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ABSTRACT

Aims. The aim of this work is to create a complete list of sources exhibiting a long secondary period (LSP) in the ASAS-SN catalog
of variable stars, and analyze the properties of this sample compared to other long period variables without an LSP.

Methods. We used the period-amplitude diagram to identify the 55 572 stars showing an LSP, corresponding to 27% of the pulsating
red giants in the catalog. We used astrometric data from Gaia DR3 and spectroscopic data provided by the APOGEE, GALAH, and

RAVE surveys to investigate the statistical properties of the sample.

Results. We find that stars displaying an LSP have a spatial distribution that is more dispersed than that of the non-LSP giants,
suggesting that they belong to an older population. Spectroscopically derived ages seem to confirm this. The stars with an LSP also
appear to be different in terms of the C/O ratio from their non-LSP counterparts.

Key words. stars: AGB and post-AGB — pulsars: general — stars: variables: general

1. Introduction

The long secondary period (LSP) phenomenon is observed in
a significant fraction of long period variables (LPVs). It is an
additional source of periodic variability that exists alongside the
primary, pulsational variability but cannot be explained by radial
pulsation. Despite the fact that the phenomenon has been known
for a long time (O’Connell 1933; Payne-Gaposchkin 1954; Houk
1963), its origin still lacks a full explanation. A number of
hypotheses have been put forward to explain the origin of the
LSP. The two most common include binarity (Wood et al. 1999;
Soszynski 2007; Soszynski and Udalski 2014; Soszynski et al.
2021) and non-radial pulsation (Wood 2000a,b; Hinkle et al.
2002; Wood et al. 2004; Saio et al. 2015).

Long secondary period stars were spectroscopically
observed by Nicholls et al. (2009), who measured their radial
velocities in order to verify the binary hypothesis, concluding
that the classical binary with a stellar companion can be ruled
out. However, neither the low-mass companion scenario nor
the one involving non-radial pulsations could be excluded. An
analysis of the spectroscopic properties of a small sample of
LSPs was carried out by Pawlak et al. (2019), who noted some
possible differences in basic spectroscopic parameters including
log g, the effective temperature, and metallicity. A similar study
was done by Jayasinghe et al. (2021), who concluded that no
significant difference can be seen.

*The catalogue is 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/682/A88

In this paper, we use the All Sky Automated Survey for
Supernovae (Shappee et al. 2014; Jayasinghe et al. 2018, ASAS-
SN) catalog of LPVs combined with Gaia Data Release 3 (Gaia
Collaboration 2021, 2023, DR3) to identify a complete, all-
sky sample of LSPs and study their properties compared to the
non-LSP red giants. We further extend our analysis using spec-
troscopic data provided by the APOGEE (Majewski et al. 2017),
GALAH (De Silva et al. 2015), and RAVE (Steinmetz et al.
20006) surveys.

The structure of the paper is as follows: Sect. 2 describes the
data set we used and Sect. 3 presents the analysis of the spa-
tial distribution, kinematics, and spectroscopic properties of the
sample. We discuss the results in Sect. 4.

2. Data

For the purpose of this study we used the ASAS-SN Catalog
of Variable Stars containing 194 840 LPVs (Jayasinghe et al.
2018, 2019a,b). The sample includes both semi-regular as well
as OGLE small-amplitude red giant (OSARG) type variables.
We crossmatched this catalog with the Gaia DR3 catalog (Gaia
Collaboration 2021), obtaining 186 583 matches. This was our
base sample, which we used for further analysis.

The dominant variability period is given in the ASAS-SN
catalog. However, since the LSP can appear not only as the
strongest but also as the second or further period, we decided to
run an independent period search to identify the three strongest
periods for each of the objects. For that purpose, we use the
Lomb-Scargle method implemented in the VAROOLS package
(Hartman & Bakos 2016).
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Fig. 1. Selection of the LSP stars based on the location on the period-amplitude diagram. Periods selected as LSPs are marked in magenta, while
other LPVs are marked in gray. The cutoff criterion is A < 1.6log(P) — 3.7, and is marked with a dashed black line.

The criterion we used to select LSP stars was A <
1.6log(P) — 3.7, where P is the strongest period in days and A
is the V-band peak-to-peak amplitude in magnitudes. The selec-
tion criterion we propose was empirically chosen with a trial and
error approach to optimally separate the LSP stars from long-
period pulsators. Figure 1 illustrates the selection method. We
first checked the period with the strongest S/N and, if it did not
meet the LSP criterion, we checked the second and third periods.

The LSP stars have traditionally been selected based on
their location on the period-lumonosity diagram (PLD). This
approach has certain limitations related to the fact that it requires
accurate distances and mean NIR or MIR photometry. In the
absence of accurate distance determinations, the sequences C
(formed by the fundamental mode pulsators) and D (formed by
the LSP stars) tend to overlap, making the distinction between
Mira periods and LSPs rather difficult. Interstellar extinction
further complicates the issue.

The method we propose is meant to achieve the same
result, avoiding the aforementioned limitations. For that purpose,
period-amplitude selection can be used as an effective tracer of
sequence D (Trabucchi et al. 2017; Lebzelter et al. 2019).

To test the reliability of our method, we used the OGLE cat-
alogue of LPV stars in the Large Magellanic Cloud (Soszynski
2007), where the period-luminosity sequences are well defined.
We selected the LSP candidates using the period-amplitude cri-
terion defined above and placed them on the PLD (Fig. 2). The
vast majority of the selected candidates lie on sequence D, with
very few outliers, showing that the period-amplitude criterion is
an effective way of selecting LSP stars. It also allows us to sepa-
rate the LSP stars in sequence D from the ellipsoidal binaries at
the tip of sequence E (the clump of stars to the left with periods
between 100 and 200 days form the LSP sequence).

We note that our ability to detect the LSP is dependent on
the magnitude of the star, as the root mean square (RMS) of
ASAS-SN photometry gets higher for fainter objects. As shown
in Jayasinghe et al. (2019b), the typical RMS remains at the level
of 0.01 mag up to V = 13 mag and then rises steadily to about
0.1 mag at V = 17 mag. Therefore, to avoid spurious detection,
we introduced a cut on the amplitude of the faint stars, defined as
A > 0.036 -V —0.458. In the whole sample, we identified 32 983
stars where LSP is the strongest period and 22 831 where LSP is
the second or third strongest period.
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In order to verify the performance of the selection method
proposed and further analyze the period-luminosity relations, we
computed the Wesenheit reddening-free indexes, as is defined
in Lebzelter et al. (2019), using both Gaia and 2MASS pho-
tometry and correcting it for the distance module based on
Gaia parallaxes. We discarded the stars with negative parallaxes.
The formulas for Gaia (Wgp) and 2MASS (Wjk) indexes are
given by

Wrp = Grp — 1.3(Ggp — Grp) — Slog(1/@) + 5 (D

Wik = J — 0.686(J — K) — Slog(1/w) + 5, )

where @ is the Gaia parallax, Ggp and Ggp are Gaia blue and red
photometer magnitudes, and J and K are 2MASS infrared mag-
nitudes. In Fig. 3, we display the (PLD) of stars in which the LSP
is dominant, showing both the LSP (top panel) and the pulsation
periods (bottom panel). The same diagram is shown in Fig. 4 for
the stars whose strongest period is not an LSP, but rather due
to pulsation. The first thing we can observe is that the periods
that we flagged as LSP, based on the period-amplitude, are actu-
ally located in sequence D, showing that our selection method
is consistent with the traditionally used method based on the
location on the PLD. We note that the two types of star, shown
in Figs. 3 and 4, display clearly different distributions. When
the LSP is weaker than pulsation periods, the latter tend to be
shorter than 100 days, and populate sequences A and B (for the
sequence labels we adopt the same nomenclature as Wood 2015).
Conversely, the pulsation periods of stars dominated by the LSP
can be longer than 100 days and reach the area associated with
sequences C’, F, and C.

The comparison of the LSP to the pulsation period ratio
(Fig. 5) reveals the likely cause of the difference mentioned
above. For the objects with an LSP discovered as the second or
third period, the Py sp/PpyLs ratio does not show any preferential
value. However, for stars where the LSP is the strongest period,
the distribution has a very prominent peak at Py sp/Ppyrs = 2. It
strongly suggests that in these cases the second period is not an
actual pulsational period but a harmonic of the LSP. Therefore,
for the objects where the second period is longer than 100 days,
we took the third period and adopted it as Ppyrs. We also iden-
tified 241 where the putative LSP turned out to be an alias of the
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Fig. 2. Verification of the selection criterion using the OGLE LMC sample (Soszysiski et al. 2007). The period-amplitude cutoff marked with
dashed line is the same as in Fig. 1. The objects selected with the cutoff (upper panel) are placed on the PL diagram (lower panel). For the PL

diagram, we use the redenig-free Wesenheit index W; = V — 1.55(V - I).

high-amplitude, long pulsational period. We removed those from
our LSP list. The sample corrected this way is shown in Fig. 6.
We are making the list of identified LSPs, together with
all three identified periods, including their pulsational and long
periods, publicly available in an electronic format at CDS.

3. Analysis
3.1. Comparison sample

We further examined our sample of LSP stars in order to assess if
they stand out from other LPVs in terms of population effects or
spectroscopic properties. It is known that the appearance of LSPs
is related to the evolutionary status of the star (Trabucchi et al.
2017; Pawlak 2021). The least evolved LPVs do not show an LSP
at all, and the more evolved on the RGB or AGB the star gets, the
more likely it is to show an LSP. This effect needs to be taken
into account when comparing the LSP and non-LSP samples, as
it will obviously bias the analysis. Therefore, to make a proper
comparison, we need to define a control sample of non-LSP stars
that are approximately at the same evolutionary point as the LSP
sample stars. For that purpose, we used the log(P) versus Wik
plane, where for LSP stars we used the pulsational period as P.
We removed the stars with negative parallaxes and those with
@ < 04, Where 0 is the Gaia parallax uncertainty. We defined
X and Y coordinates by normalizing both the log(P) and Wik
range to [0:1]. This way, we obtained a rectangular XY coordi-
nates grid. Then, we took each LSP star and used the simple 2D

Cartesian metric to find the nearest non-LSP star. This way we
ended up with an equally numerous control sample of non-LSP
stars that have approximately the same distribution in the PL dia-
gram as the sample of LSP-dominated stars. In other words, we
obtained a control sample of stars that could have shown LSP
but do not.

To make sure that the construction of the control sample does
not introduce any additional bias, we constructed another, ran-
domized control sample. In this case, instead of using the exact
Wik, we took a value randomly drawn from the [Wix — o,
Wik + ow,] interval and used it to compute the Y coordinate.
Since we considered the uncertainty of P to be negligible, we
left the X coordinate unchanged. We obtained the randomized
coordinates of each of the LSP stars and then selected a new
nearest non-LSP star. The additional, randomized control sam-
ple obtained this way can be used for the purpose of performing
quality checks. In the following, the sets constructed with this
approach are indicated as the control sample and the randomized
control sample, while we refer to the sets of stars that show or do
not show an LSP as the LSP sample and the non-LSP sample,
respectively.

3.2. Spatial distribution and dynamical properties

We compared the LSP sample to both the whole non-LSP sam-
ple and the control sample. First, we examined their sky spatial
distribution, which is illustrated in Fig. 7. We note that the LSP

A8S, page 3 of 10
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Fig. 3. Location of the stars that have LSP as the strongest period in the period vs. Gaia Wesenheit index plane. In the top panel, the stars from the
sample are plotted using the LSPs as the period (red). In the bottom panel, the same stars are plotted with the strongest pulsational period (green).

Non-LSP LPVs are shown as a background in gray in both panels.

sample seems to be more concentrated around the Galactic bulge
and has a larger dispersion along the Galactic latitude (b). To
check this, we compared the distribution of the samples in b.
This is illustrated in Fig. 8. The distribution of the LSP sample
shows a statistically significant difference and indeed appears to
be more dispersed in b, especially on the negative side of the
distribution. To complete the spatial distribution picture, we also
compared the distribution in the Galactic longitude, [ (Fig. 9),
and in the Gaia parallaxes, @, which is shown in Fig. 10, toward
both the center and anti-center of the Galaxy. Again, we see a
significant difference between LSP and non-LSP stars.

Next, we investigated the dynamical properties of the sample
using Gaia proper motions. Figure 11 shows the distribution in
the proper motion of the LSP and non-LSP stars. Again, the dis-
tributions are statistically different, with the LSP sample having
on average higher proper motions.

The higher dispersion in b and higher proper motion are both
typical of the thick disk population as opposed to the thin disk.
The fact that the LSP sample shows both of these features may
suggest that stars belonging to the thick disk are more likely to
display an LSP compared to stars in the thin disk.

3.3. Spectroscopic properties

For the purpose of further analysis, we crossmatched our sample
with the following catalogs of spectroscopic surveys: APOGEE
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DR17 (Abdurro’uf et al. 2022), GALAH DR3 (Buder et al.
2021), and RAVE DR6 (Steinmetz et al. 2020). The crossmatch
results in 652, 916, and 1877 matches for APOGEE, GALAH,
and RAVE, respectively. A first analysis of basic spectroscopic
parameters, namely log g and T, did not highlight any clear dif-
ference between our samples. We also looked into [Fe/H], [M/H],
and [a/H] (if available in a given survey). However, the number
of objects for which these measurements were available was too
small to make a meaningful comparison. We also checked the
[Fe/H] value provided in Gaia DR3 (Fig. 12). The LSP stars have
a higher metallicity than their non-LSP counterparts.

Next, we checked the C/O ratio in the APOGEE data, which
is the only of the three aforementioned surveys that has enough C
and O abundance data available to make a statistically significant
comparison. The comparison of the C/O distribution for LSP and
non-LSP stars is shown in Fig. 13. The LSP stars appear to be
more C-rich than the non-LSP ones.

We also used the information about the C/O ratio provided
in the Gaia DR3 catalog of Long Period Variables (Lebzelter et
al. 2023), based on Gaia spectro-photometric data. The fraction
of C-rich stars in the LSP and non-LSP sample is comparable
and in general low. In contrast with the APOGEE data, the Gaia
chemical classification indicates a slightly lower fraction of C-
rich stars — 4% — compared to 5% in the non-LSP LPVs.

To further investigate the C/O ratio of the stars in the sam-
ple we used the Gaia-2MASS Wesenheit index, Wgp — Wik,
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Fig. 4. Same as Fig. 3, but for the stars that have an LSP as a second or third period.
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Fig. 5. Period ratio for the stars where the LSP was detected as the first period (green), second period (magenta), and third period (blue). The high
pick at PLsp/PpuLs = 2 is a clear indication that some of the periods identified as pulsational are actually harmonics of the LSP. The whole sample

after alias correction is shown in gray.

adopted from (Lebzelter et al. 2019). This quantity is an indi-
cator of the C/O, as it tends to be larger than 0.8 mag for
C-rich stars and smaller than 0.8 mag for O-rich ones. The dis-
tribution in the Wgp — Wik index is shown in Fig. 14. While
the difference between the two distributions seems to be small,
it turns out to be statistically significant when tested with the
Kolmogorov—Smirnov (KS) test.

Another potentially interesting feature can be observed in the
stellar age distribution derived from the RAVE data (Fig. 15).
The LSP stars appear to be on average older than the non-
LSP stars. The difference in age is small but still statistically
significant at a 4% level when tested with the KS test.

3.4. Quality check

As a first quality check, we repeated the analysis, replacing the
original comparison sample with the randomized one, and com-
pared the results. The distribution in the randomized control
sample is consistent with the base control sample, leading to the
conclusion that the construction of the control sample does not
introduce a significant bias.

Another potential source of bias is the footprint of the ASAS-
SN survey, which is clearly visible in Fig. 7. It results from the
fact that the ASAS-SN catalog of variable stars is not homoge-
neous, as it includes both variable stars discovered independently
by ASAS-SN as well as stars from the literature catalogs.

A88, page 5 of 10
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Fig. 6. PL after correction. The color schema is the same as in Fig. 3. For the stars that had an LSP detected as the first period and an LSP alias as
the second period, the third strongest period was adopted as the pulsational period.

LSP (whole sample)

Fig. 7. Sky distribution of the two selected samples. The LSP sample is shown in the top panel and the non-LSP sample in the bottom panel.
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Fig. 8. Galactic latitude distribution for LSP and non-LSP stars. The level of statistical significance tested with the KS test is p ~ 10716,
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Fig. 9. Galactic longitude distribution. The level of statistical significance tested with the KS test is p ~ 10716,
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Fig. 10. Parallaxes observed toward the Galactic center (upper panel) and the Galactic anti-center (lower panel).

The most prominent feature of this footprint is the artificial over-
density stripe around the Galactic equator. In order to make sure
that this artifact was not affecting our conclusions, we redid the
analysis, excluding the stripe between —5° < b < 5°, where the
artifact appears. We obtained results consistent with the original
analysis.

We note that, in crowded regions, the flux from unresolved
stars can cause the photometric amplitude of a variable star to be
underestimated (Riess et al. 2020). Lebzelter et al. (2023) have

shown this to be the case for the V-band amplitude of ASAS-
SN sources toward the Galactic plane and bulge. As we identify
LSPs by their amplitude, this effect could lead us to mistake
the pulsation period of a Mira in a crowded sky for an LSP. In
order to assess the impact of this effect, we compared the ASAS-
SN V-band amplitude with the G-band amplitude from the 2nd
Gaia Catalog of Long Period Variable Candidates (Lebzelter
et al. 2023). The latter value is expected to be more accurate
owing to the higher spatial resolution achieved by Gaia, and is
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Fig. 11. Proper motion distribution. The level of statistical significance tested with the KS testis p = 6.1 x 10714,
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Fig. 12. Metallicilty distribution based on the Gaia DR3 data. The level of statistical significance tested with the KS testis p ~ 107°,
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Fig. 13. Distribution of the C/O ratio based on the APOGEE data. The level of statistical significance tested with the KS test is p = 0.00083.
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Fig. 14. Wgp — Wik Gaia-2MASS Wesenheit index, which can be used as an indicator of the C/O status. The level of statistical significance tested
with the KS test is p = 1.55 x 1078, The vertical dashed line at Wgp — Wik = 0.8 marks the boundary between O- and C-rich stars.
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Fig. 16. ASAS-SN V-band amplitude vs. Gaia G-band amplitude
(top panel) and mean V-band magnitude vs. mean G-band magnitude
(bottom panel).

available for about 20 000 objects from our sample. We find that,
in most cases, the two amplitudes as well as the two magnitudes
appear to be related by a power law, with some scatter (Fig. 16).
About 4% of the sources deviate from this pattern and have a
rather small V-band amplitude, indicative of the crowding effect.

We repeated our analysis after excluding these sources and found
the results to be consistent with the original analysis.

The last check that we made related to the time coverage of
the ASAS-SN photometry. While most of the light curves cover
more than 1000 days of observation, there is a subset with shorter
time coverage. For these objects, the LSPs may not always be
reliably detected. As a final quality check, we excluded those
stars with less than 1000 days of data and once more redid the
analysis. Once again, the results were consistent. We conclude
that the aforementioned factors do not introduce a significant
bias to our analysis.

4. Discussion and conclusions

Our first observation is that most of the LSP stars lie on the
first-overtone sequences B and C’. While there are a number of
LSP stars that have one of the periods detected in the region
roughly consistent with the fundamental mode sequence C, we
conclude that these are most likely harmonics of the LSP, not
real fundamental mode pulsations.

The fact that the LSP stars appear predominantly on the first-
overtone sequences B and C’ is consistent with the previous
results of Trabucchi et al. (2017), connecting the LSP to these
two sequences and the transition between them. This result sug-
gests that there may indeed be a physical reason tying the LSP
phenomenon to the first overtone sequences, but the exact nature
of this mechanism remains unclear.

However, it should also be noted that the whole ASAS-SN
sample of the LPVs that we used for this search is dominated
by first-overtone pulsators. The fact that there are much fewer
fundamental mode than overtone pulsators in the base sample
may affect the distribution of the selected LSPs. Therefore, this
result should be interpreted with caution.

The comparison between the LSP and non-LSP LPVs reveals
some subtle but statistically significant differences between the
two populations. First, there is a difference between the spa-
tial distribution of the two samples. The LSP stars appear to be
more dispersed and less concentrated around the Galactic plane
than their non-LSP counterparts, which hints at a possible age
difference.

The spectroscopically derived ages from the RAVE cata-
log seem to support the age difference hypothesis, as the LSP
stars appear to be statistically older. It should be noted that the
RAVE age estimates carry a high level of uncertainty and the
statistical difference between the two distributions is marginally
significant. These results therefore need to be interpreted with
caution. Being aware of these limitations, the spectroscopic ages
may be another hint of a population difference between LSP and
non-LSP giants.
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Another potentially important feature distinguishing the
LSPs from non-LSPs is the C/O ratio, which has a statistically
different distribution for the two samples. This can be seen both
in the photometric data (Wgp — Wik, Gaia-2MASS Wesenheit
index) and the specto-photometric classification provided in
Gaia DR3, as well as direct spectroscopic measurements. Inter-
estingly, the APOGEE data show a higher C/O ratio for the LSP
stars, while the Gaia data seem to show a trend that is harder
to interpret. While a statistically significant difference between
the two populations can be observed, the direction of the trend
is ambiguous. It should be noted that the APOGEE data are only
available for a relatively small number of stars, located in very
specific sky regions, mostly toward the Galactic bulge, which
may affect the result. On the contrary, the Gaia data are all-sky,
and therefore more representative of the general picture.

The difference in the C/O ratio is interesting for two reasons.
First, the C/O depends on the metallicity (Bensby & Feltzing
2006; Marigo et al. 2020). Therefore, it can be used as an indi-
rect population indicator. The most obvious choice for such an
indicator would be [Fe/H] itself. However, the number of objects
that have reliable [Fe/H] values in any of the three spectroscopic
catalogs used for this study is too small to draw a significant
conclusion. Still, the difference in C/O can be interpreted as
a hint toward the aforementioned hypothesis about the popu-
lation difference. A the same time, the [Fe/H] values provided
in Gaia DR3 indeed show different distributions, with the LSP
having a higher metallicity on average.

Second, the difference in the C/O ratio may also be con-
nected to the high mass-loss rate, as dust-driven wind requires
a certain level of carbon abundance to be activated (Lagadec
& Zijlstra 2008; Goldman et al. 2017; Marigo et al. 2020). The
mass loss and dust production are, in turn, known to be con-
nected to the LSP phenomenon (McDonald & Trabucchi 2019).
The dust production becomes especially important in the binarity
scenario, which assumes the presence of a dust cloud around a
low-mass companion (Soszynski et al. 2021). Therefore, the dif-
ference in terms of the C/O ratio between the LSP and non-LSP
giants may be seen as an indicator of the binarity hypothesis.

However, the potential population differences are rather
subtle, making it hard to draw definitive conclusions. Further
studies are required to verify this hypothesis. With coming
improved spectroscopic data, the type diagnostics we do will
become more stringent, or will be able to confirm the tendencies
we see.
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