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ABSTRACT

We present high-precision photometric light curves of firdyPe stars observed with the
refurbishedKepler satellite during its Campaign 0. For one of the stars, we atsembled
high-resolution ground-based spectroscopy withdityaies spectrograph attached to the 1.2-
m Mercator telescope. The stars EPIC 202060097 (09.5V) &1@ #02060098 (O7V) ex-
hibit monoperiodic variability due to rotational modutati with an amplitude of 5.6 mmag
and 9.3mmag and a rotation period of 2.63d and 5.03d, rasplctEPIC 202060091
(O9V) and EPIC 202060093 (O9V:pe) reveal variability at lirequency but the cause is
unclear. EPIC 202060092 (O9V:p) is discovered to be a spsmipic binary with at least
one multiperiodigs Cep-type pulsator whose detected mode frequencies octheirange
[0.11,6.99]d! and have amplitudes between 0.8 and 2.0 mmag. Its pulsgtiectram is
shown to be fully compatible with the ones predicted by doydrogen burning O-star mod-
els. Despite the short duration of some 33d and the limitdd daality with a precision
near 10Qumag of these first K2 data, the diversity of possible cause©fstar variability
already revealed from campaigns of similar duration by tHeS\ and CoRoT satellites is
confirmed withKepler. We provide an overview of O-star space photometry and gige-a
ments why future K2 monitoring during Campaigns 11 and 13attsadence, accompanied
by time-resolved high-precision high-resolution spestapy opens up the possibility of in-
depth O-star seismology.
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1 INTRODUCTION

Recent high-precision uninterrupted high-cadence sphotom-
etry implied a revolution in the observational evaluatidnstel-
lar structure models for various types of low-mass stargeitog
almost their entire evolutionary path. Many results weriioied
for sun-like stars and red giantendergoing solar-like oscillations
excited stochastically in their convective envelope, gamds of
which were monitored. The interpretation of their oscitiatspec-
trum is readily achieved by relying on existing methodolatp/
veloped for helioseismology, when extended with the imﬁa}
tion of gravity-dominated dipole mixed modes (e.g

2011]Mosser et &l. 2012: Chaplin & Midlio 2013). AIthoughmlya

open questions remain on the evolutionary state of bluebotal
branch stars (e.g.. @stensen et al. 2012), progress waachisved
from asteroseismology of a few subdwarf B stars and whitefdwva
These arevolved low-mass starthe former of which have lost al-
most their entire hydrogen envelope while passing throhghte-
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lium flash in a binary configuration (e.g., Van Grootel ef &11@;
[Charpinet et dIl 2011). The latter are thempact remnants of

low-mass starshat were very successfully studied from ground- 11996:/ Rauw et al. 2008;sini ~

based mmag-precision asteroseismology more than two egcad

ago (e.g.| Corsico etlal. 2008, and references therein)thmyt

were hardly monitored seismically from space due to theirtfa

ness and fast oscillations of tens of seconds (@stenseH28H;

troscopy of the rapidly rotating O9Vp star HD 93521, whosétimu

periodicity has a yet unclear origin (e.qg., Fullerton, G&$oltor

400 km s?). Seismic modelling
of rapidly rotating O stars was not achieved so far.

One of the CoRoT short runs (SRa02) was devoted to the
monitoring of six O-type stars during 34d in the asteroselsm
ogy CCD of the mission, having a cadence of 32.s (Auvergne et al

[Bischaf-Kim & @stensen 2011; Hermes ef al. 2D11). The heat- [2009). Among these six stars were two blnarles Plasketis s

driven pressure ayiok gravity modes detected in hundreds of
intermediate-mass stae much harder to analyse and interpret
theoretically than the stochastically-excited solaehiulsators but
major progress is also underway for such Objm
\Saio et all. 2015; Van Reeth etlal. 2015).

From the point of view of chemical evolution of our Milky
Way, supernova progenitors.e., stars with masses above9 M,
having an extended convective core and a radiative envedbpe
birth, are the objects that matt009). Despéie trge
importance for massive star evolution theddystars have hardly
been monitored in high-cadence uninterrupted space phetigm
If available, such monitoring was so far restricted to mmeegcp
sion obtained by the WIRE, MOST, and Coriolis (SMEI instru-
ment) satellites, while CoRoT observed six O stars duringl 34
leading to a level of brightness variations withi0Oumag in pre-
cision. Except for the SMEI light curves, which are sevenigie
months long, all of the available time series have a duraifdhe
order of a month only.

Unfortunately, O stars were absent in the nomiKkalpler
Field-of-View (FoV), hence we do not have long-tegmag-level
precision photometry of O stars at hand, preventing detaitter-
oseismic calibrations of massive star models as it was eethitr

(HD47129) is a high-mass interacting binary (O#66Il) with
a magnetic secondaOlS). Its CoRoOT lighte
revealed hints of gravity-mode oscillations with frequescnear
~0.8d? and harmonics, as well as rotational modulation with
multiples of the orbital period of 14.39625)
— seel.ml) for a discussion. A seismic interpre-
tation was not possible for this complex system. The ecientr
(e = 0.59+ 0.02) long-orbit Pyrpit = 829+ 4 d) binary HD 46149
revealed a primary with stochastic pressure-mode osoitiatwvith
frequencies in the range 3.0 to 7:2dThese correspond to a reg-
ular frequency pattern of separation 0.48.dUnfortunately, these
p modes did not lead to an unambiguous interpretation ingerm
of seismic models (Degroote et al, 2010). Further, the “reidet
power excess found by Blomme ef al. (2011) in the CoRoT am-
plitude spectra of the three moderately rotating O stars 659
(O5.5f,vsini ~ 100 km s'), HD 46223 (O5fysini ~ 100 km s?),
and HD46966 (08.5Vysini ~ 50kms?) were recently in-
terpreted in terms of convectively-driven internal gravtaves
(Aerts & Rogers 2015).

The only seismic inference was achieved for the O9V star
HD 46202, which revealeg@ Cep-type pressure-mode oscillations
with frequencies in the range from 0.5 to 4.9

the less massive B stars (e.g. Aerts 2015, for a summary): Sim ). Seismic modelling of this star led to a mads= 24.1 +

ilarly to the O stars, B stars have an extensive convective co
but they do not exhibit a strong radiation-driven wind. Thet

B stars that were seismically modelled based upon period-spa
ings of their high-order dipole gravity-mode oscillatica® ultra-
slow rotators ysini < 10kms?). Their modelling required the
inclusion of extra diusive mixing, in addition to core overshoot-
ing, to bring the theoretical models in agreement with gheag-
precision seismic data of duration five months (for the B3&f st
HD 50230/ Degroote et Al. 2010) and four years (for the B8V sta
KIC 10526294/ Moravveii et al. 2015). It would be highly béne
cial to perform similar seismic inference studies for Oetygiars,
whose theoretical models are the most uncertain of all thesma
ranges, while they are mainly responsible for the globahtbal
enrichment of the Milky Way.

Two rapidly rotating O stars were monitored by the
MOST satellite. It concernstPer (O71lInf) with vsini =
200kms?! revealing variability due to rotational modulation
with a rotation period of 4.18d, in the absence of oscillzio
(Ramiaramanantsoa et al. 2014) an®ph (09.5Vnn,vsini =~
400kms?) whose WIRE, MOST, SMEI photometry led to the
detection of multiperiodic variability due to oscillatisiwith fre-
guencies in the range [10] d* and amplitudes up te 10 mmag.

0.8 My, an age of 8+ 0.5 Myr, and a core overshooting parameter
of 0.10 + 0.05 expressed in units of the local pressure scale height
and using a step-function formulation.

To remedy the lack of seismic calibration of massive star-mod
els, we defined a K 14) observing programime o
O-type stars with the aim to monitor a sample of such objects a
umag precision during 3-month runs. The present work repmorts
the first results of this programme anfiess a proof-of-concept of
K2’s capabilities for future O-star asteroseismology.

2 EXTRACTION OF THE LIGHT CURVES

We proposed the five O-type stars listed in Table 1 for photdme
monitoring with K2 in Campaign 0. We developed a photometric
reduction method that accounts for the spacecraft (redipgiand
the non-uniform pixel response of the K2 CCDs, starting ftom
pixel frames in the MAST archive (release of 7 Nov. 2014). The
time series of Campaign 0 contain two large gaps relatedfetysa
events of the spacecraft. We only used data after the lasgéstly
event, i.e., after th&epler Barycentric Julian Day 1939.1, provid-
ing us with photometric measurements covering 33.038 ds&he

These modes turn out to be variable on a time scale of some 100 ddata have a frequency resolution corresponding to the Ryyle

(Howarth et all 2014). The rapid rotatgiPup was monitored by
SMEI during several long-term runs, but these data reveahyl
two dominant frequencies, whose cause and identificatioraire
unclear; they might be connected with non-adiabatic gyaaitdes
(Howarth & Stevens 2014). The variability derived from tipase
photometry of these three rapid rotators is in line with asse
ments from their high-precision time-resolved line-pmfiariabil-
ity. It is also in agreement with high-precision time-resal spec-

limit of 1/33.038d= 0.0302 d* (0.35:Hz), which represents an
upper limit for the frequency uncertainty of any periodigrsl in

the datalO, Chapter 5). Further, we ignoitedesa-
surements taken during a thruster firing or a repointing evetine
spacecraft.

With the aim to exclude as much as possible instrumental ef-

fects in the light curves, we first defined an optimal constaask
customized to each of the five targets from visual inspecsioch
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Figure 1. K2 light curves (top) and their amplitude spectra (bottorfnthe five monitored O stars. The black circles and thin blawkd are derived from our
reduction of the raw pixel data, while the grey crosses ait tjrey lines are the Vanderbuig (2014) light curves.
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Table 1. The five O stars observed in Campaign 0 of K2, with some inftiongrom the online SIMBAD database and the EPIC catalodiee dominant

frequency in the K2 data is listed, along with its amplitude.

EPIC ID Other ID RA (J2000) DEC (J2000) V (mag) SpT FrequerttyY  Amplitude (ppt)
202060091 HD 44597 06 23 28.538 +20 23 31.63 9.05 o9V — —
202060092 HD 256035 06 22 58.243 +22 51 46.15 9.21 09V:p 3.4248 1.827
202060093 HD 255055 06 19 41.647 +23 17 20.22 9.40 O9Vipe) — —
202060097 CI*NGC 2175 H 98 06 08 31.999 +20 39 24.01 13.7 09.5v 0.3801 5.209
202060098 2MASS J06245988649194 06 2459.870 +26 49 19.42 15.11 orv 0.1988 8.594

that blending with nearby targets is avoided as much as lgessi
We show these masks in the left panels of Eigs AL fd A5. The

stars and itsfeectiveness, we also used the reduced light curves as
made available @14), release date: 10 Mlﬂﬂ

counts for each pixel in these masks were summed up to provide This is an updated reduction based on their self-flatfieldipg

the time series of the raw photometric measurements. Tauatco
for the varying background during the measurements, we itsed
erative sigma clipping. All pixels of the frame at a given ¢irstep
were deselected when their signal was larger than 1.2 tineasie-
dian signal of the frame. This procedure was iterated urgifound

a stable median for that time step and no further deseleatan
needed. The achieved median was then taken to be the bankigrou
signal in a given pixel in the frame. We subtracted this bazlgd
level from the raw light curve, accounting for the consideneim-
ber of pixels in the mask.

Outliers were identified and removed by self-flat-fielding
through spline fitting, along with further detrending of thko-
tometry by third-order polynomial fitting, in an iterativeleme.

In each step, the photometry was divided by the polynomial fit
which allowed us to work with relative brightness units el of
electrons per second. Five iteration steps turned out taffieient.

This raw light curve was then used as a starting point to ac-
count for the instrumentalfiects caused by K2's attitude control
system, which involves a roll manoeuvre every six hours. ue

proach combined with high-pass filtering, designed fromvibev-
point of optimal exoplanet hunting, as previously devetby
\Vanderburg & Johnsot (20114) to which we refer for detailsilvh
our mask determination and noise treatment was done mgnuall
and tuned to each star individually and Iocmb\@u
used a semi-automated mask determination and made useiof the
strumental &ects of thousands of stars. Our method is tuned to get
the optimal signal, while their method is focused on redgdime
global noise as much as possible. The masks used by Vanderbur
are shown in the right panels of FI[gslA1[TolA5.

Despite the quite dierent masking, the two independent re-
duction methods give consistent results in termBaxfuenciesthe
major diference occurring in the lowest frequency regime of the
Fourier transform. This is similar to theftérence already encoun-
tered for light curves of the nomin&lepler mission when reduced
globally from the viewpoint of optimal planet hunting vessin-
dividually and tuned towards optimal asteroseismic apibns.

For the latter, it is typically advantageous to consider engixels
than done in the standard exoplanet pipeline, becauserthis &

that, we had to redetermine the position of the star on the CCD gather as much signal as possible for a whole range of freipgn

and connect it to the instrumental brightness variatiorsd tt-
curred at that position. In order to derive an appropriataticn
for the correction factor versus star position, we deteetitine po-
sition of the star on the CCD by fitting a 2D Gaussian function
to the photometry, representing the point-spread-functmllow-
ing[Vanderburg & Johnsbh (2014), we rotated that 2D posiion
cording to its largest eigenvalue and fitted a fifth-ordeypomial,
allowing us to define an arclength connected with the instmntad
brightness for each time step. We then assumed that all therpio
the Fourier transform of the time series of the measuredbrass
centred at 4.08@ and its higher harmonics at 8.16, 12.24, 16.32,
and 20.40d" had instrumental origin. A bandpass filter in the
Fourier domain was constructed using the bajpd$.08 d2 +5 e,
with fs the Rayleigh limit andj 1,...,5. All the power in
these bands was assumed to be due to instrumeffiéekts while
all power outside these bands was considered as stellal sigre
inverse Fourier transform then allowed to connect the umséntal
brightness variations to the position of the star on the CTis
method worked well for four of the five stars, EPIC 202060093 s
fering from a too small onboard mask and saturation of maxgipi
leading to leakage outside of the frame. The light curvesaogn
with black circles in the upper panel of Hig. 1. These fluxations
are expressed in parts-per-thousand dapt).

In order to compare our reduction scheme for the individual

1 The conversion factor between brightness variations esgkin mmag
and flux variations expressed in ppt amounts.®l@y,,e = 1.0857

given the multiperiodic character of the variability. Fooplanet
hunting, however, one aims to find singly periodic low-aryule
signal and therefore avoids too noisy pixels. Masking fders
seismology as we have done here avoids complicated detgendi
and filters out long-term instrumental frequencies morelyeas
illustrated and discussed in Tkachenko étlal. (2013), babisop-
timal in terms of global noise properties.

A comparison between the light curves resulting from the two
independent reduction methods for the five O stars consldere
is given in Fig[l. In general, the agreement is good, except f
EPIC 202060098 and EPIC202060093. For the former star, the
dominant frequency is fully consistent but its amplitud&eds in
value, due to the dlierent shape and position of the chosen masks
in the two methods. With our mask, we have avoided the additio
bright target contributing to the overall light curve. Thisplains
the higher amplitude compared to the “Vanderburg” lightveyr
while the latter leads to less power at low frequencies (@ftdm
panel of Figl). For EPIC 202060093, both light curve§esifrom
the saturation and leakage across the CCD, but again theeiney
amplitude is higher when derived from our light curve. Intést of
the paper, we used our reduced light curves to derive theidreq
cies and amplitudes of the five target stars, after havinifjeethat
all the listed frequencies are consistently recovered fiturse two
versions.

2 https://www.cfa.harvard.edu/~avanderb/



Table 2. The frequencies and amplitudes of EPIC 202060092 detedmine
from Fourier analysis followed by non-linear least-sqsditing. The com-
putation of the errors is explained in the text. The signahdise ratio
(SNR) was computed as the amplitude divided by the noisd tEvthe
residual light curve averaged over, j@] d*.

ID Frequency (d') Amplitude (ppt) SNR Remark
f1  3.4243+0.0054 1827+ 0.079 169

f, 3.6663+0.0066 1352+0.084 125

f3  6.9853+0.0088 1091+0.104 101

fs  3.3173+0.0113 0938+ 0.103 87

fs 35583+ 0.0089 0998+ 0.105 92

fg  1.7453+0.0092 0941+ 0.083 87 f3/4

fz 16693+ 0.0085 0953+ 0.106 88 f4/2

fg  1.7193+0.0091 0784+0.106 73 f1/2

fg  3.4863+0.0113 0646+ 0.096 60 f3/2

fio 0.2223+0.0113 0705+ 0.100 65 2f12

fiz 03313+ 0.0125 0585+ 0.104 54 3f12

fio  0.1123+0.0129 0566+ 0.074 B2 fi—f4="f— "5
fis3 1.3223+0.0134 0535+ 0.095 50

3 FREQUENCY ANALYSIS OF K2 DATA

We computed the Lomb-Scargle periodograms of the two vessio
of the light curves. These are shown in the lower panel oflEig.
The thin black lines are for our reduced light curves whikettick

grey lines are for the Vanderbiifg (2014) light curves.
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Figure 3. Selected H and He lines in the highest SNR HERMES spectrum
of EPIC 202060092. The blue line is the prediction for a NLTBa@sphere
model with parameters listed in the text.

data may be correlated. This requires incorporation of eection
factor in the error estimates of the frequencies and theplitudes

(Schwarzenberg-Czeiiny 2003). Following Degroote et 1093,

we computed this correction factor to be 2.51 and obtaineckth

For the stars EPIC 202060097 and 202060098, we find one ror estimates listed in TaH[& 2. The fit shown in Eig. 2 is galier

isolated significant frequency corresponding to a period.681d
and 5.030d, respectively (Table 1). We interpret theirakitity as
due to rotational modulation.

The cause of the variability of EPIC202060091 and
202060093 is less clear. Despite the limitations of the mdsk
EPIC 202060093 (Fif. A3), its frequency spectrum is sintiahe
one of EPIC 202060091, but there is a factor more than ten dif-
ference in the level of variability. None of these two stansves
clear periodic variability with isolated frequencies. Naheless,
they display several low-frequency peaks that stand ouiteofibise
level without being formally significant. This is somewhah#ar
to the frequency spectra of three O stars observed with tiRoTo
satellite, revealing red noise power excess at low frequévat was
recently interpreted in terms of convectively driven intrgravity
waves|(Aerts & Rogelis 2015). However, we currently consiiisr
interpretation as speculative.

EPIC 202060092 turns out to be a multiperiodic pulsator com-
patible with heat-driven oscillation modes, similar to HE202

lml). We performed iterative prewhiterémgl find
13 significant frequencies when we adopt the conservative- cr
rion of considering a frequency to be significant when its ltongbe
reaches above five times the noise level in the residual dighte
averaged over the frequency rangel[0] d . The frequencies and
amplitudes along with their errors are listed in Tdble 2 witie fit
to the light curve based on those 13 frequencies is showrgifFi
For the computation of the frequency and amplitude erroesomk
into account that the formal errors resulting from a nomrdinleast
squares fit are only in agreement with those obtained in thiei€o
domain in the case of uncorrelated data with white noise attd w
sufficiently high frequency resolution (e.(ﬂbap-
ter 5). Here, we encounter two complications: the data halyea
short time base of some 33d, leading to a limited resolvingguo

of 1.5/33.038d = 0.04541d* (Loumos & Deemind 1978). Fur-

ther, as is usually the case for highly sampled space photgritee

good, but not perfect. This is due to there being additiorejden-
cies whose amplitudes are between 3 and 5 times the noide leve
Due to the limited frequency resolution, we are unable tqimt
their value with respect to the frequencies already listetabld 2

and this explains why a level of unresolved beating stillussdn
some parts of the light curve (bottom panel of Eig. 2).

4 FOLLOW-UP STUDY OF EPIC 202060092

The nature of the frequencids to f;3 listed in Tablé® is unclear.
Given the limited frequency precision, they could eitheiidenti-

fied as sub-multiples or combinations basedfpto fs, or be due

to independent g modes occurring in the densely-packedtgrav
mode frequency regime, or both. The interpretation of adl die-
tected frequencies in terms of identification of their degreadial
ordern, and azimuthal ordem requires additional observational
information, such as the rotational frequency of the stae.al¢o
note that the light curve of EPIC 202060092 shows a marked dip
near day 1966 and remarkable beating from days 1946 to 138 an
to a lesser extent also from days 1963 to 1965 [Fig. 2, whexe th
listed and shown dates are with respecKapler Barycentric Ju-
lian Data, indicated here as BJD 2454833.0). With the ainesb t

if the dips could be connected with binarity and to derive pihe-
jected rotation velocity of the pulsator, we gathered spscbpic
measurements.

4.1 EPIC 202060092 is a spectroscopic binary

The 1.2-m Mercator telescope is dedicated to the long-teom-m
itoring of variable stars, including heat-driven pulsatde.g.,

De Cat et all 2007t _Cuypers et al. 2009) and evolved low-mass
stars (e.gl._Van Winckel etlal. 2009). A large fraction of thke-

scope time in the recent years has been used for the spagiosc
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Figure 2. Fit (grey line) to the K2 light curve of EPIC 202060092 (blatikcles repeated from the central panel of Elg. 1) based @d &frequencies listed in

Table2.
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Figure 4. Phased radial velocity measurements of EPIC 202060092 de-
duced from its Balmer lines. The residual K2 light curve afteewhitening

the fit in Fig[2 is indicated in the top part in ppt accordingtte same phase
and shifted up with value 15 for visibility reasons.

monitoring of bright Kepler targets (e.g.. Lehmann et al. 2011;
Tkachenko et al. 2012; Beck etial. 2014; Niemczura et al. 12015
Van Reeth et al. 2015). In view of its photometric behaviaut af
recent theoretical predictions that more than 70% of ay@estars
occur in binaries (Sana etlal. 2012), we added EPIC 202062092
the observing programme for measurements withitir@es spec-
trograph|(Raskin et &l. 2011).

A total of 22 high-resolution (HRF mode, resolution of
85000) spectra were taken so far, with integration timew/éeh

raw exposures were treated with the HERMES pipeline, inod
cosmic-hit removal, merging of orders, and barycentriceiion.
Subsequently, all spectra were rectified following the rodtbut-
lined in/Papics et all (2013).

Comparison with rotationally broadened synthetic spectra
derived from plane-parallel NLTE O-star atmosphere models
(Lanz & Hubeny| 2003, OSTAR2002 grid) led to the estimates
Ter ~ 35000K, logg ~ 4.5dex,vsini ~ 270kms? for solar
metallicity and a fixed microturbulent velocity of 10 kmts The
agreement between the theoretical line spectrum and thsumrezh
profiles for the highest SNR spectrum is illustrated in EitpBa
few selected lines. Despite the modest SNR, it can be seén tha
structure occurs in some of the observed He lines. This may be
connected to the pulsations but higher SNR is needed to fiesily
tablish this.

Given the scarcity of spectral lines due to the large broaden
ing and limited SNR, we estimated the radial velocity valfrem
fits to the detected H and He lines. The outcome is very sirfolar
the He, HB, Hy, and H lines, so we averaged their radial velocity
estimates and computed the standard deviation as a prottyefer-
rors. We detect radial velocity variations with a peak-&alp value
around 30 kmd. Given the low amplitude of the photometric vari-
ations (cf. TablER) we do not assign these radial-veloctjations
to pulsations, but rather interpret them in terms of bigat&lob-
ally, the velocities from the Balmer lines are consisterthvtihose
based on the dominant He lines, such as Hel 49224, Hel 58754,
Hel 6678A, Hell 4541A, and Hell 5411A, but for some of those we
encounter too large uncertainties to achieve conclusilgesaas
already illustrated by Fi§l3. This might point towards a tcii-
tion of more than one star to some of these lines, but thisseed
further study from new spectra with higher SNR.

Our current spectroscopy does not allow to deduce a high-

600s and 1800s between November 2014 and March 2015. Theprecision orbital solution yet. Nevertheless, we cleadyablish

signal-to-noise ratio (SNR) per exposure ranged from 3@td e

spectroscopic binarity and find a rough preliminary perisiiheate



of Pop ~ 50d from the Balmer lines. These data were folded with
the most likely period in Figl4, where we also show the phased
residual K2 light curve after prewhitening the 13 frequesdisted

in Tabld2 (i.e., the black circles minus the grey line in Byg.

We conclude that, with the current estimate of the orbitalqoe

of the binary, we cannot associate all the dips in the K2 pheto
etry with eclipses and rather ascribe them to unresolvetirigea

of pulsation modes, except perhaps the dip near day 1966eLar
beating patterns as the ones seen near days 1946, 1955, &hd 19
(Fig.[2) have indeed been detected before in muItiperiocﬁssive
pulsators both in high-cadence ground based i
) and space photometry ( 2W|ﬂ)
the Iong -cadence sampling at 29 min, the unresolved nafuteo
light curve is not so surprising, because the fastest pafsatode
is sampled only seven times per cycle. While such samplingsvo
fine for the analysis and interpretation of long-duratighticurves
of months to years, there is a limitation to resolve beatiaiggons
for a data set of only 33d. The beating between frequentiies
and f;, as well as the one betwedpnand fs, occurs with a period
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ward seismic modelling from frequency matching and pinfezin
the four free parameterd/; X, Z, a,) of HD 46202 with high pre-
cision, for the input physics that went into their dense gfithe-
oretical models. Their frequency precision was much higtygr-
ically between 16* and 162 d™?, than what we can deduce from
the current long-cadence K2 data. This major accomplishifioen
HD 46202 was owed to the CoRoT sampling rate of 32s, which
delivered a light curve of more than 80 000 data points ratineam
only 1600 for EPIC 202060092 from K2. Despite similar duati
of the monitoring, this implies a facter V50 better frequency pre-
cision. Moreover, their study was based on twice as manytispet
a single star of one magnitude brighter than EPIC 202060092,
plying a co-added averaged spectrum of SNR above 500. ¥inall
the ten times lowevsini = 25+ 7 km s of HD 46202 compared
to EPIC 202060092 also implied modest rotational splitiatyes
such that forward modelling assuming zonal modes made sense
For the case of EPIC 202060092, which has a similar oscil-
lation spectrum and hence the same potential, we encourger t
limitations of the poor frequency precision and of not krogvthe

of 9.1d and the beating phenomena we measure are separated bgzimuthal ordem of the dominant modes because the fast rotation

roughly this value, occurring near days 1946, 1955, and 1&G#
panel of Figl2). The nature of the isolated dip in the lightveu

at day 1966 remains unclear. That decrease in brightnesstis n
accompanied by local increases as one would expect fromi-mult
periodic beating among linear pulsation modes and coule:tbie
still be caused by binarity. Indeed, according to Elig. 4,digeoc-
curs near orbital phase 0.5 and, given the large uncertainty on
the current estimate of the orbital period, could be causedrb
eclipse. Unfortunately, there are napbArcos para data available

to add to the K2 photometry for this star.

4.2 First modelling attempts

The five dominant frequencies listed in Tdble 2 have valugs ty

introduces frequency shifts of at least 0:3 dvhenm # 0. It can
be seen from Fif]5 that, even for only two masses and one set of
values K, Z, ao,), several of these models fulfill the requirements
of the five measured frequencies, keeping in mind that laegeny-
known frequency shifts due to rotational splitting must beveed
for. A similar situation of unknown rotational shifts wasceuin-
tered in the NGC 884 cluster modelling 2@1113)
in that study some seismic constraints could still be addé¢kianks
to the demand of an equal age and metallicity of the starsen th
cluster.

With the present K2 photometry and HERMES spectroscopy,
forward seismic modelling is not yet possible for EPIC 2020&2.
We do note that even the identification df if) of just one of its
modes would break most of the degeneracy in the seismicAsid.

ical of pressure modes in an O9 main-sequence star as alreadyan example, identification of, as a radial mode would imply it is

found for HD 46149 and HD 46202 by Degroote et al. (2010) and
. 1), respectively. Part of the theorétiadial and
zonal dipole or quadrupole p mode spectrum for O-type st&rs i
shown in Figlh for a mass of 35/Meft panel) and 30 M (right
panel). This figure was constructed from the grid of steltat jpul-

sational models described lin_ Degroote etlal. (2010), whopati
physics is discussed @011), to which wemrér

details. The two stellar models whose zonal p modes are shown
Fig.[8 have an initial hydrogen fraction & = 0.715 and a step-
function core overshoot parameteraf, = 0.2, expressed in units
of the local pressure scale height. As we have shown in the-pre
ous Section, EPIC 202060092 is situated between the twizakrt
dashed lines. These correspond to ages of 3.53 and 3.51 blyr (h
ter temperature limit) and 4.39 and 4.86 Myr (coolest terapee
limit), for 35 My, and 30 M, respectively.

Even though relatively large uncertainties occur for threaat
spheric parameters of the star, the measuremewnsiofi is fairly
robust. It immediately excludefy, = 0.1123 d* to be the rota-
tional frequency. Indeed, the models with 35 l&hd 30 M, whose
low-degree p modes were shown in [Ely. 5 have radii of 1&Rd
12.5R,, respectively, for the measurégd;. We find lower limits for
the rotational splitting within p mode multiplets of rougtil.36 d*
and 0.43 d* for 35 M, and 30 M, respectively.

Even though the white-light CoRoT photometry of HD 46202
by itself did not lead to mode identification in the absencmofti-
plets in the frequency spectrum, the same situation as welere

for EPIC 202060092, Briquet etldl. (2011) managed to perform

the fundamental, whild; is then the third (for 35 M, left panel of
Fig.[3) or fourth (for 30 M, right panel of Fid.b) radial overtone.
At present, however, such inference remains speculatieeeithe-
less, the models imply that, if; to fs are due to low-degree low-
order modes, then the mass of the star cannot be far below,30 M
Firm conclusions on the properties of the orbit of
EPIC 202060092 and on the nature of its companion require add
tional and long-term time-resolved high SNR spectrosc@iven
its potential for future seismic modelling, we plan to acgusuch
data with the aim to pinpoint the orbit and characterise the t
components with high precision, as well as to detect andtifgen
the dominant oscillation mode(s). This will require spattiisen-
tangling and the application of sophisticated mode ideatifon
methodology (e.g!. Tkachenko et al. 2014, for an examplenef a
other potentially interesting pulsating massive binary).

5 STATE OF AFFAIRS OF HIGH-PRECISION O-STAR
SPACE PHOTOMETRY

The five O-type stars monitored by K2 so far confirm earlier-find
ings based on high-precision uninterrupted space photgnet.,
the diversity of the variable character of these stars gglafabléB
provides an overview of all fourteen O-type stars that hasenb
monitored with SMEI, MOST, CoRoT, and K2 and their dominant
cause of the photometric variability. For several of thessteari-
ous causes of variability act simultaneously. The secgndathe
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Figure 5. Adiabatic pulsation frequencies of radial (blue circlatipole (black crosses), and quadrupole (red trianglesqlzmodes for a stellar model with
M = 35 M, (left) and withM = 30 M, (right). EPIC 202060092 is situated in between the two eattlashed lines, which indicate the spectroscopicdnge
of the measured¢;. The topx—axes indicate the central hydrogen fraction, where theevatibirth wasX; = 0.715. The horizontal grey lines indicate the
five dominant independent frequencies, where the line tigis& represents the frequency precision.

Table 3.Overview of O-star variability deduced from high-cadengghkprecision space photometry with the dominant causéseofariability listed, where
IGW stands for “Internal Gravity Waves” (em). The duration of the longest uninterrupted light cusvsted.

HD or EPIC Vv SpT Data Source Duration vsini Variability Reference to
mag of LC(d) kms? Cause(s) Space Photometry
HD 46223 7.28 04V(f) CoRoT 34.3 100 IGW Blomme et al. (2011)
HD 66811 2.24 O4l(n)fp SMEI 236 400 non-adiabaticrgode? _Howarth & Stevens (2014)
HD 46150 6.73 O5V(f) CoRoT 34.3 80 IGW Blomme et al. (2011)
HD 24912 4.06 O7llInf MOST 30.0 200 Rotational Modulation _nRaramanantsoa et al. (2014)
EPIC 202060098 15.1 orv K2 33.1 ? Rotational Modulation sk
HD 46966 6.87 o8v CoRoT 34.3 50 IGW Blomme et al. (2011)
HD 47129 6.06 08 I+07.511 CoRoT 34.3 75 & 300 Binarity, Rotation Mahy et al. (20
Magnetic secondary

HD 46149 7.61 0O8.5V((fwB? CoRoT 34.3 30&7 Rotational Modulation__Degroote et al1(0

& Stochastic p modes
HD 46202 8.19 O9V(f) CoRoT 34.3 25 Heat-driven p modes __ Biicai@l. (2011)
HD 44597 9.05 o9V K2 33.1 ~30 IGW? this work
HD 256035 9.21 O9V:p? K2 33.1 270 Heat-driven modes this work
HD 255055 9.40 O9V:p(e) K2 33.1 ~ 40 IGW? this work
HD 149757 2.56 09.5Vnn WIRE,MOST,SMEI 232 400 Heat-drivemgdes _Howarth et al. (2014)
EPIC 202060097 13.7 09.5v K2 33.1 ? Rotational Modulation is work

binary HD 47129 is the only object in the list known to host agma
netic field and it is variable. Nevertheless, rotational oiation
connected with chemical afat temperature spots occurs for 4 of
the 14 stars and is usually due to some level of magneticigctiv
even though the fields may be too weak or too complex to give

detectable longitudinal field components.

From the viewpoint of seismic modelling with the aim to im-
prove the input physics of massive star models, one needs-to s
cure high-precision frequency values of several pulsathmues.
While this is not impossible and has been achieved for a kapid
rotating pulsating Be star (e.012), it ékrout

hard to achieve so far in the case of internal gravity wavesdr

by the convective core in O stars (e.g. Aerts & Rogers 2016¢. T

requirement

to detect oscillation frequencies with higacgsion

of ~ 0.0001d?! can best be achieved in the case of self-driven
modes caused by an opacity mechanism active in the partial io
isation layers of the iron-group elements, because theg lag
lifetime. HD 46202 is the only O-type star that has been medel
seismically so fall). While this led te tteriva-
tion of its fundamental parameters with higher precisicemthny
other method delivered so far, it was not possible to prabénit
terior structure properties at a level necessary to imptiogeénput
physics of the models, due to the too short time base of theespa

data.

Heat-driven O-type pulsators hold the same potential of
deep seismic sounding of their interior structure than was r



cently achieved by Moravveji etiall (2015) for the B8.3V star
KIC 10526294. This 3.2 Mstar provided seismic evidence for dif-
fusive mixing in the stellar envelope at a level of IBg,x between
1.75 and 2.00dex, in addition to core overshooting. A major i
provement for evolutionary models of massive stars reguine
observational calibration of the overall mixing propestia their
interior, because theoretical considerations lead tddgg values
differing by many orders of magnitude and are therefore of lanite
value for the moment (e.q.. Mathis. Palacios, & Zahn 2004jeA
oseismology of O star pulsators is the best method to makgess
for the tuning of models of the most massive stars in the Use&e
but it requires long-term high-precision time-resolvedfoimetric
and spectroscopic monitoring. As we have shown in this wibe,

K2 mission has a major role to play here and EPIC 202060092 was

an optimal target among five measured ones, but its compltx be
ing pattern was not sticiently sampled in terms of cadence, preci-
sion, and duration of the photometry achieved during Cagm@i
Moreover, it turned out to be a spectroscopic binary and vesl ne
to understand the contributions of each of its componeritsetde-
tected variability. Requirements for its future seismicteling are
the accurate determination of its orbital properties antheffun-
damental parameters of its binary components, along witgleh
precision of the pulsation frequencies. Given its poténsigectro-
scopic monitoring will be continued in the coming years witie
aim to unravel the orbital motion and to attempt detectiornt®f
oscillation modes in long-term residual spectroscopy.

Following Degroote et al, (2010) and Briquet et al. (2011, o
current work is a successful proof-of-concept study toqrenffu-
ture O-star seismologihis is possible with the optimised K2 mis-
sion in combination with ground-based spectroscopgeed, as of
K2’s Campaign 3, the improvement on its performance in tesims
pointing and precision of the photometry, as well as in theadu
tion of the campaigns~( 80d, i.e., twice to three times as long
as the current study) holds the potential to deliver the @mate
photometric data needed for in-depth modelling of O-stdsgu
tions, whatever their excitation mechanism. A light curvetzort
cadence during 80 d will deliver some 115000 data points¢chwvhi
will result in a factor~ 20 better frequency precision than for the
Campaign O data. Given their scarcity and importance fdtaste
and galactic structure, we thus plan to apply for short-oedelata
for the few available O stars in K2's future FoVs of Campaids
and 13.
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