed by inspecting the location of the
43 S-type and 33 C-type sample Miras in such a diagram. These
stars are expected to have evolved to their current stage of car-
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Fig. 12. K—[22] vs. P diagram of the S- and C-type Miras in the sample.
The red solid line is the relation that best separates Tc-poor from Tc-rich
Miras according to Eq. (1). As expected, most of the stars are located in
the area where Tc-rich Miras are found, i.e. below the line.

bon enrichment by repeated dredge-up of carbon and s-process
elements (e.g., Tc). Figure 12 shows this diagram. The separa-
tion line defined by Eq. (1) is again included in this plot. It can
be seen that 39/43 (91%) of the S-type and 27/33 (82%) of the
C-type stars are located in the zone expected for Tc-rich stars.
Some of the stars above the separating line are there only by a
narrow margin. We remind the reader that Mira stars also have a
non-negligible pulsation amplitude in the K-band and the mea-
surements are often single-epoch observations. Thus, this selec-
tion of stars confirms the assignment of the region below Eq. (1)
to Tc-rich, post-3DUP Miras.

4.3. Mass loss and light-curve asymmetries

Separate K — [22] versus P diagrams for Groups A and S are
shown in Fig. 13. We note the different distributions in period:
While Group A has a mean period of 378 d and starts to be pop-
ulated at P > 240d, Group S has a mean period of 266d and
is mostly limited to P < 400d. From the results regarding Tc
in Sect. 3.4, it may be expected that many Group A stars are
located below the separation line defined by Eq. (1), whereas
Group S stars are above it. Indeed, 92% of the 203 Group A
stars are located below the separation line. The few stars above
the line are relatively close to it. Moreover, this fraction is almost
insensitive to the spectral type: ~94% M-type, ~91% S-type, and
~T79% of the C-type Miras with bumps are located below the line
given by Eq. (1).

The lower panel of Fig. 13 shows the K — [22] versus P dia-
gram of the 336 Group S stars. We note that this group is proba-
bly not as pure as Group A. Nevertheless, we can observe that the
stars in Group S are mainly located above the line (~89%) and
seem to ‘avoid’ the zone below it. This percentage rises to 94%
if we consider only the M-type stars. Many of the stars below
the line are S- or C-type Miras that in turn have K — [22] colours
higher than their siblings at similar periods in Group A.

Figure 13 suggests that the same line Uttenthaler et al.
(2019) found to separate Tc-rich from Tc-poor Miras also seems
to separate stars with bumps in their light curves from those
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Fig. 13. K — [22] vs. P diagram of Miras. Upper panel: Group A, with
bumps or asymmetries in the ascending branch of their light curve.
Lower panel: Group S, with symmetric light curves. The symbols dis-
tinguish the three main spectral types; see the legend. The solid red line
is the linear relation given by Eq. (1). Evidently, Miras without bumps
have higher K — [22] colours (dust mass-loss rates) than their siblings
with bumps at similar pulsation periods.

without. Surprisingly, stars with Tc in their spectra occupy the
same region in the K —[22] versus P diagram as stars with bumps
in their light curves, as do stars without Tc and bumps. This sug-
gests an association between 3DUP and the occurrence of bumps
in the light curve of a Mira. One would not expect such a relation
from theoretical considerations or previous observational results.

Instead of the K-band magnitude, we can also use the WISE
[3.4] band, which has a central wavelength of ~3.4 pm. Advan-
tages of the [3.4]- over the K band are that it was measured
simultaneously with the [22] band and the variability ampli-
tude is lower. Both should reduce the variability scatter in the
colour index. The disadvantage is that bright Miras saturate some
detector pixels in the [3.4] band, decreasing the accuracy for
those stars. For stars that are not excessively dusty, the [3.4]
band is still dominated by photometric emission, and we can
establish the [3.4]—[22] colour as an indicator of dust mass-
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Fig. 14. [3.4]-[22] vs. P diagram of M-type Miras with and without
light-curve bumps, respectively, as well as S- and C-type Miras.

loss rate. Figure 14 shows a [3.4—[22] versus P diagram of our
sample stars, distinguished by their symbols into M-type stars
with bumps (Group A), M-type stars without bumps (Group S),
S-type, and C-type stars. Again, this diagram clearly demon-
strates the separation of the stars into different regions: M-type
stars without bumps have higher [3.4]-[22] colours, that is,
higher dust mass-loss rates, than other stars at similar periods.
We note the location of a group of S-type stars at very low
[3.4]-[22] colours that have barely any dust in their circumstel-
lar envelopes.

5. Discussion

The new evidence from our sample allows us to draw conclu-
sions as to the origin of significant MPCs. The Fourier spectra of
MPC Miras show no prominent additional peaks beyond those
corresponding to the harmonics of the primary frequency. This
suggests that hypotheses invoking additional pulsation modes,
such as those found to be acting in RV Tau stars (Buchler et al.
1996), disagree with the evidence collected here.

Following theoretical evolutionary models, Miras with sig-
nificant MPCs could have a place in the interpulse period of
the TP-AGB. TPs repeat quasi-periodically every few 10* yr,
depending on stellar mass (e.g., Schwarzschild & Hirm 1967;
Wood & Zarro 1981). After an initial luminosity drop at the
onset of a TP, the star is predicted to be more luminous than
before the He-shell flash for a few hundred years. Stars with
SPC (e.g., T UMi) and CPC (e.g., R Hya) have been sug-
gested to currently pass through this phase (e.g., Wood & Zarro
1981; Uttenthaler et al. 2011). Subsequently, in a phase of a
few thousand years at most, the He-burning shell is gradu-
ally extinguished, causing a decrease in luminosity below the
level prior to the TP. In this sense, a possible interpretation for
the observations could be that the large structural changes in
the star between about 10> and 103 yr after the TP could be
the origin of the significant MPCs, after which the pulsation
period will regain stability as the stellar structure is restored.
These shorter-period variations may be thermal relaxation oscil-
lations in the stellar envelope, with Kelvin-Helmholtz cooling
timescales (Ostlie & Cox 1986, gy ~ 6—200yr) that broadly
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coincide with the timescales of period variations found in MPC
stars (~30-75 yr).

If significant MPCs have their origin in the aftermath of a
TP, their number fraction (18/548 ~ 3.3%) should reflect the
fraction of the TP cycle in which MPCs occur. At a typical
Mira mass of 1.8 M, state-of-the-art AGB evolutionary models
(Marigo et al. 2013) predict an interpulse period of ~1.2x 107 yr.
This would mean that the star typically undergoes significant
MPCs for ~4000yr. We note that this is about half the time it
takes the model star to reach the luminosity minimum after the
onset of a TP. Indeed, several of the MPC stars in our sample
have Tc lines in their spectra, meaning they must have under-
gone TPs in the past (Sect. 3.4). However, the puzzling piece
of information is that the MPC group is made up exclusively of
M-type Miras. Certainly, S- and C-type Miras also undergo TPs;
the absence of significant MPCs among them is therefore unex-
pected. Given the distribution of chemical spectral types in our
sample, the probability for this selection is 6.6%, which is low,
but not low enough to conclude that it is not a chance result.
A still larger sample of Miras, including more of type S and C,
would be required to test this conclusion.

As a very high fraction (16/18) of the MPC Miras also
have bumps on the ascending branch of their light curves, we
inspected the light curves of all sample stars for asymmetries
and divided them into two, Groups A (asymmetric) and S (sym-
metric). We confirm the conclusion made by Lebzelter (2011)
that the fraction of light curves with asymmetries is much higher
among S- and C-type Miras. Further evidence that the light-
curve shape could be related to 3DUP events comes from the
distribution of Tc in the M-type Miras in Groups A and S: while
in Group A, they uniformly distribute between having Tc (post-
3DUP) and not having Tc, almost all with symmetric light curves
are devoid of Tc.

We also find evidence that MPC stars have reduced dust
mass-loss rates. In a K—[22] versus P diagram (Fig. 11), all MPC
stars are located at relatively low values of the K — [22] colour.
In addition, through a diagram plotting K — [22] or [3.4]—[22]
versus P (see Figs. 13 and 14), we demonstrate that stars with
bumps have a decreased dust mass-loss rate compared to Miras
with symmetric light curves at similar periods. No further rela-
tion between Mira light-curve shape and other stellar parameters
is known to date.

The question remains as to how all these things are related.
We still do not know why Miras with Tc, meandering period
changes, and bumps in their light curves all fall in the same
region of the K — [22] versus P diagram, or why they have
reduced K — [22] colours (dust mass-loss rates) compared to
Miras at similar periods but without either of these properties.

Uttenthaler et al. (2019) suggested that 3DUP, possibly
through the dredge-up of radioactive isotopes, leads to reduced
dust formation in the stellar envelope. Ions created upon the
radioactive decay of unstable (s-process) isotopes could inhibit
dust formation. In this way, reduced K — [22], as an indicator of
dust mass-loss rate, would also be connected to the occurrence
of TPs that drive 3DUP. As discussed above, MPCs could also be
related to a recent TP via a readjustment of the envelope struc-
ture. The fact that most of the MPC Miras, in addition to having
a reduced K — [22], also show Tc in their spectra supports the
notion that they are in the TP-AGB phase. However, additional
observations are required to strengthen the case.

Finally, the relation between light-curve asymmetries and
this aggregate of phenomena has yet to be established.
Liljegren et al. (2016, 2017), using numerical experiments with
dynamic Mira model atmospheres, showed that the wind prop-
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erties of a mass-losing model are susceptible to the luminos-
ity and radius evolution during a pulsation cycle because of the
importance of the timing between dust formation and radiation
pressure. Deviations from a sinusoidal light curve might have a
detrimental effect on the mass-loss rate. If dust formation in the
stellar envelope is hindered by the effects of 3DUP (i.e. radioac-
tive decay of unstable isotopes), this could affect the light-curve
shape. Suppose the dust is formed inefficiently in the wake of an
outwardly propagating shock wave, or it couples less efficiently
to the radiation pressure from the central star. In this case, sig-
nificant dust amounts would fall back towards the star instead of
being accelerated outwards. The infalling material would hit the
outwardly moving shock wave of the next pulsation cycle, caus-
ing bumps or secondary maxima in the light curve. In this way,
bumps in the light curves may be connected to the occurrence of
3DUP, and the stars might end up at a reduced K — [22] colour
exactly where Tc-rich post-3DUP Miras are located.

6. Summary and conclusions

We collected long-term light curves of 548 Miras in the
solar neighbourhood from several databases (AAVSO, AFOEV,
ASAS, and DASCH) and analysed them for period changes and
variations over timescales of several decades. In total, we iden-
tify 27 Miras with relative period changes in excess of 5%. We
confirm all identifications of period-changing stars from earlier
studies (Templeton et al. 2005) and add one more star with a
continuously decreasing pulsation period, T Lyn. The period of
this carbon star has decreased by 6.4% over the past ~80 yr.
For BH Cru, a star that was previously reported to have under-
gone a sudden period increase by ~25% before 1999, we find
that since then the period has decreased again by ~9%. Eighteen
stars exhibit significant meandering period changes (MPCs) with
relative period changes AP/P > 5.0%, all of which are of spec-
tral type M. This MPC group is also characterised by a relatively
low mid-IR excess. Furthermore, we find that the median (ran-
dom) period change of Miras is ~2.4%, which should also be the
accuracy with which periods can be determined from long-term
light curves.

As we noticed that MPC Miras show asymmetries (bumps)
in their light curves, we extended our analysis to light curve
shapes of the stars. The sample was divided into two groups,
one with bumps or other anomalies in their light curves
(203/548 ~ 37%), and those seemingly without such asymme-
tries (336/548 =~ 63%). Our sample clearly confirms the sug-
gestion found by Lebzelter (2011) that S- and C-type Miras are
strongly over-represented in the group with asymmetric light
curves. We searched for further stellar parameters that distin-
guish these two groups and find that they clearly locate in two
different regions of a K —[22] versus P diagram in the sense that,
at a given pulsation period, Miras without bumps have higher
K —[22] colour (dust mass-loss rate) than those with bumps. No
such distinction was reported previously.

Our empirical results are both clear and intriguing. We spec-
ulate that the origin of MPCs lies in thermal oscillations of the
stellar envelope in the aftermath of a thermal pulse because of
the similarity of observed and predicted timescales and the stars’
3DUP activity. However, the fact that MPC Miras in our sam-
ple are exclusive of M-type is puzzling. Furthermore, the co-
location in a K — [22] versus P diagram of Miras that can be dis-
tinguished by seemingly unconnected characteristics is surpris-
ing. At a given pulsation period, Miras with significant period
changes or bumps in their light curves have distinctively lower
K — [22] colours (dust mass-loss rates) than Miras without. The
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same is true for Miras with 3DUP activity, as indicated by the
presence of Tc in their spectra and increased '>C abundance
compared to Miras without 3DUP. We speculate that all of these
relationships could be linked to the occurrence of TPs and 3DUP
events, but better and more targeted data are needed to test this
hypothesis.
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Appendix A: Additional figure
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Fig. A.1. Period as a function of time and WWZ, Fourier spectra, and identification of the relevant peaks for the 18 stars with significant MPCs.
From left to right and from top to bottom, the stars are arranged in decreasing order of AP/{P).
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Fig. A.1. continued.
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Fig. A.1. continued.
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Appendix B: Additional table

Table B.1. Data of the 548 sample Mira stars.

GCVS S. Type Period AP/P Bumps Tc 2c/BCc K-[22]1 [3.4]-[22]
AK And S: 321.3 3.5 0 1.388 1.371
AZ And M4 195.2 3.1 0 2.206 1.549
BG And S6.5.5¢ 291.0 3.1 1 0.636 0.727
BU And MT7e 380.4 4.5 1 2.359 2.173

R And S3.5e-S8.8e(M7e) 410.0 3.2 1 yes® 40 + 15! 2.905 2.259
RR And S6.5.2¢ 327.9 2.1 1 1.300 1.162
RW And Mb5e-M10e(S6.2e) 429.9 2.3 1 2.602 2.166
RY And MS 392.5 1.8 1 2.807 2.867
SV And MS5e-M7e 315.3 3.5 0 1.926 2.014
SX And M6.5¢ 332.7 2.4 1 1.612 1.325

Notes. Meaning of Column 5: 0: Stars with symmetric light curves (Group S); 1: Stars with asymmetric light curves (Group A). Literature sources
of Tc content in Column 6: (a) Uttenthaler et al. (2019); (b) Little et al. (1987); (c) Uttenthaler et al., in preparation; (d) Vanture et al. (2007).
Literature sources of '>C/'3C content in Column 7: (1) Hinkle et al. (2016); (2) Ramstedt & Olofsson (2014); (3) Ohnaka & Tsuji (1996); (4)
Abia & Isern (1997); (5) Lebzelter et al. (2019); (6) Schoier & Olofsson (2000); (7) Dominy & Wallerstein (1987). The full table is available a the
CDS.
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