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ABSTRACT
We present light curves and periodograms for 27 stars in the young Upper Scorpius association
(age = 11 – 1 Myr) obtained with the Kepler spacecraft. This association is only the second
stellar grouping to host several pulsating pre-main-sequence (PMS) stars which have been
observed from space. From an analysis of the periodograms, we identify six � Scuti variables
and one � Doradus star. These are most likely PMS stars or else very close to the zero-age
main sequence. Four of the � Scuti variables were observed in short-cadence mode, which
allows us to resolve the entire frequency spectrum. For these four stars, we are able to infer
some qualitative information concerning their ages. For the remaining two � Scuti stars, only
long-cadence data are available, which means that some of the frequencies are likely to be
aliases. One of the stars appears to be a rotational variable in a hierarchical triple system. This
is a particularly important object, as it allows the possibility of an accurate mass determination
when radial velocity observations become available. We also report on new high-resolution
echelle spectra obtained for some of the stars of our sample.

Key words: stars: fundamental parameters � stars: oscillations � stars: pre-main-sequence �
stars: variables: � Scuti � stars: variables: T Tauri, Herbig Ae/Be.

1 INTRODUCTION

A complete understanding of the star formation process requires the
ability to predict how the properties of young stars depend on their
initial conditions. Despite signi�cant efforts, a key observational
problem remains: the reliable determination of the masses and ages
of the youngest pre-main-sequence (PMS) stars once they become
optically visible, after the main accretion phase. Stellar masses are
needed to investigate the shape of the initial mass function (IMF)
and its possible dependence on the properties of the parent cloud.
However, obtaining reliable stellar masses is a very dif�cult task.
The only direct method is to use eclipsing binary systems where
individual masses of the components can be obtained with great ac-
curacy from the radial velocity and light curve. However, eclipsing
systems for PMS stars are rare. Another commonly adopted proce-
dure is to locate the stars in the Hertzpung�Russell (HR) diagram,
using estimates of their effective temperatures and luminosities.
Masses can be obtained by comparing their position in the HR di-
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agram with theoretical evolutionary tracks, assuming the chemical
composition (Hillenbrand & White 2004).

Recently, considerable advances have been made in our under-
standing of PMS evolution (Palla & Stahler 1999; Siess, Dufour
& Forestini 2000; Baraffe et al. 2002; Tognelli, Prada Moroni &
Degl�Innocenti 2011). However, differences in the evolutionary
tracks remain due to the different treatment of convection, different
opacities and differences in the zero point of the calculated ages.
This results in considerable differences in mass estimates of single
stars from their effective temperatures and luminosities. Without
adequate observational constraints, it is impossible to determine the
correct assumptions in the evolutionary model calculations. For this
reason, it is very important to obtain independent determinations of
PMS masses and ages.

In this context, intermediate-mass PMS stars (with mass in the
range 1�8 M�, also called Herbig Ae/Be stars) are particularly
useful. After the seminal work by Marconi & Palla (1998), who
established the locus of the theoretical instability strip in the HR
diagram, it has become clear that these stars pulsate as � Sct vari-
ables (see e.g. Ripepi et al. 2002, 2003; Marconi & Palla 2004;
Ripepi et al. 2006a,b; Zwintz 2008 and references therein). More
recently, high-precision photometry from space missions such as
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MOST and CoRoT showed that intermediate-mass PMS stars can
also pulsate as hybrid � Sct/� Dor stars (Ripepi et al. 2011) or pure
� Dor stars (Zwintz et al. 2013). This is interesting because the oc-
currence of low frequencies in � Sct stars (i.e. hybrid pulsation) was
originally thought to be exceptional. However, Kepler observations
have shown that all � Sct stars have low frequencies (Balona 2014).
The reason why the hybrid concept arose is due to the fact that the
low frequencies attain suf�cient amplitudes to be visible from the
ground only in a narrow temperature range. The mechanism which
drives low frequencies in hot � Sct stars is currently unknown.

The additional information provided by pulsation can be used
to construct detailed models of the varying internal structure of
these stars as they contract towards the main sequence, in order to
compare the predicted frequencies to the observed ones (Ruoppo
et al. 2007; Di Criscienzo et al. 2008; Casey et al. 2013). The
physics of PMS stellar evolutionary models can therefore be tested.
Several efforts have recently been made to analyse the properties
of known PMS pulsators (see e.g. Zwintz et al. 2014). However,
the analysis is hampered by several factors such as the uneven
quality of the observational data (ground and space time-series data
have very different properties), the lack of precise spectroscopically
derived stellar parameters, the possibly different intrinsic properties
of cluster and �eld PMS pulsators, and dif�culties in the treatment
of rapidly rotating stars.

In this context, PMS pulsators belonging to clusters or associ-
ations are of particular interest, since the member stars share the
same chemical composition, age and interstellar absorption, greatly
simplifying the comparison between theory and observations. This
is the case, for example, of NGC 2264, a well-studied cluster where
nine PMS pulsators have been observed from space (Zwintz et al.
2014). The Upper Scorpius association (USco) is perhaps of even
greater interest due to the large number of known A�F members
(de Zeeuw et al. 1999; Pecaut, Mamajek & Bubar 2012) and the
availability of accurate individual distances based on Hipparcos
parallaxes. Moreover, stellar parameters have been estimated for
most of the member stars.

USco is part of the larger Scorpius�Centaurus (Sco�Cen) asso-
ciation, a young (�5�10 Myr) and relatively close (�120�150 pc)
region of recent star formation (de Bruijne 1999; de Zeeuw et al.
1999) that includes the Upper Centaurus-Lupus (UCL) and Lower
Centaurus-Crux (LCC). USco is the youngest of them and contains
many intermediate-mass members, making it an ideal target to in-
vestigate the whole extension of the PMS instability strip. Indeed,
its member stars are suf�ciently bright (�7 < V < 10 mag) to ac-
quire extremely precise photometry both from the ground and from
space.

Due to the loss of a second spacecraft reaction wheel, the Kepler
satellite ended data collection in the original Cygnus �eld after four
years of continuous monitoring. By pointing near the ecliptic plane,
the Kepler spacecraft is able to minimize pointing drift, acquiring
data with much reduced photometric precision. This mode of op-
eration is called the K2 project.1 The USco region falls partially
within the �eld of view of the Kepler satellite during the K2-C02
campaign, becoming a primary target for our purposes. In this work,
we present the results of a search for pulsating PMS stars among
the USco member stars observed by Kepler.

The structure of the paper is the following: in Section 2, we
describe the Kepler data and the techniques of data reduction and
analysis; in Section 3, we present the classi�cation of the variables;

1 See http://keplerscience.arc.nasa.gov/K2/ for details.

Section 4 reports a the results of the spectroscopic follow-up for
a sample of interesting templates; Section 5 includes a discussion
about the evolutionary status of the target stars; Section 6 reports
a discussion of the properties of the pulsating stars. Finally, a brief
summary closes the paper.

2 KEPLER OBSERVATIONS

Kepler observations usually consist of 30-min exposures (long ca-
dence or LC mode), but a few stars can be observed with 1-min
exposures (short cadence or SC mode). Observations of 16 PMS
stars in USco, 7 of which were also observed in SC mode, were
obtained by Kepler. The K2-C02 campaign started on 2014 Aug 23
and ended on 2014 Nov 10, for a total duration of about 78.7 d. The
selected stars come from the lists of de Bruijne (1999) and Pecaut
et al. (2012). The spectral types of the selected stars range from A2
to F7 (to embrace the entire � Sct and � Dor instability strips, taking
also into account possible errors on the spectral type values by 1�2
subclasses or more). We also searched the Kepler K2 data archive
at MAST (Mikulski Archive for Space Telescopes) for additional
A�F members of USco and found an additional nine objects (two
in SC mode), mainly A0 stars, giving a total of 27 USco members.
The targets and their main properties are listed in Table 1.

2.1 Data reduction and frequency analysis

Data reduction was carried out by means of the PYKE software (Still
& Barclay 2012) and also by our own custom software. Simple
aperture photometry (SAP) was extracted from raw pixel �les and
then corrected for the instrumental signatures present in the data.
Spacecraft drift is the main component leading to increased pho-
tometric scatter compared to the original Kepler �eld. Using SAP,
the brightness of a target changes slowly as the star moves from
its original location on the CCD until the thrusters are applied to
bring the star back to its original location. The periodogram there-
fore shows strong peaks at about 4.08 d�1 and its harmonics, which
corresponds to the frequency at which the thrusters are applied. It
is possible to obtain a greatly improved light curve simply by lo-
cating these peaks in the periodogram and �tting and removing a
truncated Fourier series. Extraction of the light curve from the FITS
�les using SAP, �tting and removing the truncated Fourier series
was done using custom software.

A more sophisticated approach to correct the light curve was
proposed by Vanderburg & Johnson (2014). In this technique, the
non-uniform pixel response function of the Kepler detectors is de-
termined by correlating �ux measurements with the spacecraft�s
pointing and removing the dependence. This leads to an improve-
ment over raw SAP photometry by factors of 2�5, with noise proper-
ties qualitatively similar to Kepler targets at the same magnitudes.
There is evidence that the improvement in photometric precision
depends on each target�s position in the Kepler �eld of view, with
worst precision near the edges of the �eld. Overall, this technique
restores the median-attainable photometric precision within a factor
of 2 of the original Kepler photometric precision for targets ranging
from 10�15 mag in the Kepler bandpass. This technique is imple-
mented in the KEPSFF task within the PYKE software suite. This is the
method used in our analysis. Correction of the periodogram of the
raw SAP photometry as mentioned above is very useful as a check
on possible artefacts which may arise in the KEPSFF task.

The light curves for the 27 targets with LC data are shown in
Fig. 1, whereas Fig. 2 displays an enlargement of the light curves for
the seven stars with SC data. Periodograms and frequency extraction
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Table 1. Stellar parameters for A-type Upper Sco members. The meaning of the different columns is the following: (1) EPIC number; (2) HIP identi�ers;
(3) mode of observation: LC and SC stands for long and short cadence, respectively; (4) variable classi�cation; (5) Kepler magnitude; (6) spectral type; (7)
interstellar absorption; (8) parallax; (9) logarithm of the effective temperature; (10) logarithm of the luminosity in solar units. All the data reported in columns
(6�10) are from Pecaut et al. (2012); (11) disc classi�cation according to Luhman & Mamajek (2012): d/e = debris/evolved transitional disc; f = full disc.

EPIC HIP Mode Var. type KepMag ST AV � log Teff log L/L� Disc
mag mag mas

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)

202842502 79733 LC � 9.054 A1mA9�F2 1.25 – 0.04 4.51 – 0.43 3.964 – 0.019 1.48 – 0.092 �
202876718 79878 LC � 7.183 A0V 0.00 – 0.02 7.35 – 0.55 3.980 – 0.031 1.407 – 0.07 d/e
203120347 80586 LC � 8.211 F5IV�V 0.00 – 0.10 7.02 – 0.65 3.814 – 0.011 0.93 – 0.09 �
203399155 80311 LC � 8.878 A1V 0.93 – 0.05 5.51 – 0.49 3.964 – 0.019 1.266 – 0.08 �
203660895 79097 LC � 9.155 F4V 0.48 – 0.12 6.99 – 0.57 3.822 – 0.009 0.90 – 0.09 �
203712541 78494 LC � 7.722 A2mA7�F2 0.75 – 0.06 7.26 – 0.57 3.943 – 0.016 1.395 – 0.077 �
203774126 80799 LC � 7.900 A3V 0.25 – 0.04 7.97 – 0.62 3.932 – 0.012 1.078 – 0.068 d/e
203931628 80196 LC DSCT 9.030 A1Vn 2.36 – 0.18 5.94 – 0.56 3.964 – 0.019 1.602 – 0.102 d/e
204054556 79054 LC GDOR 9.215 F3V 0.35 – 0.05 6.24 – 0.53 3.827 – 0.005 0.78 – 0.08 d/e
204076987 79643 LC � 9.393 F3V 0.56 – 0.05 6.63 – 0.62 3.827 – 0.005 0.67 – 0.08 d/e
204175508 77960 LC DSCT 8.410 A4IV/V 0.75 – 0.02 8.56 – 0.71 3.918 – 0.012 0.973 – 0.093 �
204222666 78099 LC � 7.790 A0V 0.59 – 0.03 7.42 – 0.59 3.980 – 0.031 1.367 – 0.073 d/e
204239132 80238 LC � 7.848 A2.5V 0.74 – 0.09 8.00 – 0.68 3.937 – 0.014 1.389 – 0.081 d/e
204242194 79250 LC � 7.829 A3III/IV 0.33 – 0.05 9.60 – 0.75 3.932 – 0.012 0.963 – 0.072 d/e
204372172 80088 LC/SC DSCT 9.000 A9V 0.61 – 0.03 6.11 – 0.66 3.872 – 0.010 0.960 – 0.095 d/e
204399980 79476 LC/SC DSCT/LPV 8.822 A8IVe 1.02 – 0.40 7.56 – 0.61 3.875 – 0.010 1.006 – 0.175 f
204492384 79644 LC ROT 10.024 F6V 0.53 – 0.11 6.30 – 0.64 3.802 – 0.007 0.44 – 0.10 �
204494885 80130 LC/SC DSCT 8.727 A9V 0.66 – 0.02 6.41 – 0.57 3.872 – 0.010 1.089 – 0.077 �
204506777 78977 LC/SC EA/ROT 8.752 F8V 0.38 – 0.08 7.53 – 0.64 3.788 – 0.007 0.83 – 0.08 �
204638251 80059 LC/SC DSCT 8.745 A7III/IV 0.56 – 0.07 7.74 – 0.64 3.892 – 0.014 0.907 – 0.075 �
204662993 79977 LC/SC � 9.099 F3V 0.36 – 0.05 7.79 – 0.66 3.827 – 0.005 0.63 – 0.08 d/e
204810792 79083 LC � 8.226 F3V 0.76 – 0.13 7.16 – 0.63 3.827 – 0.005 1.13 – 0.09 �
204926239 79606 LC/SC � 9.039 F8V 0.81 – 0.14 9.19 – 0.79 3.788 – 0.007 0.65 – 0.09 �
204966512 80019 LC � 8.396 A0V 1.03 – 0.07 7.81 – 0.68 3.980 – 0.031 1.374 – 0.084 d/e
205002311 82218 LC ROT? 9.008 F3V 0.30 – 0.02 8.39 – 0.72 3.827–0.005 0.55 – 0.08 d/e
205089268 79156 LC � 8.804 A0V 0.60 – 0.07 6.43 – 0.54 3.980 – 0.031 1.366 – 0.081 d/e
205181377 79124 LC � 8.630 A0V 0.78 – 0.05 6.51 – 0.53 3.980 – 0.031 1.55 – 0.078 �

were performed using the PERIOD04 software (Lenz & Breger 2005).
The periodograms for these stars are shown in Figs 3 and 4.

Problems in the low-frequency regime may be expected given
the image drift. It is therefore important to identify common fre-
quencies in the periodograms which could be of instrumental origin
or artefacts of the reduction process. Most of the periodograms
obtained from applying the Vanderburg & Johnson (2014) tech-
nique have a peak at frequency � = 0.51 d�1 which can be iden-
ti�ed as an instrumental frequency. In many stars the peak at half
this frequency, �0.26 d�1, is also present. Stars having this fea-
ture include EPIC 202842502, 203660895, 203931628, 204076987,
204494885, 204638251, 204810792 and 205089268. Other arti�-
cial peaks are present and these must be recognized in order not
to be misled in classifying the star as a variable. In Figs 3 and 4,
we have shown with dashed lines the frequencies that are likely of
instrumental origin. These are the harmonics of � = 0.51 d�1 and
of 4.08 d�1.

3 CLASSIFICATION OF VARIABLES

As an essential �rst step, it is necessary to examine the periodograms
and light curves of all stars in order to identify pulsating variables
and other interesting objects. The only pulsating stars in the ob-
served spectral range that can be safely identi�ed are � Sct (char-
acterized by the presence of one or more high frequencies, i.e.
frequencies in excess of about 5 d�1). � Doradus stars, which have
multiple frequencies lower than about 5 d�1, are dif�cult to identify
with certainty. This arises because of the possibility of spurious in-

strumental frequencies in this range as well as irregular variability
caused by circumstellar material which might be present in these
young stars. Furthermore, one cannot ignore the possibility that
many stars may have spots which have different frequencies due to
differential rotation or �nite lifetimes. Bearing these dif�culties in
mind, our attempted classi�cations are presented in Table 1.

Five stars are de�nitely � Sct (DSCT) variables:
EPIC 203931628, 204175508, 204372172, 204494885 and
204638251. At a �rst look, EPIC 204399980 seems to be an
irregular long-period variable. However, a closer inspection of the
SC light curve and its periodogram (Figs 2 and 4) reveals a very
likely � Sct pulsation with frequencies in the range 30�40 d�1

superimposed over irregular variations on a longer time-scale. This
kind of photometric behaviour is typical of an Herbig Ae star and
is caused by the partial obscuration of the star�s photosphere by
circumstellar material (see Section 5).

We identify EPIC 204054556 as a � Dor (GDOR) variable.
EPIC 204492384 could be GDOR, but it looks more like a rota-
tional variable (broad multiple peak at �1.14 d�1 and harmonic
at �2.28 d�1). The multiple close frequencies at �1.14 d�1 can
be attributed to differential rotation. Similarly, EPIC 205002311
might be a rotational variable because the harmonic is present, but
this classi�cation is uncertain due to the low amplitude and the
signi�cant noise in this part of the spectrum.

EPIC 204506777 (HD 144548) is a very interesting star. It
is an eclipsing binary of Algol type (Kiraga 2012) with period
P = 1.62780 d and v sin i = 80 – 5 km s�1. There are two small
amplitude eclipses. From the periodogram, we �nd a main period
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Figure 1. LC light curves for the 27 objects investigated in this paper. Black and red points show data with quality �ag equal or greater than zero (�ag=0
means optimum quality, see http://archive.stsci.edu/kepler/manuals/archive_manual.pdf for details), respectively. For some objects, the non-zero �ag data was
omitted because it was too scant.

P = 1.524(1) d. The light curve at this period is roughly sinusoidal
and could be interpreted as the rotation period. There also seems
to be a short regular eclipses at P = 1.628(1) d (the same period
reported by Kiraga 2012, see also Fig. 2). On top of this are deeper
eclipses at JD 2064.32 and JD 2124.01 and a secondary double
eclipse at JD 2089.94 and JD 2090.30. It is not easy to interpret this
variability, but possibly what we are seeing is a third body which
eclipses a close binary with period 1.628(1) d. The double eclipse
is of equal depth, indicating that the close binary has equal com-
ponents. This is a very interesting system which deserves further
study.

4 SPECTROSCOPIC FOLLOW-UP

In the previous section, we identi�ed several interesting stars worth
of further analysis, especially the seven pulsating stars and the
possible triple system (EPIC 20450677). To fully exploit the po-
tentialities of the K2 photometry, especially for the pulsating stars,
it is important to derive high-resolution spectroscopic estimates of
the stellar parameters and of the rotational velocities v sin i. To this

aim, we searched the literature and the available web archives for
high-resolution spectra of our targets. We found data for two stars.

(i) EPIC 204399980 (HIP 79476 = HD 145718) has been studied
spectroscopically in some detail by Carmona et al. (2010). The
spectrum displays an inverse P Cygni H� pro�le, presumably a
result of accretion, con�rming the Herbig Ae nature of this star. They
obtained a projected rotational velocity, v sin i = 100 – 10 km s�1

and a centre-of-mass velocity vr = 0 – 3 km s�1.
(ii) A spectrum of EPIC 204506777 (HIP 78977 = HD 146897),

obtained on 2006 June 20 with the FEROS echelle spectrograph on
the 2.2-m Max Planck Gesellschaft telescope (resolution of 48 000,
exposure time 90 s) was found in the ESO archive.

Nothing was found for the remaining six pulsating stars. Hence, we
decided to observe all of them using the new Catania Astrophysical
Observatory Spectropolarimeter (CAOS) facility.

The next section describes these new spectroscopic observations
and data analysis for the seven observed stars (see Table 2 for a
list). We note that both EPIC 204399980 and EPIC 204506777
were re-observed with CAOS in order to search for duplicity in
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Figure 1 � continued

the former star and to compare the spectroscopic results for the
latter. We also observed the two stars with SC data which do not
pulsate, i.e. EPIC 204662993 and EPIC 204926239. Unfortunately,
the weather conditions did not allow observations of the pulsating
stars EPIC 203931628, 204054556 and 204175508.

4.1 CAOS spectra

CAOS is a �bre fed, high-resolution spectrograph recently installed
at the Cassegrain focus of the 91-cm telescope of the �M. G. Fracas-
toro� observing station of the Catania Astrophysical Observatory
(Mt Etna, Italy). The spectra were obtained in 2015 June and July.
Because the targets were very low above the horizon, they could
only be observed for about 1 h. We used an exposure time of 3600 s
for all observations. The typical signal-to-noise ratio of the spectra
is in the range 40�80 and the resolution R = 45 000 as measured
from the ThAr and telluric lines. For details on the spectrograph
and the data reduction procedure, see Catanzaro et al. (2015).

The spectrum synthesis approach followed in this paper to de-
rive fundamental stellar parameters is based on the unix port of the
ATLAS9-SYNTHE suite of codes (Kurucz 1993a,b; Kurucz & Avrett
1981; Sbordone et al. 2004). This approach has been successfully

used in a number of papers in the recent literature (see e.g.
Catanzaro et al. 2011, 2015; Catanzaro & Ripepi 2014; Doyle et al.
2014; Hubrig et al. 2014; Niemczura et al. 2015; Paunzen et al.
2014, just to quote some recent work). The website by Fiorella
Castelli2 contains a description of all the improvements of the
Kurucz codes and related updates in the input physics performed in
the latest years. A comparison between SYNTHE (Kurucz & Avrett
1981) and SYNTH (Valenti & Piskunov 1996) was already performed
by Catanzaro, Ripepi & Bruntt (2013), who demonstrated that the
results provided by the two codes are perfectly consistent. We also
note that the new version of ATLAS, i.e. ATLAS12 (Kurucz 1997), differs
from the previous ATLAS9 only in the method adopted to compute the
opacity. A comparison between ATLAS9 and ATLAS12 synthesis was
performed by e.g. Catanzaro & Balona (2012), who found that the
two codes give consistent results if the metallicity of the target star
is not far from the adopted solar one.

In this paper, since the targets likely have circumstellar material
that could partially �ll the H� line, we have derived the effec-
tive temperatures minimizing the difference between observed and

2 http://www.oact.inaf.it/castelli/
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