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ABSTRACT

Context. The Pan-STARRS 3π survey has detected a vast number of variable stars thanks to its coverage and long time span, even
though the sampling of the light curves is relatively sparse. These light curves contain only a dozen or so detections in each of the 5
filters (g,r,i,z,y). During the K2 mission, the Kepler space telescope observed along the Ecliptic Plane with a high sampling frequency,
although only for about 80 days in each of its campaigns.
Aims. Crossmatching and investigating the RR Lyrae stars observed by both K2 and Pan-STARRS can serve as a valuable tool to
validate the classification and period determination of the ground-based survey.
Methods. We used the Sesar et al. (2017) catalog of RR Lyrae stars detected by Pan-STARRS. After determining the overlap between
the stars observed by both Pan-STARRS and K2, we also considered the Gaia DR3 SOS RR Lyrae catalog data for the list of these
stars wherever it was available. The frequencies of the light variations were calculated by applying the Lomb-Scargle periodogram
method on the K2 light curves that were prepared with the autoEAP photometry. The calculated frequencies of the stars then were
compared with those given in the (Sesar et al. 2017) catalog and the Gaia DR3 RR Lyrae catalog.
Results. We found that for the majority of the stars, the classification (95.6 %) and the period determination (90.1 %) of the Pan-
STARRS RR Lyrae stars were consistent with those that we derived from the K2 autoEAP light curves. For a significant subset of the
sample, 7.4 %, however, an offset of 1 or 2 d−1 was found in the frequencies. These are the result of the sampling of the detections
because Pan-STARRS observations are affected by diurnal cycles, whereas Kepler carried out measurements quasi-continuously.
Validation via space-based data will be important for future ground-based surveys, as well.
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1. Introduction

RR Lyrae stars are old, population II, core-helium-burning vari-
able stars, found on the horizontal branch of the Hertzsprung-
Russell Diagram. Thanks to their high luminosity and the well-
studied period-luminosity relation, they can be used as tracers of
the galactic structure of the Milky Way (Catelan & Smith 2015).
They are commonly found in the Galactic halo, and especially in
globular clusters, but they appear in large numbers in the Galac-
tic Bulge and the thick disk, as well. They also trace extragalactic
structures and can be used to identify close-by dwarf galaxies as
well as streams and tidal tails of perturbed galaxies, such as the
Sagittarius (Sgr) dwarf galaxy and stream (Ibata et al. 1994).

Mapping and statistical studies really took off with the start
of extensive sky surveys in the early 2000s such as OGLE (Op-
tical Gravitational Lensing Experiment (Udalski et al. 1992)),
SDSS (Sloan Digital Sky Survey (York et al. 2000)), NSVS
(Northern Sky Variability Survey (Woźniak et al. 2004)), ASAS
(All-Sky Automated Survey (Pojmanski 1997)) or, the VVV
(VISTA Variables in the Via Lactea (Minniti et al. 2017)). Af-
ter the identification of the Sagittarius stream, numerous other
dwarf galaxies and streams have been discovered as a result
of the availability of large amounts of data (Weisz et al. 2011)
and for example Drake et al. (2013) used light curves from the
Catalina Surveys to analyze RRab stars in the outer halo.

Pan-STARRS observed 75% of the sky during its 3π survey
which lasted for 4 years. During this time span, the telescope
made photometric measurements in each of the five grizy SDSS
filters (Chambers et al. 2016). The number of detections for a
given object can vary, on average there are approximately 60
detections in total, 10-15 in each filter. The sampling is nonuni-
form, which makes it possible to use the obtained light curves
to identify variable objects of different types and frequencies de-
spite the relatively low number of detections. Large sky surveys
have proved to be excellent sources of data for identifying and
tracking the distribution of variables, such as RR Lyrae stars. For
example, Hernitschek et al. (2016) analyzed the Pan-STARRS
PS1 3π data and found ∼ 1 million QSO (Quasi-Stellar Object)
and ∼ 150, 000 RR Lyrae candidates, and Sesar et al. (2013)
used the re-calibrated LINEAR data of RR Lyrae stars to trace
the structure of the galactic halo. It is worth noting, however,
that ground-based surveys are limited by the diurnal cycle that
affects both sampling and period determination.

Space-based observations, on the other hand, are less heav-
ily affected by the rotation of the Earth, therefore this kind
of measurements can be an important complement to ground-
based photometry data. The Kepler space telescope made quasi-
continuous observations of a dedicated area of the sky, concen-
trating on pre-selected target stars in the direction of Lyrae and

Article number, page 1 of 8



A&A proofs: manuscript no. output

Cygnus, in order to discover exoplanet transits (Borucki et al.
2010; Borucki 2016). These data sets have proved to be invalu-
able in the field of stellar variability. After the spacecraft was
no longer able to continue its original mission as a result of the
failing reaction wheels, its second mission, named K2, started
during which the orientation of the telescope was changed to
observe in the Ecliptic plane (Howell et al. 2014), and a new
observing mode had to be developed. Similar to its original
mission, the sampling remained frequent, however, these light
curves typically span about 80 days in contrast to the previous 4
years.

A large number of new variable stars have already been dis-
covered thanks to the robust nature of the survey programs, even
though all-sky missions, such as the Gaia mission (Eyer et al.
2023; Clementini et al. 2023), could only collect sparse photo-
metric data from each observed star. It can make the identifica-
tion, the classification, or the period determination challenging,
for example Molnár et al. (2018) showed that the completeness
of the Gaia DR2 RR Lyrae catalog is around 75%.

The overlap between the all-sky but sparsely sampled
ground-based data from Pan-STARRS, and the frequently sam-
pled space-based measurements from K2 over a limited sky area,
provide an excellent opportunity to compare and validate the ac-
curacy of these observations. Therefore, the primary aim of this
research is to investigate variable stars, specifically RR Lyrae
stars through the lens of both Pan-STARRS and K2 in order to
be able to compare the accuracy of the identification and the pe-
riod determination.

In Section 2 we describe our methods in detail as well as
the data and catalogs that served as a basis for the analysis. The
results and conclusions are presented in Sections 3 and 4.

2. Data and methods

2.1. Data and catalogs

There are multiple catalogs that contain RR Lyrae stars ob-
served by Pan-STARRS. For example, in their study Hernitschek
et al. (2016) searched for RR Lyrae-type variables and quasi-
stellar objects (QSOs) in the light curves, analyzing the first 3.5
years of observations of the Pan-STARRS dataset. They applied
a machine learning algorithm (a random forest classifier) to de-
termine the probability of the light curve showing RR Lyrae or
QSO-type variability. In the published catalog, these probability
scores can be found, but not the periodicity of a possible vari-
ability. Another catalog is the Sesar et al. (2017) catalog which is
exclusively dedicated to RR Lyrae stars. They applied a template
fitting method and then used a machine learning-based classifi-
cation. The catalog contains not only the classifications of the
stars and the respective probability scores but also the deter-
mined periods. There is a significant overlap between these two
catalogs. Because the goal is the analysis and comparison of not
only the classifications but also the periods of the stars, we de-
cided to proceed using the Sesar et al. (2017) catalog.

A classification of RR Lyrae stars, similar to the Pan-
STARRS search, was made based on the Dark Energy Survey
observations as well (Stringer et al. 2021). However, those fields
have little to no overlap with the K2 observation, so we omitted
them from this work.

After the original mission of the Kepler space telescope
ended, the precision of keeping the position of the targets got
worse for K2. Therefore in some cases, it can be challenging to
determine the optimal aperture for the photometry in order to ob-
tain the light curve with the best signal-to-noise ratio. We used

the autoEAP light curves provided by Bódi et al. (2022). In their
work, they automated the process of determining the optimal ex-
tended aperture for the photometry 1.

2.2. Methods and analysis

Hereafter, when discussing the steps of data reduction, a star ob-
served by Pan-STARRS means that it was identified and listed in
the Sesar et al. (2017) catalog. A star observed by K2 means that
it was actually observed in at least one of the campaigns, as ex-
plained below. Some stars are observed in multiple campaigns.
We started the study by crossmatching the targets to obtain those
stars that were potentially observed by both Pan-STARRS and
K2.

To determine the overlap, we used the K2fov python tool
(Mullally et al. 2016) to find those stars from the Pan-STARRS
RR Lyrae catalogs that fall onto the field-of-view (FOV) of the
K2 mission in at least one of the campaigns. However, the mere
fact that a star’s position falls onto the K2 FOVs does not guar-
antee that it was actually included in the observations. Only the
pixels around the pre-selected targets were downloaded due to
bandwidth constraints. For this reason, after we obtained the pri-
mary list of crossmatched stars, we also checked the EPIC cata-
log (Huber et al. 2016) to see whether the selected stars finally
got observed or not. We focused on those stars that were among
the main targets of the K2 mission in order to make sure that the
light curves have a good signal-to-noise ratio for the analysis.

Finally, we crossmatched our list with the Gaia DR3 catalog
(Gaia Collaboration et al. 2023) which served multiple purposes.
One was to provide a universal ID for all our stars that we can
use consistently. Another was to check the Gaia RR Lyrae cat-
alog (Clementini et al. 2023), too, which contained valuable in-
formation about a significant subset of our RR Lyraes, such as
type and pulsation period in the fundamental mode and/or first
overtone. Having another point of comparison in terms of clas-
sification, the pulsation period is important, especially in cases
where there is a disagreement between the Pan-STARRS and K2
observations in any way.

For all the stars that are in the Sesar et al. (2017) catalog, we
will refer to their provided period as the Pan-STARRS period.
We calculated the K2 periods from the autoEAP light curves
using the Lomb-Scargle Periodogram method in the Astropy
Python package (Astropy Collaboration et al. 2022). However,
in the Campaign 7 of K2, many light curves are contaminated
due to the dense field and we found that the PDCSAP photom-
etry produced a cleaner light curve. Therefore, in case of these
affected stars the PDCSAP photometry was used instead of the
autoEAP one. For the stars that are found in the Gaia DR3 RR
Lyrae catalog (Clementini et al. 2023), the Gaia frequency is also
given.

For further analysis, we used the corrected autoEAP light
curves from K2 and downloaded the detections in each filter
from Pan-STARRS. To be able to make a comparison we con-
verted the light curves to magnitude units. The magnitude con-
version formula of Kp = −2.5 log10(F)+25.3, calibrated by Lund
et al. (2015), was applied to convert the K2 flux to Kp magnitude.
We used the mAB = −2.5 log10(F/3631Jy) formula (Tonry et al.
2012) to convert the Pan-STARRS light curves from Jansky to
AB magnitude system for each passband.

Finally, we checked the K2 light curves of all the variable
stars on the final list and classified them by visual inspection.
The Sesar et al. (2017) catalog lists their classifications based

1 https://github.com/konkolyseismolab/autoeap
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Fig. 1. Light curve comparison for a sample RR Lyrae star. The upper left panel visualizes the Pan-STARRS light curve of the star, in all five
filters, and the lower left panel shows the light curve phase-folded with the period given in the (Sesar et al. 2017) catalog. The upper right panel
illustrates the K2 light curve, the lower right panel shows the light curve phase-folded with the period that was determined by the Lomb-Scargle
periodogram method.

on the Pan-STARRS data, however, the only two subtypes in the
catalog are RRab (fundamental mode pulsator) and RRc (first
overtone pulsator) stars. RRd (double mode pulsator) stars or
other variable types were not present as classification categories.
Therefore it was crucial to obtain the K2-based classification of
the stars as well, to be able to better characterize and analyse the
sample.

3. Results

The main properties of the stars that our search criteria yielded
are listed in Table .1 in the Appendix. The whole table is avail-
able online 2. The first two columns list the coordinates of the
stars (taken from the Sesar et al. (2017) catalog), the second
two columns the EPIC (K2) and Gaia DR3 IDs, the fifth col-
umn is the classification type by Sesar et al. (2017) and the sixth
column is the classification type based on the K2 light curve.
Then the seventh, eighth and ninth columns show the pulsation
frequencies of the RR Lyraes, the K2 ones are calculated us-
ing the Lomb-Scargle Periodogram method, meanwhile the Pan-
STARRS frequencies are taken from the Sesar et al. (2017) cat-
alog and the Gaia frequencies are from the DR3 Special Ob-
ject Studies (SOS) RR Lyrae variable catalog (Clementini et al.
2023). The last two columns show the Kp taken from the EPIC
catalog (Huber et al. 2016) and the flux-averaged g (<g>) mag-
nitudes taken from the Sesar et al. (2017) catalog.

To illustrate a typical case, the light curves of one of the
sample RR Lyrae stars are shown in Figure 1. It is clear that

2 https://kik.konkoly.hu/data_en.html

in all cases the Pan-STARRS light curves are sparsely sampled
compared to the K2 light curves, however, their longer obser-
vation interval leads to more accurate periods. One important
thing to note in this example is that the period that was calcu-
lated based on the K2 light curve using the Lomb-Scargle peri-
odogram method is different from that determined by Sesar et al.
(2017).

In the case of the K2 data, the identification (and period
determination) of the RR Lyrae star is straightforward and can
be done with good precision based on the time series and the
folded light curves, even by visual inspection. However, as it can
be seen on the left side panels, the Pan-STARRS datasets con-
tain significantly fewer detections, therefore making it harder to
track the brightness changes along the phases. The catalog of
RR Lyrae stars in the Pan-STARRS data was compiled based
on template light curve fits using machine learning (Sesar et al.
2017). The corresponding template was not included in Figure 1
because one of the free parameters (r’) could not be recovered
from the work of Sesar et al. (2010).

The whole sample consists of 1120 RRab and 233 RRc stars
as classified by Sesar et al. (2017). For the majority of the stars
(90.1% in total, 95.2% of RRab and 65.7% of RRc stars), the
periods calculated from the K2 light curves are consistent with
those listed in the Sesar et al. (2017) catalog within the uncer-
tainties. However, for a significant subset of the sample (9.9%
in total, 4.8% of RRab and 34.3% of RRc stars), the period cal-
culation yielded quite a different result, as demonstrated in the
case EPIC 214586963 (Figure 1). We managed to determine a
clear pattern in the frequency differences, which is shown in Fig-
ure 2. For 7.4% of the whole sample (3.7% of RRab and 25.3%
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Fig. 2. Frequency comparisons of the sample. The figure shows the comparisons of the periods determined from different datasets. For Pan-
STARRS, the Sesar et al. (2017) catalog period was used, for Gaia DR3, the Gaia RR Lyrae catalog period was used, and for K2 our calculated
values were used that we obtained by the Lomb-Scargle periodogram method. Green dots indicate the stars that have matching frequencies, blue
dots indicate the stars that have an alias of 1 or 2 cycles/day in their Pan-STARRS frequencies and red dots signify the stars that have discrepancies
between their K2 and Pan-STARRS frequencies that are not aliases. Black circles mark the stars that we found to be misclassified in the Sesar
et al. (2017) catalog.
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Fig. 3. Distibution of frequency differences for each sub-type of RR Lyrae stars. Green indicates the stars that have matching frequencies, blue
indicates the stars that have an alias of 1 or 2 cycles/day in their Pan-STARRS frequencies and red signifies the stars that have discrepancies
between their K2 and Pan-STARRS frequencies that are not aliases. Black dotted-edged columns show the number of misclassified stars within
each bin.

of RRc stars) we found an alias in the frequencies, meaning that
the frequencies given in the Sesar et al. (2017) catalog are 1.0 or
2.0 d−1 off compared to the frequencies derived from the K2 light
curves. It is clearly visible that there is an asymmetry in the alias
frequencies, the frequencies determined from the Pan-STARRS
light curves are more frequently 1.0 d−1 shorter than longer. For
the remainder 2.5% of the stars (1.2% of RRab and 9.0% of RRc
stars) we found discrepancies between the two frequencies, yet
no aliases. For the outlier stars that also have Gaia DR3 vari-
ability data, in 63.6% of the cases the frequency given by Gaia
is in agreement with the K2 frequencies. We analysed not only
the frequencies of the variables, but also their classifications. We
compared the classification given in the Sesar et al. (2017) cata-
log (RRab or RRc) with the classification that resulted from the
visual inspection of the K2 light curves. We found that in case of
96 % of the stars (97.9 % of RRab stars and 87 % of RRc stars)
the classifications were consistent. In five cases the classification

based on the K2 light curve was not possible due to the quality of
the light curve. With these exceptions, we are confident that the
K2-based classification is the correct one. Among the stars that
were misclassified we found examples where, although the star
was an RR Lyrae type star, but the correct subtype was differ-
ent, e.g. RRd instead of RRab or RRc instead of RRab and vice
versa. We found 15 cases where based on the K2 light curves
the star is clearly not an RR Lyrae star, but rather another type
of variable, such as BL Herculis, δ Scuti, Anomalous Cepheid
star or an eclipsing binary. In total 29.6 % of the misclassified
stars have matching frequencies, 46.3 % have aliases and 24.1 %
have different frequencies from K2 and Pan-STARRRS. The re-
sults are summarized in Table 1.

In Figure 2, we compared the identified frequencies for each
star using K2, Pan-STARRS, and even Gaia DR3 data when
available. We found that when there is a mismatch in the fre-
quencies, it is likely to be off by 1.0 or 2.0 d−1, the 1.0 d−1 off-
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Fig. 4. RR Lyrae probability score distribution of the crossmatched sample. The probability score of each star was given in the Sesar et al. (2017)
catalog. The color green refers to the stars with matching frequencies from K2 and Pan-STARRS, blue denotes stars that have an alias in their
frequency from Pan-STARRS and red is for the stars that have a difference in their frequencies. Black dotted-edged columns show the number of
misclassified stars within each bin.

Table 1. Summary of the result of the frequency analysis. The second column lists how many stars the sample had of each type of RR Lyrae stars.
The third and fourth columns show the number and percentage of stars that had matching frequencies from both Pan-STARRS and K2. The fifth
and sixth columns show the number and percentage of stars that had an alias of 1 or 2 cycles/day in their Pan-STARRS frequencies compared
to the ones obtained from K2. Finally, the seventh and eighth columns show the number and percentage of stars that had different frequencies
(not aliases) from K2 and Pan-STARRS. The numbers in brackets indicate the number of stars within each group for which the classification is
consistent.

Variables Final sample Match Match Alias Alias Mismatch Mismatch
RRab 1120 [1094] 1066 [1062] 95.2 % 41 [25] 3.7 % 13 [7] 1.2 %
RRc 233 [200] 153 [138] 65.7 % 59 [49] 25.3 % 21 [13] 9.0 %
Total 1353 [1294] 1219 [1200] 90.1 % 100 [74] 7.4 % 34 [20] 2.5 %

set being the most common one. This trend is observable in both
Pan-STARRS vs K2 and Pan-STARRS vs Gaia comparisons, but
not in K2 vs Gaia analysis. Therefore, for stars with discrepant
period values, we recommend using the K2 or Gaia periods in-
stead of the Pan-STARRS values.

The explanation for this finding are the biases present in the
different kinds of observations. K2 and Gaia are space telescopes
being able to make observations both during daytime and night-
time, but Pan-STARRS being a ground-based telescope, it could
observe only during local nighttime. These regularly missing
intervals from the sampling are likely the causes of this phe-
nomenon. The distribution of the frequency differences is shown
in Figure 3. From the second and third panels of the plot, it is
obvious that RRc stars are disproportionately affected. It could
be attributed to the fact that the RRc light curve shape is more

sinusoidal. Furthermore, the fits done by Sesar et al. (2017) find
frequencies lower by 1.0 d−1 significantly more often. This sug-
gests that assumptions made for the preferred frequency range
could also have affected the results, preferring lower frequency
fits for those stars. When considering the classifications, it is im-
portant to note that we find misclassified stars in all three groups,
not just in the period mismatch group, which indicates that just
because the classification is not accurate, the given frequency
can be.

The distribution of the probability scores of the overlapping
sample stars are presented in Figure 4. As it is apparent from the
semi-log scale charts, the vast majority of the stars have a prob-
ability score at the higher end for each sub-class. These scores
are given in the Sesar et al. (2017) catalog and are indicators
of their RR Lyrae classification quality. Although in case of the
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Fig. 5. Brightness comparison of the sample. Pan-STARRS g magni-
tudes are shown on the horizontal axis, while Kepler Kp magnitudes are
plotted for each star on the vertical axis. The green dots denote stars
that have the same frequency from both K2 and Pan-STARRS data, the
blue dots are stars that have an alias of 1 or 2 d−1 in their Pan-STARRS
frequencies and red dots mark the stars where there is a different dif-
ference in the periods. Black circles mark the stars that we found to be
misclassified in the (Sesar et al. 2017) catalog.

stars with matching periods there does not seem to be a relation
between the probability score values and the number of misclas-
sified stars, in case of the alias group and especially in the period
mismatch group, as expected, we tend to find more misclassified
stars among those having lower probability score values in the
Sesar et al. (2017) catalog. This effect is particularly noticeable
in case of the RRc stars.

Finally we compared the brightnesses of the variables in Fig-
ure 5. From the Pan-STARRS datasets, we used the g-filter data
to compare with the K2 Kp magnitudes. The brightnesses de-
rived from the K2 and the Pan-STARRS light curves are in agree-
ment for the majority of the stars in the sample, however, there
are cases with significant differences in the magnitudes. There is
no visible link between the correctness of the period or classi-
fication of the stars and the brightness differences. The discrep-
ancies are rather due to the uncertainties in the determination of
the brightnesses.

4. Summary and conclusions

The Pan-STARRS 3π survey has detected a vast number of
RR Lyrae stars, but these light curves are sparsely sampled, and
the observations were only possible during local nighttime as a
result of it being a ground-based telescope. On the other hand,
the K2 mission only observed a limited fraction of the sky in
each of its campaigns, but did so with a much higher sampling
frequency, and thanks to the fact that it was a space mission,
the time series are quasi-continuous. Their data can complement
each other: Kepler provides high time-resolution light curves for
a shorter period of time for a limited number of stars, whereas
Pan-STARRS provides more sparsely sampled data but for a

longer time span and for significantly more stars. Because of
this we decided to investigate their overlap. To carry out a more
thorough analysis, we used the Gaia DR3 data as well, wherever
it was available.

For the comparison, we derived the classification and pe-
riod information from the Sesar et al. (2017) catalog. From the
K2 data we used the available autoEAP light curves and calcu-
lated the periods with the Lomb-Scargle periodogram method.
We found that for the majority of the stars (95.6 %), the classi-
fication was consistent, but we also found some exceptions, for
example, some RRd stars were classified as RRab or RRc stars,
or the stars were other type of pulsators or eclipsing binaries in-
stead.

During the investigation of the periods, we found that for
the majority (90.1%) of the stars, the periods derived from the
Pan-STARRS and K2 data are consistent. However, we found
a significant subset of stars (9.9%) that seem to have different
periods from the two missions.

Analyzing the frequencies, it became apparent that there is
a systematic difference between the periods calculated from K2
and those from the catalog in the case of some stars (7.4% of the
sample). We found that the Pan-STARRS frequencies were usu-
ally 1-2 d−1 off from the K2 periods. This discrepancy strongly
affected the RRc periods, with a quarter of them (25.3%) being
alias values instead of the true ones. The explanation of this alias
is the fact that because Pan-STARRS observed from the ground,
therefore could only make measurements during nighttime, the
sampling is not even, compared to the time series of the K2 mis-
sion. The Gaia periods (where available) are in agreement with
the K2 periods in most cases (94.6%). In case of the remain-
der, for some stars only the Gaia frequency is off and the K2
and Pan-STARRS frequencies are in agreement and for some all
three frequencies are different.

Our research concludes that although Pan-STARRS ob-
served a huge number of stars with measurements spanning a
long time interval (4 years), it was still important and insightful
to compare the data with the K2 mission data. Not only because
K2 offers a more evenly and frequently sampled light curve, but
more importantly because there are aliases in the determined
frequencies due to observing time bias of ground-based detec-
tions and that these aliases are not necessarily symmetrical. In
our case it was more likely to find the Pan-STARRS frequency
(Sesar et al. 2017) to be 1 d−1 lower than higher than the K2
frequency.

The conclusions of the study are important in the era of big
surveys such as the Vera C. Rubin Observatory’s LSST (Legacy
Survey of Space and Time) sky survey (Ivezić et al. 2019). The
LSST program will produce an unprecedented amount of data
on the stars in the southern hemisphere for ten years with a rel-
atively sparse cadence. Therefore, validating the ground-based
data against space-based observations is critical in being able
to identify the possible aliases and other artifacts in the dataset
which can later be taken into account during data reduction in
order to get more precise and accurate results.
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