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Abstract

Space-born missions designed to search for exo-planets are providing us with high-
precision photometric time series very well suited to measure the rotation period of
solar- and lower-mass stars. Considering the large number of stars monitored during
the mission life, the possibility to inspect each periodogram is out of question and,
therefore, each method to search for rotation periods applied either individually or
in combination is designed to automatically select the best rotation period estimate.
In the case of unresolved binary stars it is possible to measure the rotation period
of both components, when these are both variable and have comparable magnitude.
On the other hand, the detection of two different rotation periods from the same
photometric timeseries can represents a tool to unveil the binary nature of the star.
In this paper, we present the case of the star TWA 23, a member of the young TWA
association, as just one example of numerous cases. These may occur when the star
is an unresolved binary and the variability of the secondary component is present in
the time series. However, the frequency of the primary and dominant power peak
in the periodogram, originating from the primary component, needs to be pre-whit-
ened to allow the frequency of the secondary component to be detected. Considering
the possible presence of undiscovered close binaries in the input catalogs of various
ongoing or future missions aimed at exoplanet search, it becomes advisable to fol-
low routinely this filtering approach to prevent to miss relevant information on the
true binary nature of stars.
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1 Introduction

Rotation is a key stellar parameter in the physics of low-mass stars. On the one
hand it drives the dynamo generation of magnetic fields (e.g., [13, 27]). On the
other hand, magnetic fields control the evolution in time of stellar rotation, either
by a redistribution of internal angular momentum, through the coupling or decou-
pling of internal radiative core with the external convective envelope [23], or by
the angular momentum loss, through the braking mechanisms by magnetized stel-
lar winds [21]. The time dependence of stellar rotation is exploited to estimate
the stellar age by means of the gyrochronology [3], that is by means of empirical
relations between mass, rotation, and age which are calibrated using benchmark
stellar open clusters.

The knowledge of stellar rotation is relevant in exo-planetary studies. In fact,
the rotation period of the host star allows to constrain its age and, consequently
physical and orbital properties of their planetary companions and to understand
the evolution of planetary systems. As well, the knowledge of the rotation period
allows to disentangle radial velocity variations arising from magnetic activity
from those of Keplerian nature induced by the planetary companion (e.g., [1]).

Both ground-based projects and space-born missions aimed at the discovery
of exoplanets by means of the transit method provide time series of stellar flux
measurements which are well suited to infer the stellar rotation period. Among
the period search methods generally used, we just recall the Generalized Lomb-
Scargle (GLS; [28]), which is well suited also for unevenly sampled time series,
and the Autocorrelation Function (ACF; [4]). The first operates in the frequency
domain whereas the latter in the time domain. Other methods, which are found
with lower frequency in research papers are the CLEAN [18], the Wavelet analy-
sis [26] and the Phase Dispersion Minimization [24].

The most robust determination of the rotation period generally comes when
two or more methods are applied either individually, with a posteriori compari-
son of their results, or in novel combination (see, e.g. [19]). The periodogram
analysis of Kepler data has revealed a significant fraction of low-mass stars with
multiperiodic flux variations (see, e.g., [17]). Most of these multiperiodic stars
turned out to be unresolved close binaries [11, 25]. Indeed, high-precision long-
time series photometry revealed to be a powerful tool to detect and unveil the
nature of unresolved close binaries.

In the present paper, we present, as an example case, the close binary TWA
23 to show which would be the most advisable approach in the rotation period
determination. In fact, a straitforward application of both GLS and ACF on the
high-quality TESS photometry fails in detecting the presence of a secondary
periodicity arising from the spatially unresolved secondary component. Whereas
even a visual inspection allows to measure the stellar rotation period of the pri-
mary component, nonetheless the secondary periodicity, although present with
high significance in the time series, remains hidden from the ACF and GLS meth-
ods, unless the primary period is pre-whithened. Differently, the CLEAN method,
where the filtering process is integral part of the method, is capable to detect the
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secondary periodicity without an additional filtering. Very briefly, CLEAN first
computes the power spectrum, as GLS does, and the spectral window function
whose power peaks depend on the data sampling and are responsible for the alias-
ing. Then, CLEAN iteratively centers the window function at the frequency of the
highest periodogram power peak (the one expected to be of astrophysical origin)
and removes a fraction of its power from it (the highest peak and its possible alias
are then reduced in power). Contemporary, that fraction of power removed from
the highest peak is transferred to the same frequency in the clean spectrum. This
procedure iteratively removes the highest power peaks (in our case the peaks of
the primary and the hidden peak of the secondary component) and its alias fea-
tures introduced by the windows function and build up a cleaned spectrum with
the only frequencies related to the astrophysical signals.

In our opinion, the pre-whitening of the dominant periodicity should be rou-
tinely applied in the pipelines of reduction and rotation period determination of the
recently completed (like Kepler), ongoing (like TESS) and future (like PLATO)
space missions when either GLS or ACF are used.

2 Literature information

TWA 23 (RAjy500 = 12:07:27.44; DECy099 = —32:47:00.0; V = 12.55 mag) is a
southern SB spectroscopic binary consisting of M-type components.

Shkolnik et al. [20] first detected spectroscopically both components allowing to
classify this star as a SB2. In their study, they assigned the same M3 spectral type to
both components. Subsequent analysis by [2], based on time series spectra, revealed
a long-timescale (> lyr) trend in the radial velocity (RV), confirming the binary
nature. The small semi-amplitude (~ 5 km s~!) of the RV variations suggested that
the secondary component may be a lower- rather than an equal-mass star as assumed
by [20]. Although the orbit is still undetermined, they could establish an upper limit
on its orbital period. They find three plausible orbital solutions with orbital periods
of 517, 777, and 1552 days. The binarity of TWA 23 was recently confirmed by
[7] who detected clear evidence of a double peak in the Cross Correlation Function
of a FEROS (Fiber-fed Extended Range Optical Spectrograph) spectrum, reveal-
ing the binary nature of this target. However, owing to an uncertainty (of 1’) in the
coordinates of this spectrum with respect to previous observations, they did not give
much trust that the spectrum was actually of this target. [29] added one more UVES
(Ultraviolet and Visual Echelle Spectrograph) spectrum to literature RV data and
confirmed the RV variation noted in previous studies and the significant asymmetry
in the line profile causing a large bisector slope, suggesting this stars is indeed a SB2
system.

Song et al. [22] first suggested that TWA 23 could be potential member of the
young 8-Myr southern TWA association. However, they had no complete kinematic
data to test its membership with the convergence method. This membership is now
confirmed with 99.2% probability by the BANYAN X tool (Bayesian Analysis for
Nearby Young AssociatioNs X) by [8] taking advantage of recent kinematic and dis-
tance data made available by GAIA. The young age of TWA 23 is supported by
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evidences of relevant magnetic activity at all atmospheric levels. [22] measured the
chromospheric Ha line in emission (EW,, = —2.2 A). [9] report similar emission
level (EWy, = —2.44 A). [5] report log Ly =29.17 erg s'and log Ly/L,, = —2.94
for the X-ray luminosity derived from ROSAT observations. The Li EW measured
by [22] (EW,; = 460 mA) and by [10] (EW; = 525 m/&) are consistent with the
youth of this system.

Two measurements of projected rotational velocity are available in the literature:
vsini = 14.78 km s~! obtained by [9] with a resolving power R = 60000 and a larger
value vsini = 20.5+5.5 km s~! by [2], but obtained with a lower resolving power R
= 30000.

3 Photometry

Triggered by the suspicion raised by [20] on the binary nature of TWA 23, we
searched for the photometric time series available at that time in the public archives
to get an independent confirmation of its binarity, that is aiming at detecting hints of
variability from the secondary spatially-unresolved component, if any.

3.1 Archival photometry

Three photometric surveys ASAS (All Sky Automated Survey; [15]), Super-WASP
(Super Wide Angle Search for Planets; [16]), and CSS (Catalina Sky Survey; [6])
monitored TWA 23 for time intervals of different lengths, with different samplings
and photometric accuracies. We retrieved from the respective public archives three
magnitude time series that were analysed in similar manner. First, we discarded poor
quality measurements (all measurements with an uncertainty 2 times larger than the
average), then removed the outliers applying a 3¢ threshold. Finally, we analysed the
time series with the Generalized Lomb-Scargle (GLS) and CLEAN periodograms.
Owing to the irregular data sampling, the use of ACF turned out not suited for these
datasets.

3.1.1 ASAS

TWA 23 is designated as ASAS 120727-3247.0 in the ASAS archive [15]. We
retrieved a long data time series consisting of 9 observation seasons lasting from
six to nine month each, from Nov 2000 to Aug 2009 for a total of 538 good qual-
ity measurements with about 60 measurements on average per season (see Table 1).
The ASAS photometry generally consists of one magnitude measurement every one
or two days, with an integration time of three minutes in the V filter and, in the
specific case of TWA 23 with an average accuracy o = 0.029 mag, whereas the mag-
nitude standard deviation over the complete series is rms = 0.086 mag. The ASAS
data allowed us to determine the star’s brightest level at V =12.55 mag.
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Table 1 Log of observations

Survey Time range # of meas. S/N Band/Filter exp.time
(yr) . ()
ASAS 2000-2009 538 35 V-standard 180
SuperWASP 2006-2008 9553 25 400-700 nm 30
Catalina 2005-2012 276 25 unfiltered 30
KKO 2014 9581 150 R-standard 30
TESS 2019 15392 1000 600-1000 2
T 0.029  rms = 0.086
12.4F % +
. s ol Ny ot X ++ **?
2 12.6— " ' "‘ 4 ()
£ ) ’ ¥ Dy,
2 &‘ R :¢+ ﬁ % +
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Fig. 1 Summary of periodogram analysis of the ASAS photometry of TWA 23. Top panel: V-band mag-
nitude time series. Bottom left panel: GLS periodogram with indication (dashed line) of the power level
corresponding to 99% confidence level and of the power peak at 88% confidence level. Bottom right
panel: CLEAN periodogram

Our analysis using both GLS and CLEAN periodograms did not reveal any sig-
nificant power peak at 99% confidence level. Nonetheless, we noted a power peak at
about P = 5.6 d in both periodograms at 88% confidence level.

In Fig. 1 we report a summary of our ASAS data analysis.

3.1.2 SuperWASP

TWA 23 is designated as 1SWASP J120733.91-324652.8 in the SuperWASP public
archive [16]. We retrieved a data timeseries consisting of 3 observation seasons last-
ing from three to five month each, from May 2006 to May 2008 for a total of 9553
good quality measurements with about 3100 measurements on average per season (see
Table 1). SuperWASP observed TWA 23 generally for 8 consecutive hours per night
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Fig.2 Summary of periodogram analysis of the SuperWASP photometry of TWA 23. Top panel: V-band
magnitude timeseries. Bottom left panel: GLS periodogram with indication (dashed line) of the power
level corresponding to 99% confidence level. Bottom right panel: CLEAN periodogram

with an integration time of 30 seconds per frame and achieving an average data preci-
sion is ¢ = 0.043 mag. The latter is comparable with the observed amplitude of vari-
ability. However, in the second season, we note that the level of variability is signifi-
cantly higher than in the other seasons, reaching an amplitude of about 0.15 mag.

Our analysis using both GLS and CLEAN periodograms revealed three highly-
significant periodicities: the dominant at P = 1.00d, the secondary at P = 1.033d,
and the third at about 30d. The first and last periodicities arise from the 1-day data
sampling imposed by the fixed longitude of observation and the Earth rotation. The
CLEAN algorithm, which effectively takes into account the aliasing arising from
the spectral window, removed the 1-day and 30-day periodicities, leaving the 1.033d
period. [12] suggested this short period to be possibly the stellar rotation period but
to be confirmed by additional observations. However, from the present analysis, this
turned out to be a spurious periodicity. In Fig. 2 we report a summary of our Super-
WASP data analysis.

3.1.3 Catalina

TWA 23 is designated as SSS_J120727.3-324700 in the Catalina survey [6]. Cat-
alina observations generally consists of four 30-sec exposures per night and achieved
in the case of TWA 23 an average data precision is o = 0.040 mag (see Table 1). We
retrieved a data timeseries from Jul 2005 to Jul 2012 for a total of 276 good quality
measurements. Our analysis using GLS periodogram reveals several power peaks at
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Fig.3 Summary of periodogram analysis of the Catalina photometry of TWA 23. Top panel: V-band
magnitude time series. Bottom left panel: GLS periodogram with indication (dashed line) of the power
level corresponding to 99% confidence level. Bottom right panel: CLEAN periodogram

99% confidence level. The CLEAN periodogram shows the most significant peak at
1.2d. In Fig. 3 we report a summary of our CSS data analysis'.

3.2 New photometry

Since our analysis of archival data did not give convincing results, apart from some
marginal evidence of a rotation period at P = 5.6 d, we planned our own photomet-
ric monitoring to get higher-quality data with a shorter cadence.

TWA 23 was observed during 24 nights from April 12 to June 11, 2014 at the
Klein Karoo Observatory (225 m a.s.l, Western Cape, South Africa). It was
observed with a 35cm (f/8) RCX-400 telescope with a 21’ x14” field of view, a plate
scale of 0.82"/px, and equipped with the SBIG ST8-XME CCD camera and BV(RI),
filter set. We collected a total of 9581 frames in the R filter using a 2x2 CCD bin-
ning. The data reduction was performed using the IRAF” tasks within DAOPHOT.
Aperture photometry was used to extract the magnitude series for all stars detected

! From the archive we report that CSS images are all taken unfiltered. Magnitudes are provided in
V-band after a rough transformation and photometric calibration is based on a few tens of stars within
each frame.

2 IRAF is distributed by the National Optical Astronomy Observatory, which is operated by the Associa-
tion of the Universities for Research in Astronomy, inc. (AURA) under cooperative agreement with the
National Science Foundation.
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Fig.4 Summary of periodogram analysis of the KKO photometry of TWA 23. Top panel: R-band mag-
nitude timeseries. Bottom left panel: GLS periodogram with indication (dashed line) of the power level
corresponding to 99% confidence level. Bottom right panel: CLEAN periodogram

in the frames. For each night, the observations were performed for up to 8 consecu-
tive hours.

After bias subtraction and flat fielding, we extracted time series photometry for
each detected star. The aperture radius on each night was selected according to the
variable seeing and sky transparency conditions. The photometry was cleaned by
applying a 3o threshold to remove outliers. In the vicinity of TWA 23, we selected
two stars TYC 7235 284 1 (RA = 12:07:31.6; DEC = —32:49:33.4; V = 11.04 mag)
and 2MASS J12073387-3246529 (RA = 12:07:33.9; DEC = —-32:46:52.9; AR = 2.5
mag) which did not vary during the whole run. Therefore, they turned out to be suit-
able to serve as comparison (C) and check (CK) stars, respectively, for our differen-
tial photometry. During the observation run, the differential magnitude of the check
minus the comparison star remained constant with a mean value of AR = 2.50 mag
and a standard deviation o = 0.020 mag.

The Generalized-Lomb-Scargle (GLS) periodogram (bottom-left panel of Fig. 4)
shows a number of highly-significant power peaks. In order of decreasing power
we have the following three periods: P = 5.54+0.01 d, P = 1.2+0.005d and P =
2.52+0.008 d. In the CLEAN periodogram (bottom-right panel of Fig. 4) the domi-
nant period is P = 5.54 d and the secondary period is P = 2.52 d. The period at P =
1.2 d disappeared since it is the beat period of P = 5.54 d and arising from the data
sampling spectral window. Assuming P = 5.54 d to be real and filtering it out from
the data, we re-computed the GLS periodogram and found the dominant period to
be P = 2.52 d (see Fig. 5). Therefore, the pre-whitening of the primary periodicity
has given us the confirmation that a secondary periodicity was present and that was
of stellar origin rather than an aliasing effect arising from the data sampling.
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Fig.5 Same as in Fig. 4, but after filtering out the primary period P = 5.54d, with indication of the sec-
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Fig.6 Top panel: Differential R-band light curve of TWA 23 phased with the P = 5.54 d rotation period.
The solid red line is the sinusoidal fit with ampliude AR =0.034 mag. Bottom panel: Difterential R-band
light curve of TWA 23 phased with the P = 2.52 d rotation period, after pre-withening of the P = 5.54 d
period. The solid red line is the sinusoidal fit with amplitude AR = 0.020 mag.
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In Fig. 6, we show the KKO R-band light curves of TWA 23 which are phased
with the primary period P = 5.54 d and, after filtering, with the secondary period P
=2.52d.

Our finding of two rotation periods likely related to the two components of
TWA 23 have been subsequently confirmed by the TESS photometry that was col-
lected a few years later.

3.2.1 TESS

TESS observed TWA 23 in Sector 10 (from March 26 until April 22, 2019) with
2-minute cadence, providing us with the up-to-date highest-precision photomet-
ric time series of this star, o = 0.001 mag (see Table 1). To search for the rotation
period in TESS data, we analysed the PDCSAP (Pre-search Data Conditioning Sim-
ple Aperture Photometry) fluxes using Autocorrelation Function (ACF), GLS, and
CLEAN. Results are summarized in Fig. 7.

The autocorrelation function shows the first local maximum at P = 5.29+0.54 d
(second-left panel of Fig. 7), which we recognize to be the period of the flux
modulation clearly visible in the TESS timeseries (top panel of Fig. 7). The ACF
maximum at P = 5.29 d is between two deep minima with no hint for a second-
ary periodicity. However, after filtering the 5.29-d periodicity from the data, the
new ACF shows clear evidence of a secondary highly significant periodicity at P =
2.49+0.12 d (second-right panel of Fig. 7).

GLS finds a highly significant period at P = 5.52+0.62 d (third-left panel of
Fig. 7), which is in agreement within the respective uncertainties with the period
inferred from the ACF. The primary power peak is accompanied by side-lobe like
power peaks, which generally arise from the convolution of the Discrete Fourier
Transform with the Spectral Window Function. However, after filtering the 5.52-d
periodicity from the data, the new periodogram shows two highly significant power
peaks at P =2.49+0.12 d and P = 2.86+0.12 d (third-right panel of Fig. 7).

CLEAN finds a highly significant period at P = 5.52+0.62 d (fourth-left panel
of Fig. 7). Differently than ACF and GLS, the CLEAN does a pre-whitening of the
dominant power peaks as integral part of its algorithm. Consequently, two other
significant lower-power peaks at P = 2.49+0.12 d and P = 2.86+0.12 d are also
visible in its periodogram. These secondary periods become even more clearly vis-
ible when, following the same procedure used with GLS, the primary period is fil-
tered out (fourth-right panel of Fig. 7). The P = 2.86+0.12 d found by GLS and
CLEAN is at half of the primary period and likely arises from a spot group centered
on the opposite hemisphere. Differently, the P = 2.49 d period is unrelated to the
primary period and likely originates from the variability of the undetected second-
ary component.

From this analysis, it is evident that when using either ACF or GLS to detect
periodicities, it should be advisable to re-run the methods after filtering out the pri-
mary period measured in the original series. Such a practice should prevent us from
missing valuable information which, although present in the time series may be
“masked” by the dominancy of the primary peak.
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4 Discussion

As mentioned in the Introduction, the analysis of Kepler/K2 time series of open
clusters has shown an incidence of about 20% of multiperiodic stars, that is stars
whose periodograms exhibit the presence of at least two distinct and highly signifi-
cant power peaks. Whereas the multiperiodicity can arise from surface differential
rotation for G- and K-type stars, for most M-type stars that arises from binarity. For
example, [25] have analysed a sample of 129 among the brighter 259 multiperiodic
stars discovered by [17] in the Upper Scorpius association. They found that more
than 50% are indeed close binaries and the double periodicity represents the rota-
tion periods of the two components. On one hand the periodogram analysis can in
principle reveal the binary nature of unresolved close binaries, on the other hand it
can be used to confirm the binary nature when suspected from spectroscopic inves-
tigation, and with higher confidence in the case of M stars. In this framework, we
have searched for a confirmation from photometric analysis of the binary nature of
TWA 23.

Shkolnik et al. [20], Bailey et al. [2], and more recently [29] have provided
clear spectroscopic evidence of the binary nature of TWA 23. Shkolnik et al. [20]
assumed both components to be M3-type stars on the basis of a single-epoch spec-
trum. On the basis of 14 spectra (12 of which collected during the course of the
same year), [2] concluded that one component is likely of later spectral type consid-
ering the small amplitude (¢ = 2.42 km s™!) of the RV variations.

Our analysis based on photometric time series confirms the binary nature of
TWA 23, thanks to the detection of photometric variability from the spatially unre-
solved secondary component, and allowed us to measure its rotation period. Moreo-
ver, our analysis also suggests that the secondary component is indeed of later, and
presumably M4, spectral type, supporting the conclusions of [2].

The rotation periods we measured for the M components of the TWA23 sys-
tem fit well the rotation period distribution of M-type members of young clusters.
For instance, [11] show that in the Upper Scorpius association, which has an age
comparable to that of the TWA association, the average rotation period decreases
from about 7 d to 1 d in the color range 4 < (V — K), < 6.5 mag, roughly corre-
sponding to spectral types from MO to M6 (see Fig. 2 in [11]). Following this pat-
tern of decreasing rotation period versus color among young M stars, the shorter
rotation period P = 2.52 d measured for the secondary component of TWA 23 can
be ascribed to its later spectral type with respect to the primary component. For
instance, a M3-type star in the Upper Scorpius association has an average rotation
period of about 4 days whereas a M4-type star has a rotation period of about 2 days,
that is half value. This ratio suggests that in our case, the secondary component of
TWA 23, which has half rotation period with respect to the primary, differs by only
one sub-class, thus it is a M4-type star.

In the TESS photometry we found the amplitude of variability of the M3 compo-
nent to be three times larger than of the secondary component (0.0118 versus 0.0038
mag). Assuming that the secondary, owing to its faster rotation has a level of activ-
ity double with respect to the primary, taking into account the light dilution effect,
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being both components unresolved in the TESS photometry, we find that a flux
variability of 5% and 10% of the primary M3-type and of the secondary M4-type,
respectively, would generate the measured magnitude variations.

The knowledge of the rotation period, when combined with stellar radius and pro-
jected rotational velocity, allows to infer the inclination of the stellar rotation axis,
providing additional information on the stellar properties. Assuming V = 12.55 mag
(from ASAS time series) as the unspotted magnitude, we correct for binarity the
magnitudes of both components and considering the distance d = 55.7+0.3 pc, we
derive the absolute magnitude (My), = 9.57 mag and (My); = 10.57 mag. After
applying the bolometric correction BC, = —2.03 mag and BCy; = —2.43 mag [14],
we derive the luminosity (L/Lgy), = 0.077£0.009 and (L/Lgy)p; = 0.043%0.005.
Assuming an effective temperature (T.),= 3360 K and (T.4)p= 3160 K [14], we
infer a stellar radius R, = 0.82+£0.14 R, and Ry = 0.69+0.12 R,. The measured
vsin = 14.78 km s~!is consistent only with radius and rotation period of the second-
ary M4 components, yielding an inclination i = 90+10°. The M3 component with a
period P = 5.54 d and a radius R = 0.82 Ry, is expected to have vsini~7.5 km s™".
It is likely that the spectra of both components were merged at the epoch of observa-
tions and the measured projected rotational velocity refers to the broader spectral
lines of the faster component, which have overcome the narrower lines of the slower
component.

5 Conclusions

We have carried out a photometric analysis of TWA 23, a young member of the
8-Myr old TWA association. Our analysis, based on archival and newly-collected
photometry has allowed us to measure the rotation periods of both spatially-unre-
solved components of this star: P = 5.52+0.6 d for the primary and P =2.49+0.12 d
for the secondary component, confirming the suspicion based on spectroscopic
observation that it was an SB2 system. Moreover, in agreement with spectroscopic
evidence that the secondary has later spectral type, our analysis also suggests that
this system consists of M3+M4 components.

Three different period search methods have been applied, the Autocorrelation
Function, the Generalized Lomb-Scargle, and the CLEAN analyses. In fact, the
most robust period determination generally comes when two or more methods are
adopted and the results are a-posteriori combined.

We have presented in this paper this specific case to show that, even with the
highest-quality photometry, like that collected by TESS, and the straitforward detec-
tion of the star’s rotation period, which appears as dominant periodicity in both GLS
and ACF periodograms, the practice of pre-whithening this primary period and to
look for secondary perioditicies is strongly advised. In fact, the presence of a sec-
ondary periodicity in the TESS time series, which unveils the true binary nature of
TWA 23, is detected with high significance only after the pre-whithening of the pri-
mary periodicity. Considering the large fraction of close binaries that, being unde-
tected yet, are in the input catalogs of the ongoing and future space mission, like
TESS and PLATO, respectively, it is important that in the automatic period search
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pipelines the pre-whithening be integral part, to avoid missing relevant information
present in the data but not properly unveiled.
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