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ABSTRACT

HD 181068 is the only compact, triply eclipsing, hierarchical triple system containing a giant star that is known to date. With its
central, highly active G-type giant orbited by a close pair of main-sequence dwarfs, the system is ideal for studying tidal interactions.
We carried out a multiwavelength study to characterize the magnetic activity of the HD 181068 system. To this end, we obtained in-
and out-of-eclipse X-ray snapshots with XMM-Newton and an optical spectrum, which we analyzed along with the Kepler light curve.
The primary giant shows strong quiescent X-ray emission at a level of 2 x 103! ergs™, an S-index of 0.41 + 0.01, and marked white-
light flares releasing up to 6 X 10 erg in the Kepler band. During the second X-ray observation, we found a three-times elevated —
yet decaying — level of X-ray emission, which might be due to an X-ray flare. The high level of magnetic activity is compatible
with the previously reported absence of solar-like oscillations in the giant, whose atmosphere, however, undergoes tidally induced
oscillations imposed by the changing configuration of the dwarf-binary. We found that the driving force exciting these oscillations is
comparable to the disturbances produced by a typical hot Jupiter, making the system a potential test bed for studying the effects of

tidal interactions also present in planetary systems.
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1. Introduction

While stellar triple systems are not at all rare, the systems
HD 181068 and KOI-126 are the only currently known com-
pact triples with mutually eclipsing components (Raghavan et al.
2010; Carter et al. 2011; Derekas et al. 2011). Of these two, only
HD 181068 harbors an evolved giant star in its center. Thanks to
the absence of an orbital equilibrium state, compact triple sys-
tems are ideal laboratories for studying tidal interactions and or-
bital evolution and for testing models of stellar evolution (e.g.,
Fuller et al. 2013).

The central G-type giant of HD 181068 is orbited by a close
pair of main-sequence dwarfs. While the dwarf binary! com-
pletes a full orbit around the giant in 45 d, its components re-
volve around each other every 0.9 d (see Table 2 and Borkovits
et al. 2013). All mutual eclipses have been observed with high
accuracy by the Kepler satellite (Derekas et al. 2011). Because
the effective temperatures of the three system components are
identical to within about 400 K (see Table 1), the transit light
curves resulting from the eclipse of the giant by the dwarf bi-
nary, and vice versa, do not differ substantially in depth. They
can, however, be distinguished through their shape, because the
primary transit light curve, with the binary passing in front of
the giant, yields a rounder profile resulting from limb darkening.
The secondary eclipse, during which the dwarf binary is entirely
occulted by the giant, shows a box-like profile (e.g., Derekas
etal. 2011).

The duration of the phase of total eclipse in the AB system
depends on the respective geometry. Borkovits et al. (2013) show

! Following the convention of Borkovits et al. (2013), we dub the gi-

ant the A-component and the eclipsing dwarf binary the B-component;
individual constituents of the B-component are referred to as Ba and Bb.

Article published by EDP Sciences

that the eclipse geometry essentially repeats after five orbits of
the AB system1 , 1.e., after about 227 d. The total duration of ev-
ery eclipse — primary or secondary — amounts to approximately
1.5 dwarf-binary orbits or ~#1.35 d in every case.

The HIPPARCOS-measured parallax of HD 181068 is 4.02 +
0.4 mas, resulting in a distance of 249 + 25 pc. Borkovits et al.
(2013) derived a preliminary age estimate of 300-500 Ma for
the HD 181068 system by comparing the stellar parameters to
evolutionary tracks. The authors caution, however, that the dwarf
radii “appear to be significantly larger than expected”, and more
sophisticated modeling may be necessary.

The structure of the HD 181068 system is reminiscent of
that of RS Canum Venaticorum (RS CVn) systems — binary sys-
tems consisting of a G- or K-type giant orbited by a late-type
main-sequence or subgiant companion (Dempsey et al. 1993a;
Hall 1976). RS CVn systems are among the most active stel-
lar systems in the Galaxy as proven, among other things, by
pronounced and variable emission-line cores in Call H and K
and Hea, starspots, photometric variability, and X-ray emis-
sion (e.g., Linsky 1984; Strassmeier et al. 1988; Schmitt et al.
1990; Dempsey et al. 1993a). In RS CVn systems with periods
shorter than about 30 d, rotation and orbital motion are typically
synchronized (Zahn 1977; Scharlemann 1982; Dempsey et al.
1993a; Derekas et al. 2011). In HD 181068, Derekas et al. (2011)
derived a rotational velocity of vsin (i) = 14 km s~ for the giant,
which combined with its radius, suggests that the orbital period
of the AB system and the giant’s rotation are also synchronized.

In a Fourier analysis of the Kepler light curve, Borkovits
et al. (2013) found substantial photometric variability at a period
comparable to the AB system’s orbital period. The observed am-
plitudes exceed the expectation for ellipsoidal variation. Because
the giant’s rotation is likely synchronized with the AB system’s

Al115, page 1 of 10


http://dx.doi.org/10.1051/0004-6361/201423879
http://www.aanda.org
http://www.edpsciences.org

A&A 570, A115 (2014)

Table 1. Stellar properties of the system components' (Borkovits et al.
2013).

A Ba Bb
m [My] 3+0.1 0.915+0.034 0.870 +0.043
R [Ro] 1246 £0.15  0.865 +0.01 0.8 +0.02
Ter [K] 5100 + 100 5100 + 100 4675 + 100
Lot [Lo] 92.8 +7.6 0.447 £0.037 0.27 +0.027
log(g) [cgs] 2.73 4.53 4.58

Table 2. Orbital parameters of the HD 181068 system' (Borkovits et al.
2013).

A-B Ba—-Bb
Tviny® (BIDrpg)  2455499.9970(4)  2455051.23700(5)
P[d] 45.4711(2) 0.9056768(2)
a[Ro] 90.31 +0.72 4.777 £ 0.039
il°] 87.5+0.2 86.7+14

Notes. Numbers in parentheses indicate error in last digits.  Reference
time for primary eclipse. Times converted from UTC as used by Kepler
and stated in Borkovits et al. (2013) into barycentric dynamical time
(TDB) by adding 66.184 s (T. Borkovits, priv. comm.; see also “Kepler
data release 19 notes” Sect. 3.4).

orbital motion, this strongly suggests rotational modulation due
to starspots, which might even be seen as distortions in some
primary-eclipse light curves (Borkovits et al. 2013, Fig. 5). The
authors go on to argue that their Fourier analysis reveals a dou-
ble peak close to the presumed rotation period of the giant, which
may be a consequence of differential rotation.

Furthermore, the Kepler light curve shows a highly interest-
ing behavior at higher frequencies. First, it reveals several oscil-
lation periods that can be attributed to tidal interactions between
the changing configuration of the dwarf binary and the atmo-
sphere of the giant (Derekas et al. 2011; Borkovits et al. 2013;
Fuller et al. 2013). Such tidally induced oscillations can only be
observed in sufficiently close systems such as HD 181068 or,
potentially, planetary systems. Second, solar-like oscillations of
the central giant are absent or strongly suppressed (Derekas et al.
2011; Fuller et al. 2013). Chaplin et al. (2011) argue that such
oscillations are damped by magnetic activity in solar-like stars;
according to these authors, this certainly seems to be the case in
the Sun. Therefore, Fuller et al. (2013) speculate that strong ac-
tivity may also suppress solar-like oscillations in the central gi-
ant HD 181068 A. Some support for this argument comes from
a number of pronounced flare-like events observed in the Kepler
light curve, one of which is observed during a secondary eclipse
(Borkovits et al. 2013, Fig. 6) and, thus, must be attributed to
the giant, if it originates in the HD 181068 system. Another
indication for a high level of magnetic activity has been con-
tributed by the ROSAT all-sky survey, which revealed a clear
X-ray source with a count rate of 0.294 +0.023 cts~! at the posi-
tion of HD 181068, suggesting an X-ray luminosity on the order
of 2 x 103 ergs™' (cf., Sect. 2.4).

In this paper, we present a multiwavelength study of stellar
activity in the HD 181068 system. In particular, we provide a de-
tailed analysis of the X-ray emission from the HD 181068 sys-
tem based on two carefully timed XMM-Newton observations,
study the white-light flares observed in the Kepler light curves,
and investigate the chromospheric Call H and K emission using
an optical spectrum obtained during secondary eclipse.
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Table 3. Duration (DUR.) and sum of “good time intervals” (ONTIME)
for the individual instruments of our XMM-Newton observations.

0722330201 0722330301
DUR.4 ONTIME DUR“ ONTIME
Instr. [ks] [ks] [ks] [ks]
pn 13.0 11.7 12.0 8.2
MOS1 146 14.5 13.6 13.6
MOS2 146 14.6 13.6 13.6

Notes. @ Difference between the TSTOP and TSTART times.

Table 4. Timing of the XMM-Newton observations.

uTcCe JDUTCb BJDTDBb

Observation ID 0722330201
Start 2013-05-03 4:26 415.68472 415.68598
End 2013-05-03 8:03 415.83542 415.83668
Phase 0.1378-0.1411¢

Observation ID 0722330301
Start 2013-05-19 14:56  432.11528 432.11724
End 2013-05-19 18:17 432.26181 432.26378
Phase 0.4992-0.5024¢

Notes. @ DATE-OBS and DATE-END header keywords for the pn;
® 2456000 has been subtracted; © the typical error in phase is
8.9x 1075,

2. X-ray observations and data analysis

We observed HD 181068 twice using XMM-Newton. While the
first X-ray observation was carried out when both giant and
dwarf-binary components were visible, the second observation
had been scheduled during secondary eclipse, when the dwarf
binary remained hidden behind the giant. The timing details are
given in Table 4, where the phase is defined as a value between
zero and one according to the ephemeres given in Table 2. In
both observations, we used the medium filter for pn and MOS 1
and the thick filter for MOS 2.

We reduced the data using XMM-Newton’s “Scientific
Analysis System” (SAS) in version 12.0.1 and applying standard
recipes and filtering recommendations'. The duration of the ob-
servations and the available time remaining after the filtering are
given in Table 3. While the pn-exposure during the in-eclipse
phase (ID 0722330301) suffers from high background toward
the end of the observation, the MOS instruments remain virtu-
ally unaffected. The X-ray data analysis was carried out using
XSPEC in version 12.5.0 (Arnaud 1996).

An X-ray source at the position of HD 181068 is evident in
both the in- and out-of-eclipse X-ray images. Figure 1 shows
the in-eclipse X-ray image of HD 181068 observed by the pn-
camera. In this phase, we even found a stronger source with a
count rate approximately tripled compared to the previous out-
of-eclipse exposure (Table 6).

2.1. Short-term X-ray variability

To check for short-term X-ray variability in HD 181068, we
constructed 0.3—6 keV light curves using the evselect and
epiclccorr routines. The latter corrects for various effects,
such as vignetting, bad pixels, good-time intervals, and dead

I See http://xmm.esac.esa.int/sas/current/

documentation/threads/ for the standard recipes.
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Fig. 1. In-eclipse X-ray image of HD 181068 (pn).

time. As an example, we show in Fig. 2 the MOS 1 light curve
observed during May 3 and 19.

First, we fit the MOS 1, MOS 2, and pn light curves using
a constant model. The resulting best-fit count rates are listed in
Table 5. Second, we fit a linear model. While the constant could
be varied independently for the three instruments, the gradient
was taken to be identical for all simultaneous light curves. In
Table 5 the x? values and number of degrees of freedom (d.o.f.)
for the best-fit constant and linear model are listed. Applying an
F test, we found that the model including the linear term better
describes the data at the 95% confidence level in both cases. In
particular, we find p values of 0.02 and 10~'® for May 3 and 19.

The lower level and relative stability of the X-ray count rate
on May 3 suggest identifying the X-ray flux observed then with
the quiescent X-ray emission level. This interpretation is also
consistent with the ROSAT observation, which yields a similar
flux (cf., Sect. 2.4). On May 19, we found not only higher X-ray
luminosity but also a more strongly declining X-ray count rate,
which seems less typical of quiescent emission.

During both X-ray observations, XMM-Newton’s Optical
Monitor (OM) observed HD 181068 with the UVM?2 filter in
imaging mode. Comparing the images, we derived a decrease
of 0.36 = 0.27% in the OM count rate during the eclipse. This
is roughly compatible with an expected 0.8%, assuming that
the luminosities of the system components in the UVM?2 filter
are proportional to their bolometric luminosities. The OM pro-
vides no evidence of an increased near ultraviolet count rate ac-
companying the elevated X-ray count rate during the in-eclipse
observation.

2.2. Spectral analysis of pn and MOS data

The pn count-rate of HD 181068 is high enough to produce a
source with a substantial signal that exceeds the background
level even in the wings of the point spread function (PSF).
Therefore, we opted for a 30”-radius source region to take full
advantage of the high flux in our analysis. Strong X-ray sources
are susceptible to pile-up, owing to the limited detector read-
out cadence. The “XMM-Newton Users’ Handbook™ (Sect. 3.3.2,
Table 3) states critical limits of 8 cts~! for the pn and 0.7 cts™!
for the MOS instruments operated in “full frame” mode, beyond
which pile-up starts to seriously deteriorate the X-ray spectra.
According to these limits, pile-up is not a problem for the pn
data, but the MOS data may be mildly affected (cf., Table 5).
An additional analysis of the pn data based on the SAS-tool

Table 5. Fit results for the constant and linear model along with the

best-fit y2-values and the number of degrees of freedom (d.o.f.).

Instrument CR“May 3 CR“May 19
[cts™'] [cts™']
Best-fit constants
pn 1.45 +0.013 3.374 + 0.025
MOS 1 0.387 = 0.006 0.938 +0.009
MOS 2 0.325 +0.005 0.828 +0.009
Best-fit gradient [cts™' ks™!]
Combined —0.0023 +0.0009 -0.0125 +0.0015
x” values and d.o.f.
Constant 239.1/207 232.9/206
Linear 200.8/179 136.8/178

Notes. @ Count rate (CR).
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Fig. 2. Background-subtracted MOS 1 light curve of HD 181068 in the
0.3—-6 keV band with 200 s binning.

epaplot also yielded a negligible pile-up fraction. Since we see
no difference between the MOS data observed with the thick and
medium filters, we consider pile-up and optical loading irrele-
vant in our analysis.

In our spectral analysis, the spectra were modeled with
an absorbed thermal model with variable abundances (vapec,
Smith et al. 2001). In particular, we used two temperature com-
ponents for the May 3 observation and included an additional
hot component for the observation on May 19. This model is
motivated by the results of more detailed grating observations of
the RS CVn systems II Peg and AR Lac (Huenemoerder et al.
2001, 2003). While these systems show complex differential-
emission-measure (DEM) distributions, the DEM reconstruc-
tions also show distinct peaks. In the case of AR Lac, the DEM
peaks at about 0.1 keV, 0.69 keV, and 1.9 keV. In both cases,
the low-temperature end of the DEM mostly remains constant in
time, while variability manifests at the high-temperature end of
the DEM. In the particular case of II Peg, a flare was observed,
which could be modeled as an addition of a hot component to the
DEM without affecting the cooler components (Huenemoerder
et al. 2001).

We treated both observations and the MOS and pn in-
struments simultaneously in our spectral analysis. The pn and
MOS spectra were grouped into bins comprising 15 counts
each, which renders the y?-statistic applicable. In our treat-
ment of the elemental abundances, we followed the approach of
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Table 6. Best-fit parameters based on pn and MOS data and the RGS
data with 90% confidence intervals.

pn and MOS

May 3 May 19
N [10%em™] 00217568 0.044700%
T: [keV] 0~92f§103 0.88f§:05
EME [10% cm™]  7.5%03 7.7
T, [keV] 188013 1957053
EM? [10% em™]  10.4704 286113
T [keV] 8.6
EM¢ [10% cm™] 12.8774
Ab.ge Mg aLNiCa [O] 0-23i§:§§
Ab.cnossi [O] 0.16%503
Ab.xea [0] 073193
logo(Flux [cgs)™  —11.5896"00%  —11.0877"03¢
¥*/d.of. 1729.5/1631

RGS

Ab.pe Mg aLNiCa [O] 0'35f81(1)é
Ab.cnossi [O] 0.55%013
Ab.xear [©] 149705

Notes. ¥ The distance uncertainty is not included. ’ Unabsorbed flux,
0.3-9.0 keV band.

Schmitt & Robrade (2007) and grouped the elements with re-
spect to their first ionization potential (FIP). In particular, low-
FIP (Fe, Mg, Al, Ni, Ca; FIP < 8 eV), medium-FIP (C, N, O, S,
Si; 8 eV < FIP < 15 eV), and high-FIP elements (Ne, Ar; FIP >
15 eV) were distinguished, with the solar abundances referring
to those given by Anders & Grevesse (1989).

While the abundance pattern was coupled among all thermal
components in the fit, their temperatures and emission measures
could be varied independently. The sum of the thermal compo-
nents was subject to absorption as represented by the phabs
model, and a different depth of the absorption column was al-
lowed for the two observations. To compute the unabsorbed flux
and its error, we applied the cf1ux model. The values and errors
of the emission measures were calculated with the cflux com-
ponent removed and all other parameters fixed to ensure con-
sistency; therefore, errors may be slightly underestimated. With
this approach we obtained a model with a reduced y? value of
1.06. Our results are summarized in Table 6.

While the lowest temperature component characterized by
T, and EM; remained virtually unchanged between May 3
and May 19, the medium-temperature component approximately
tripled its emission measure, EM,, but remained at about the
same temperature. For the temperature of the third, hot compo-
nent, T3, we found a best-fit value of 100 MK, which remained
loosely determined, however. Demanding a common absorption
column depth during both observations resulted in a model with
a reduced )(2 value of 1.12, a column depth of 3.8 x 1022 cm™2,
and otherwise similar parameters. Formally, this solution pro-
vides an inferior model, which may indicate the presence of cir-
cumstellar material. However, this interpretation is not unique,
because the corona of the giant also changed, and the geo-
metrical configuration during the two observations was differ-
ent. The dwarf components are probably also highly active and
provided an unknown and not explicitly accounted for coronal
contribution only to the out-of-eclipse observation. The fluxes
given in Table 6 correspond to average X-ray luminosities of
(1.9+0.4)x 10°" ergs™! on May 3 and (6.1 + 1.2) x 10*! ergs™!
on May 19.
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Because we found evolution in the X-ray count rate of
HD 181068 during the observation on May 19, we also searched
for temporal variability in the spectrum. In the first step, we ex-
amined a hardness ratio. In particular, we defined a low-energy
band, L, ranging from 0.3—1 keV and a high-energy band, H,
from 1 keV to 6 keV, and the associated hardness ratio HR =
(H-L)/(H+L). Based on the MOS data, we found a mean hard-
ness ratio of 0.62. Applying a linear fit, we detected a decrease of
1072 ks~! in the hardness ratio, which is significant on the 99%
confidence level according to an F-test and is consistent with a
softening of the X-ray spectrum. The pn data are also consistent
with a decrease in hardness, but do not provide a significant re-
sult alone, because they do not offer the same temporal coverage.
Furthermore, the hardness ratio cannot be directly compared, be-
cause the spectral sensitivity of the pn is different. In the second
step, we checked whether the decrease in hardness can be de-
tected directly in a spectral analysis. To this end, we divided
the observation into three 4.5 ks chunks and repeated the pre-
viously described spectral analysis using the events pertaining
to the individual observing chunks. We refit the spectral model,
but allowed only the emission measure of the medium- and high-
temperature components, EM, and EM3, to vary. The remaining
parameters remained fixed at the values reported in Table 6. We
note that the temperature, T3, of the high-temperature compo-
nent was not well defined in any of the chunks. Applying a linear
fit, we found an average decrease of —1.9 X 1052 cm™ ks™! for
EM, and —4.1 x 10°> cm3 ks™! for EM3, which is compatible
with cooling of the high-temperature plasma component.

2.3. RGS data

In our analysis of the RGS data, we used the same spectral model
as for the pn and MOS data (see Sect. 2.2), but focused on the
abundances to which the RGS data are most sensitive. Their tem-
peratures and absorption column depths were fixed to the values
derived from the fits to the pn and MOS spectra, which cover
a wider spectral range. The normalizations (i.e., emission mea-
sures) were left as free parameters to compensate for potential
uncertainties in the cross-calibration.

To fit the RGS data, we grouped them into bins comprising
ten channels, resulting in an equally-spaced wavelength axis at
the cost of leaving the y?-statistic inapplicable. Therefore, we
reverted to XSPEC’s W-statistic — applied when c-stat is used
with Poisson-distributed background. This approach does not
rely on approximately Gaussian count distributions in the bins.
Figure 3 shows the merged RGS 1 + 2 spectrum of HD 181068
observed on May 19, grouped at 15 counts per bin for better vis-
ibility. The most prominent spectral feature is the Lyman-a line
of O VIII at about 19 A. Furthermore, lines of Ne X, O VIII, and
likely Fe XVII are clearly present in the spectrum (see Fig. 3).
The remaining structure is mostly due to the emission of highly
ionized iron ions — mainly Fe XvIII and Fe XIX. The data from
RGS 1 and 2 as well as both spectral orders were fitted simulta-
neously, and the results are shown in Table 6.

While our fits to the RGS data yielded higher abundances
than those obtained from the MOS and pn cameras, the trend
for high-FIP elements to show higher abundance values is repro-
duced well. We note that the abundances of C, N, and O may
be modified in the giant owing to dredge-up of nucleosynthe-
sis products from the stellar interior. Following the first dredge-
up, for instance, a rise in the nitrogen surface abundance ac-
companied by a decrease in the carbon abundance is expected
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Fig.3. Merged, in-eclipse RGS 142 spectrum of HD 181068 with
15 counts per spectral bin. Labels denote the most prominent spectral
lines.

(Iben & Renzini 1983). There is, however, no clear sign of such
a pattern in our data.

2.4. ROSAT data and long-term variability

An X-ray source with a count rate of 0.294 + 0.023 cts™! at
the position of HD 181068 has also been detected by ROSAT.
Assuming an interstellar absorption column of 3 x 10 cm™
and a mean coronal temperature between 1 and 1.5 keV, we
converted the ROSAT count rate into unabsorbed 0.3-9 keV
fluxes, log,,(Flux [cgs]), between —11.5 and —11.36, corre-
sponding to X-ray luminosities between 2.3 and 4 x 103! ergs~".
These estimates are compatible with the flux measurements
by XMM-Newton and suggest that the X-ray luminosity of the
HD 181068 system does not undergo strong variations on the
timescale of decades.

3. Flares in the Kepler light curve

The Kepler telescope observed HD 181068 uninterruptedly for
almost four years from Quarters 1 through 16 (e.g., Koch et al.
2010). While only long-cadence data with about 30 min sam-
pling were taken during the first six quarters, short cadence data,
which are sampled at a temporal cadence of about one minute,
have become available for subsequent quarters. The Kepler light
curve of HD 181068 shows a wealth of intriguing features, in-
cluding marked transits caused by mutual eclipses of the giant
and the dwarf binary, transits in the dwarf-binary system, oscil-
lations on the giant, ellipsoidal variations, rotational modulation,
and flares. A detailed analysis of many of these features can be
found in Derekas et al. (2011) and Borkovits et al. (2013).

In our analysis, we concentrated on the short-cadence data,
which we obtained from the Kepler archive. We decided to use
the simple aperture photometry (SAP) and removed all data
points flagged by the SAP_QUALITY column. To search for flares,
we visually inspected the resulting light curve and thus identified
seven clear flares, whose continuum-normalized light curves are
shown in Figs. 4 and 5. We note the apparent dip in brightness
preceding some flares is not physical but instead caused by the
normalization and the fairly curved continuum. Although there
are several smaller features in the light curve that may also be
flares, we found it impossible to verify their true nature, because
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Fig. 4. White-light flare observed during secondary eclipse (first flare
listed in Table 7). Upper panel: Kepler light curve of the secondary
eclipse covering the flare. The red line shows the continuum normaliza-
tion of the transit. Lower panel: normalized flare light curve. Vertical
solid (green) lines indicate the start and end of the flare and the dashed
(red) line marks the time of maximum flux.

the system’s optical light curve is intrinsically strongly variable,
and there may be additional instrumental effects. Therefore, we
restrained our analysis to the seven evident flare events.

Although Derekas et al. (2011) and Borkovits et al. (2013)
did not explicitly investigate the flares, one particularly interest-
ing example has already been depicted by Borkovits et al. This
flare — shown in Fig. 4 — occurs during the secondary eclipse in
the AB system, i.e., with the dwarf-binary hidden behind the gi-
ant. It can, therefore, be uniquely ascribed to the primary giant
component.

To estimate the flare energy, we applied a continuum nor-
malization to the individual flares. In particular, we defined the
start and end points of the flares by visual inspection and fitted
a first-order polynomial to the flanking parts of the light curve.
The flare light curves shown in Fig. 5 were normalized by the
thus-obtained polynomial before subtracting unity. In the case
of the flare occurring during secondary eclipse (see Fig. 4), we
also modeled the transit shape based on the average secondary-
transit profile of the AB system (Mandel & Agol 2002). After
dividing by the mean profile, we performed the same continuum
normalization as for the other flares.

In Table 7, we give the time of the flare maximum, Tpeak,
the fractional increase in flux at flare maximum, fyeax, the du-
ration of the rise and decay phases, fiise and #gecay, and the total
flare energy released in the Kepler band. We defined the dura-
tion of the rise phase as the estimated time of its start to the time
of flux maximum. Equivalently, the decay phase lasts from the
point of flux maximum to the estimated end of the flare. Because
it is difficult to clearly distinguish flare-induced variability in
the light curve, we estimated an uncertainty of about 10 min for
these numbers. The released energy, Eqare, Was measured by in-
tegrating the flare light curve and multiplying the result by the
giant’s bolometric luminosity (see Table 1). Here, we implic-
itly assumed that the stellar and the flare spectrum are identical.
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Fig. 5. White-light flares observed by Kepler. The solid (green) lines indicate the start and end of the flares and the dashed (red) line the point of

maximum flux.

Table 7. Properties of the seven flares found in the Kepler short-cadence
light curve of HD 181068.

Tpeaka fpeukb trisec tdecayc Eﬂared
[d] [%0] [min] [min] [erg]
826.238 1.84 94 364 6x10%
1018.557 0.48 125 278 2x10%
1018.941  0.39 59 445 2x10%
1068.750  0.60 57 245 1x10%
1138.560 1.17 101 273 4x10%
1339.051 1.71 73 302 4x10%
1447.538 0.55 55 204 8 x 10%7

Notes. @ Time of flare peak in BJD-2454833. ® Flare maximum
in fraction of stellar flux. > Duration of rise (between beginning and
maximum) and decay (between maximum and end) phase of the flare.
@ Energy of the flare in white light (Kepler bandpass).

Taking Kepler’s sensitivity curve (Van Cleve & Caldwell 2009)
into account and assuming black-body spectra with a tempera-
ture of 10000 K for the flare and 5100 K for the star, we found
that the estimates would increase by about 30%, which gives an
idea of the systematic uncertainties involved in the calculation.

3.1. Third-light origin of the flares?

Along with the reduced light curves, the Kepler data archive pro-
vides pixel-scale data with a spatial resolution of about 4 arcsec
per pixel. Pixel-center shifts can be used to identify brightness
variations not associated with the source under consideration,
but originating in some unrelated back- or foreground object
(Batalha et al. 2010).

To check the source position, the Kepler pipeline provides
“moment-derived column and row centroids” (MOM_CENTR1/2),
along with a correction based on reference stars (POS_CORR1/2).
In the case of HD 181068, we found pixel shifts, which are
essentially proportional to the flux. With about seven Kepler
magnitudes, HD 181068 is a particularly bright source suffering
from charge bleeding and, therefore, has been assigned a large
aperture elongated in the direction of the bleeding. Our analysis
showed that this is also the direction in which the pixel shifts
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are most pronounced, and we conclude that the observed shifts
are most likely due to the characteristics of charge bleeding. In
particular, we found no evidence that the flares are due to a third
light source.

4. Call H and K observations of HD 181068

On Oct. 3, 2013, we carried out a 30 min observation of
HD 181068 using the “Telescopio Internacional de Guanajuato,
Robético-Espectroscépico” (TIGRE) — a 1.2 m telescope lo-
cated at La Luz, Mexico (21° N, 259° E; Schmitt et al. 2014).
The telescope is equipped with the Heidelberg Extended Range
Optical Spectrograph (HEROS), a fiber-fed, two-armed instru-
ment, which provides spectral coverage from 3800—8800 Aata
resolution of about 20 000.

The exposure was scheduled during secondary eclipse, so
that only the giant’s spectrum has been observed. Figure 6 shows
the Ca1l H and K lines with pronounced chromospheric fill-in,
which has already been noticed by Derekas et al. (2011), who
used the width of the emission cores to estimate the stellar abso-
lute brightness via the Wilson-Bappu effect. From our spectrum,
we derived a Mount-Wilson S-index of 0.41 + 0.02.

Using the relations given by Noyes et al. (1984) and the
color-dependent conversion factor (C,¢) given by Rutten (1984),
we converted the S-index into a log(R},) value of —4.57 + 0.01.
The conversion between Mount-Wilson S-index and log(Ry,)
has been revisited by a number of authors, such as Hall et al.
(2007) and Mittag et al. (2013), who obtained results differing
by up to a factor of about two; see Hall et al. (2007) for a dis-
cussion of the development. For instance, using the calibration
of the “arbitrary units” provided by Hall et al. (2007), we ar-
rive at log(Ry;, ) ratio of —4.41, which gives an impression of the
systematic uncertainty involved in the conversion.

Its chromospheric emission puts HD 181068 A among the
active giants with a chromosphere clearly emitting Call H and
K emission-line cores in excess of the basal level, which corre-
sponds to an S-index value of <0.15 for a G-type giant (Duncan
et al. 1991; Schroder et al. 2012, Fig. 3). Figure 7 shows the
log(Ryy) index of HD 181068 in comparison to measurements
of main-sequence and (sub-)giant stars presented by Strassmeier
et al. (2000). Independent of the details of the calibration,
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Fig. 6. CaIl H and K lines of HD 181068 A observed by TIGRE.
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Fig. 7. log(Ry,,) index of HD 181068 (filled circles) with the calibration
of Noyes et al. (1984) and Hall et al. (2007) in comparison to the indices
measured in the sample presented by Strassmeier et al. (2000). Pluses
denote main-sequence stars and squares subgiants and giants.

HD 181068 qualifies as an active, albeit not an outstandingly
active, giant star. We caution, however, that a single observation
only provides a snapshot of the chromospheric properties.

5. Discussion
5.1. Origin of the X-ray emission

Our detection of strong X-ray emission from HD 181068 dur-
ing both the in- and out-of-eclipse phases suggests that the bulk
of X-ray emission originates in the giant primary component.
With the observed X-ray luminosity even higher when the dwarf-
binary was eclipsed, it remained impossible to directly identify
the contribution of the dwarfs to the overall X-ray flux.

To estimate the dwarf binary’s contribution to the total
X-ray luminosity, we assumed coronal emission at the satura-
tion limit of Lx/Lyy = 1073, which has also been observed in
other fast-rotating low-mass binaries such as YY Gem (Tsikoudi
& Kellett 2000; Stelzer et al. 2002; Pizzolato et al. 2003).
Considering a total bolometric luminosity of 0.72 L for the
dwarf binary in HD 181068, we estimated an upper limit of
2.8 x 10°° ergs~! for their X-ray luminosity. Consequently, the
dwarf binary could contribute up to 15% of the quiescent X-ray
flux of the HD 181068 system. Because this contribution can-
not be specified any further and the giant provides at least 85%
of the X-ray flux, we attribute the entire X-ray emission to the
giant during the rest of our analysis.

5.2. HD 181068 as an RS CVn system

RS CVn systems are among the strongest coronal X-ray sources
in the Galaxy. Compared to single late-type giants in the
solar neighborhood (Huensch et al. 1996), the X-ray lumi-
nosity of HD 181068 is elevated by about two orders of

magnitude. Dempsey et al. (1993a,b) studied the X-ray emis-
sion of RS CVn systems based on ROSAT data. In their anal-
ysis of the coronal temperature, Dempsey et al. (1993b) found
a bimodal distribution with peaks around 2 x 10° K and 1.6 x
107 K. Although we determined higher temperatures in the
quiescent phase of HD 181068 (i.e., the May 3 observation),
we also found satisfactory fits based on a two-temperature
model in our analysis. This model certainly remains an ap-
proximation to the true distribution of emission measure in
HD 181068, given that studies of the differential emission mea-
sure (DEM) in other RS CVn systems based on grating spec-
troscopy have revealed a continuous distribution of the emitting
plasma (see Huenemoerder et al. 2001, 2003; Drake et al. 2001).
However, the reconstructed DEMs also show distinct peaks
(Huenemoerder et al. 2003, Fig. 5), so that a two-component
approximation could, indeed, coarsely characterize the DEM.
Attributing the observed X-ray emission to the giant, we esti-
mated a quiescent surface X-ray flux, Fx, of 2x10° ergcm™2 s,
The resulting ratio of 0.57 of Call H and K line surface flux
(Sect. 4) to Fx is compatible with the values observed in the
sample of young solar analogs presented by Gaidos et al. (2000)
or the sample of giants shown by Pallavicini et al. (1982).

With its quiescent X-ray properties, we find that HD 181068
fits nicely into the sample presented by Dempsey et al. (1993a,
Figs. 3 and 4). Assuming synchronous rotation of the giant and
the AB system, we found that HD 181068 shows neither out-
standing X-ray luminosity nor surface X-ray flux. Also the re-
lation between stellar radius and rotation period observed in
HD 181068 does not set it apart from the sources reported by
Dempsey et al. (1993a). Finally, we used the method presented
by Eggleton (1983) to compute a value of 0.4 for the giant’s
Roche-lobe filling factor, Rg/Rjohe, and compared it to its X-ray
luminosity and surface X-ray flux; in both cases, the result is
compatible with the sample properties presented by Dempsey
et al. (1993a, see their Fig. 5).

Dempsey et al. (1993a) concluded that “other than acting to
tidally spin up the system, the secondary plays no direct role in
determining the X-ray activity level”. While the oscillation spec-
trum of HD 181068 A does clearly show that there is an inter-
action between the orbiting dwarf binary and the giant’s atmo-
sphere, this conclusion is not otherwise challenged by our X-ray
observations of HD 181068.

5.3. Coronal abundances and first-ionization-potential effect

Derekas et al. (2011) determined a subsolar photospheric metal-
licity for HD 181068. Depending on the applied method, the
authors state values of [M/H] = -0.6 = 0.3 and [M/H] =
—0.2 £ 0.1. These numbers are compatible with the mean coro-
nal abundance for the low- and medium-FIP elements, which
amounts to about 0.3 times its solar equivalent corresponding to
[X/H] = —0.5 for the respective element X (Table 6).

The coronal abundance of the high-FIP elements is approxi-
mately solar, making them about three times overabundant with
respect to the low- and medium-FIP elements. Assuming an
overall solar photospheric abundance pattern in HD 181068,
the abundance distribution is characteristic of an “inverse first
ionization-potential” (IFIP) effect. While the IFIP effect is typ-
ically observed in the coronae of active stars (e.g., Brinkman
etal. 2001; Drake et al. 2001; Telleschi et al. 2005), inactive stars
tend to show a solar-like FIP-effect. The coronal abundances of
HD 181068, therefore, indicate an active star.
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5.4. White-light and X-ray flares

We analyzed seven flares observed by Kepler. Some of the flares
show profiles indicative of multiple flare events (e.g., Figs. 4
and 5c), which may result from the eruption of a cascade of
magnetic loops. In the following, we discuss their origin in the
HD 181068 system, their energetics, and the potential impact on
coronal heating.

5.4.1. Location of the flares in the HD 181068 system

Because our analysis yielded no evidence of a third light respon-
sible for the flares, we attribute them to the HD 181068 system,
where they may, in principle, be located on the active giant or in
the dwarf-binary system. Shibayama et al. (2013) have analyzed
1547 superflares on G-type dwarfs identified in the Kepler data.
The strongest flare detected by these authors released an energy
of 1.3 x 10® erg, which remains about two orders of magnitude
below the flares observed on HD 181068. This suggests that all
flares are associated with the giant rather than the dwarf binary.

The peak luminosities of the flares recorded on HD 181068
in the Kepler band reach between 0.39% and 1.8% of the giant’s
luminosity, which corresponds to 0.36 to 1.7 L, assuming the
same spectrum (Tables 1 and 7). Therefore, the peak flare lumi-
nosity is comparable to or even higher than the total luminosity
of the dwarf binary (0.7 Ly). Assuming that the flaring material
seen by Kepler had a temperature of Tegs = 10000 K (Neidig
1989; de Jager et al. 1989; Hawley et al. 2003), and the dwarf
stars have radii, R;, of ~0.8 Ry, we used the expression
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to estimate that between 12% and 55% of the visible hemisphere
of either dwarf star would have had to be covered by flaring ma-
terial to reproduce the flare peaks observed by Kepler. Such fill-
ing factors appear unreasonably large compared, e.g., to filling
factors of 3% derived for an unusually intense flare observed
on EV Lac (Osten et al. 2010). In contrast, the filling factor re-
quired on the giant amounts to only about 0.05—0.2%. This again
favors the giant as the origin of the flares, which also produces
the bulk of the observed X-ray emission.

It has been speculated that particularly strong flare events
in binary systems originate in an interbinary filament connect-
ing the binary components. It has been proposed that such an
interbinary scenario is responsible for an enormous X-ray out-
burst in the RS CVn system HR 5110 (Graffagnino et al. 1995).
However, Schmitt & Favata (1999) could confine the location
of another giant X-ray flare in the Algol system to the B compo-
nent, ruling out an interbinary location of the X-ray emitting ma-
terial. One of the flares observed in HD 181068 can be uniquely
ascribed to the giant, because it was observed during secondary
eclipse, when the dwarf binary remained invisible (see Fig. 4).
This renders an interbinary origin of the flare unlikely, because
both the interbinary space and the giant’s photosphere facing the
dwarf binary remain hidden. Therefore, we argue that the flaring
material should instead be confined to the surface of the giant.

In their analysis of the frequency spectrum of the Kepler
light curve, Borkovits et al. (2013) detected three related peaks
where the first is located at a frequency of 2.208 29 dl ie.,
exactly half the eclipse period of the dwarf binary; the frequen-
cies of the other two are a combination of the periods of the
dwarf-binary and the AB system. With such a configuration — the
authors state — a tidal origin of the associated small-amplitude
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oscillation on the stellar surface is “out of question”. Therefore,
we searched for a relation between the flare timing and both the
period of the AB- and dwarf-binary systems. Given our current
set of seven flares, we could not find any tangible relation be-
tween the orbit phase of the AB- or dwarf-binary system and the
flares, however. This is compatible with flares erupting on the
giant unrelated to the orbital configuration of the system.

5.4.2. The elevated level of X-ray emission on May 19

Pandey & Singh (2012) have studied the X-ray emission and
flares for five RS CVn systems using XMM-Newton data. For
these systems, the authors derived quiescent X-ray luminosities
between 5x 10%° erg s~ and 8 x 10°° erg s~!. Their sample com-
prises the highly active RS CVn system UZ Lib, which consists
of a KOIII-type giant and a low-mass companion in a close or-
bit with a period of 4.76 d (Oldh et al. 2002). As reported by
Pandey & Singh (2012), XMM-Newton observed UZ-Lib twice:
first, UZ Lib was caught in a likely quiescent state, where it
showed hardly any variation in its X-ray luminosity for about
15 ks. Second, the system was observed in a more active state
characterized by an approximately doubled count rate, decaying,
however, at a rate of about —0.03 cts~! ks~! for at least 28 ks, i.e.,
the duration of the observation. This behavior is similar to what
we observed in HD 181068 on May 19 and likely the conse-
quence of having caught the system in the decay phase of a flare
with unobserved rise and peak phases (Pandey & Singh 2012).
This interpretation is also compatible with the decrease in hard-
ness seen during the observation.

Had the X-ray count rate of HD 181068 continued to de-
cline with the rate observed on May 19, the count-rate level ob-
served on May 3 would have been reached after about 150 ks
or 1.8 d. In this period, 0.5 x (5.9-1.9) x 10*! ergs™! x 150 ks
= 3 x 10% erg of energy would have been released in excess of
the quiescent X-ray emission, which corresponds to ~1% of the
typical energy released in the strong white-light flares. The total
amount of energy released in the hypothesized X-ray flare was
probably substantially higher, but can hardly be estimated as the
most intense phase remained unobserved. For comparison, the
strongest flare reported on by Pandey & Singh (2012) released
about 4.2 x 10*7 erg in X-rays.

If only the decay phase of a potential soft X-ray flare on
HD 181068 was observed, the duration of the entire flare must
have exceeded the exposure time of 15 ks (i.e., 250 min). This
may be compared to the typical duration of 400 min for the
white-light flares, which are probably associated with the im-
pulsive flare-phase and, thus, are believed to precede the longer-
lasting soft X-ray flare (e.g., Neidig & Kane 1993). Long-
duration X-ray flares have also been observed in other RS CVn
systems. To our knowledge, the current record holder is a 9 day
flare event observed by ROSAT on CF Tuc (Kuerster & Schmitt
1996). Attributing the elevated count-rate level of HD 181068
to a flare is, therefore, plausible from the points of view of both
energy budget and timing. Nonetheless, alternative explanations,
such as an elevated quasi-quiescent level, cannot be ruled out.

5.4.3. Coronal heating by flares

To determine whether coronal flare heating could potentially ac-
count for the observed X-ray emission, we studied the flare en-
ergetics. The total amount of energy released in the observed
white-light flares amounts to 17.8 x 10® erg (see Table 7)
with individual flare energies ranging from 0.8 to 6 x 10 erg.
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Since the analyzed short-cadence data cover about 928 d, this
translates into a mean rate of 2.2x 103! erg s™! of flare energy re-
leased in white light. This value remains a lower limit, because,
most likely, we observed only the upper end of the flare energy
distribution.

X-ray and EUV studies have shown that the distribution of
the flare rate, N, as a function of flare energy, E, obeys a power
law of the form
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where k; is a constant (e.g., Collura et al. 1988; Audard
et al. 1999, 2000; Osten & Brown 1999). Shibayama et al.
(2013) show that the same holds for white-light superflares.
Assuming a =2, as suggested by Shibayama et al. (2013),
we integrated from the lowest to the highest flare energy
reported in Table 7 to determine the constant, k;, to be
8.8 x 1038 erg (928 d)™! = 1.1 x 10*! ergs~!. Ultimately, the to-
tal energy released in flares cannot be determined as the unob-
served lower energy cut-off is crucial. Assuming, however, that
the flare-energy distribution reaches down to 10°° erg s™!, white-
light flares would release energy at a rate of 2.2 x 10°% ergs™!. A
fraction of 10% of that energy radiated in X-rays suffices to ac-
count for the observed quiescent X-ray emission of HD 181068.
Thus, it seems plausible that coronal heating by flares could pro-
vide a fraction of the observed quiescent X-ray luminosity.

5.5. HD 181068 as a model system for star-planet interaction

The basic geometry of HD 181068 is similar to that of a plane-
tary system with the dwarf binary representing a double planet
or a planet with a giant moon (see Fig. 8). However, the mass ra-
tio of 0.6 clearly sets HD 181068 apart from the usual planetary
systems, which show mass ratios of a few 1073,

Assuming that the rotation period of the giant and the or-
bital period of the dwarf binary are synchronized and the rotation
axis and orbit normal aligned, the position of the dwarf binary
remains fixed in the frame of the rotating giant. In this configu-
ration, the gravitational force exerted by the dwarf binary on the
atmosphere of the giant can be separated into two components:
a stationary component and a cyclic component. The latter is
caused by the (internal) orbital motion of the revolving dwarf-
binary system, which permanently changes its configuration and,
for instance, exerts a different force when seen in conjunction
than in quadrature. In particular, the variable force component
at the substellar point, Fgp, is given by the vectorial sum of the
forces exerted by the dwarf-binary components, Fg,, after sub-
tracting their time average

AFsp(t) = (Fpy(t) + Fpp(1)) — (Fpa(?) + Frp(1)). 3)

In HD 181068 a number of oscillation modes have been detected
in the Kepler light curve, which are probably driven by this pe-
riodic force (Derekas et al. 2011; Borkovits et al. 2013; Fuller
et al. 2013). Using the masses and orbital elements given in
Borkovits et al. (2013), we calculated the change in gravitational
acceleration at the substellar point on the giant’s surface caused
by the (internal) orbital motion of the dwarf binary. Our calcula-
tion shows that the amplitude of change at this point amounts to
~3 x 1072 cms~2 in both the radial and the tangential directions.

In the following, we show that the variable force exerted on
the surface of the giant HD 181068 A is similar to the force ex-
erted by a hot Jupiter on the surface of its host star. Because
stellar rotation and orbital motion are typically not synchronized
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Fig. 8. Sketch (not to scale) of the HD 181068 system.

in planetary systems, the planet moves with respect to the stel-
lar surface. This produces a variable, but nonetheless periodic,
configuration of the planetary body and individual stellar sur-
face elements and, thus, a periodic surface force that might be
similar to the force seen in HD 181068. A particularly intrigu-
ing example is a polar orbit during which the planet passes the
stellar poles periodically, independent of the stellar rotation pe-
riod (e.g., von Essen et al. 2014). This change in gravitational
pull on the stellar atmosphere is among the proposed mecha-
nisms for star-planet interaction (SPI), whose reality, however,
remains controversial (e.g., Shkolnik et al. 2008; Scharf 2010;
Poppenhaeger et al. 2010).

In the HD 189733 system — a typical planetary system with a
hot Jupiter — the gravitational acceleration caused by the planet
HD 189733 b on the stellar atmosphere at the substellar point
amounts to about 1 cms™ (see, e.g., Bouchy et al. 2005, for
the orbital elements). Hence, the amplitude in local acceleration
on the stellar surface caused by HD 189733 b is about a factor of
30 larger than the amplitude of the periodic force at the substellar
point in HD 181068. The latter is, however, sufficient for driving
tidally induced oscillations (Fuller et al. 2013); extrapolating, a
similar interaction may be conceivable in HD 189733 and other
comparable planetary systems. In contrast to HD 189733, how-
ever, HD 181068 A is a giant with a highly tenuous atmosphere
and a surface gravity of only log(g) = 2.73, i.e., about two orders
of magnitude below that of HD 189733 with log(g) = 4.53+0.14
(Bouchy et al. 2005). Nonetheless, in relation to the local grav-
ity, the variable component is comparable in HD 181068 and
HD 189733.

We conclude that hot-Jupiter planets revolving around main-
sequence stars could cause observable changes in the stellar at-
mosphere analogous to the tidally driven oscillations observed
in HD 181068. Whether this, however, produces any change in
the level or behavior of stellar activity remains unclear. At least
in the case of HD 181068, we did not find any such relation. An
elevated level of X-ray emission could not be found compared to
other RS CVn systems, nor could a correlation between the flare
timing and the orbital motion of the dwarf binary be identified.

6. Summary and conclusion

We have studied stellar activity in the hierarchical triple system
HD 181068, using X-ray observations, Kepler light curves, and
an optical spectrum. With an S-index of 0.41 + 0.01 and a re-
sulting log(Ryk) value of —4.52 = 0.01, HD 181068 A qual-
ifies as an active — albeit not extremely active — giant mem-
ber of an RS CVn system. This finding is compatible with the
presence of an inverse FIP effect and the detection of quiescent
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X-ray emission at a level of ~2 x 10°' ergs™!. The X-ray
emission originates predominantly in the giant’s corona and is
appropriately represented by a two-component thermal model
that peaks around 0.8 keV and 1.9 keV. A comparison with
the ROSAT survey, carried out more than a decade before our
XMM-Newton program, did not reveal any strong variability in
the quiescent X-ray emission of HD 181068.

During the XMM-Newton observation on May 19,
HD 181068 showed a three-fold elevated level of X-ray
emission compared to the quiescent state with a clearly declin-
ing gradient and spectral hardness, which may have arisen from
having observed the system during the decay phase of a flare.
This is compatible with strong white-light flares observed in
the Kepler light curves, which likely originate on or close to
the surface of the giant. The observed white-light flares release
up to 6 x 10 erg of energy in the Kepler band and potentially
contribute significantly to the coronal heating. Although the
observation on May 19 had been scheduled during secondary
eclipse, the observed intrinsic variability prevented us from
disentangling the contributions of the giant and the dwarf binary.
Based on coronal saturation, we estimated that at least 85% of
the observed X-ray emission must be attributed to the giant.
Our findings are compatible with the hypothesis that strong
magnetic activity suppresses solar-like oscillations in the giant.

As a result of its (internal) orbital motion, the dwarf-binary
companion imposes a cyclic tidal distortion on the giant’s at-
mosphere, which shows up as an oscillation in the Kepler light
curve. Our estimates show that the cyclic gravitational force im-
posed on the substellar point of the giant’s surface is smaller in
amplitude than the change in local surface gravity caused by a
typical revolving hot Jupiter. Therefore, HD 181068 may serve
as a model system to study star-planet interactions. Based on the
current sample of seven flares, we could not detect any correla-
tion between the flare properties and the orbital motion of the
AB- or dwarf-binary system. Furthermore, the binary nature of
HD 181068 B does not seem to have any impact on the giant’s
bulk X-ray emission or activity if compared to other RS CVn
systems; in fact, the X-ray properties of HD 181068 appear to
be fairly typical when compared to other RS CVn systems — a
designation also adequate for HD 181068.
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