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Aster oseismology of Eclipsing Binary Starsin
the KeplerEra

Daniel Hubet?2

Abstract Eclipsing binary stars have long served as benchmark sgstemeasure
fundamental stellar properties. In the past few decade=asgismology - the study
of stellar pulsations - has emerged as a new powerful tootudysthe structure
and evolution of stars across the HR diagram. Pulsating staeclipsing binary

systems are particularly valuable since fundamental ptigge(such as radii and
masses) can determined using two independent techniqueekeFmore, indepen-
dently measured properties from binary orbits can be usedfoove asteroseismic
modeling for pulsating stars in which mode identifications ot straightforward.
This contribution provides a review of asteroseismic dées in eclipsing binary
stars, with a focus on space-based missions such as CoR®egled, and empir-

ical tests of asteroseismic scaling relations for stoahéSolar-like”) oscillations.

1 Introduction

Asteroseismology has undergone a revolution in the pastifevades. Driven by
multi-site ground-based observing campaigns and highigiom space-based pho-
tometry, the number of stars with detected pulsations fae#&sed dramatically, and
pulsation frequencies and amplitudes are measured witheoegented precision.
In particular the photometric data provided by the CoRoT Kapler space tele-
scopes have allowed the application of asteroseismologats throughout the HR
diagram (e.gl. Gilliland et al., 2010; Michel and Balylin12¢/Chaplin and Miglio,
2013).

Owing to the relatively large apertures of some space-b&éestopes, however,
the majority of stars with high quality asteroseismic détets are relatively faint,
and hence lack independent observational constraints ¢tassical methods such
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as astrometry or long-baseline interferometry. Combiividgpendent observations
with asteroseismology is crucial to advance progress ioréieEal modeling of ob-
served oscillation frequencies, and the validation ofraseismic relations to derive
fundamental stellar properties. Therefore, the full ptigdiof asteroseismology can
only be realized if such observations can be combined wittlehimdependent con-
straints on properties such as temperatures, radii andemass

Eclipsing binaries have long served as benchmark systenuefermine funda-
mental properties of stars from first principles. Similanteasuring oscillation fre-
qguencies, the observation of photometric eclipses andrgseopic radial velocities
can be performed for relatively faint systems, as long astsgldines of the compo-
nents can be successfully disentangled. Furthermorgsesliand pulsations can be
measured using the same data. Thus, asteroseismology pboemts in eclipsing
binary systems promises to be a powerful method to improveioderstanding of
stellar structure and evolution.

2 Principles of Asteroseismology

This chapter provides a brief introduction into the basingiples of asteroseismol-

ogy. For a more thorough discussion the reader is referi€thtistensen-Dalsgaard
(2003)] Aerts et al[ (2010), ahd Handler (2013).

2.1 Types of Pulsation Modes

Single pulsation modes in spherically symmetric objects {in the absence of rapid
rotation) can be described by the quantum numhersaandn. The spherical degree
| corresponds to the total number of node lines on the suréackthe azimuthal or-
der|m| denotes the number of node lines that cross the equatorZithethal order
takes values ranging froml to | (so that 2+ 1 modes for each degrég and is im-
portant for rotating stars for which the degeneracy impdsespherical symmetry
is broken. The special case of radial pulsations is expdeasé = 0, and corre-
sponds to the star expanding and contracting as a whole {soesealso called the
“breathing mode”). Spherical degrees greater than zermamneradial pulsations,
with | = 1 being dipole| = 2 quadrupole anb= 3 octupole modes. Figuié 1 shows
examples of pulsations modes for several configuratiohgntim. Note that since
stars are observed as point sources, cancellation effectsally prevent the obser-
vation of high degreel (> 3) modes. In addition tb andm, oscillation modes are
further characterized by the radial oradeithe number of nodes along a radius from
the surface to the center of the star.

Stellar pulsations can furthermore be separated into twin types: pressure
modes (p modes) and gravity modes (g modes). Pressure mmedasoaistic waves
propagating through the stellar interior by the compressiod decompression of
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Fig. 1 Examples of spherical harmonics used to describe stellaatlon modes. Solid lines show
parts of the star moving towards the observer, dotted limets phat move away. The pole of the
star is indicated by star-signs, the equator by plus-sighs.following cases are shown: la} 1,
m=0;b)l=1,m=1;¢c)l =2,m=0;d)| =2,m=1;e)l =2,m=2;f) | =3, m=0. From
Christensen-Dalsgaard (2003).

gas, and the pressure gradient acts as the restoring faréty@nodes correspond
to pulsations due to the interplay of buoyancy and gravityl buoyancy acts the
restoring force. Note that for g modes, no radlai(0) modes exist and the radial
ordernis conventionally counted negative. The propagation zohpsnodes and g
modes are generally determined by the position of convecztimes. Gravity modes
are heavily damped in zones where convection is unstabtehance are usually
confined to the deep interior for cool stars. Pressure maaethe other hand, prop-
agate in radiative zones, and hence are more easily exoitgaservational ampli-
tudes on the surface. For evolved stars, the p-mode and g-oawity can overlap,
giving rise to so-called “mixed modes” (Dziembowski etaD01). Such modes are
of particular importance for studying interior propertssce they contain contri-
bution from g modes confined to the core, but can be obsenedine surface. For
massive stars with large convective cores g modes are moimtly observed.
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2.2 Excitation Mechanisms

Stellar pulsations are excited across a wide range of teatyreis and evolutionary
states in the H-R diagram (see Figlife 2). The excitation ar@sm driving these
oscillations can be broadly divided into two main types.

2.2.1 Stochastic Oscillations

Oscillations in cool, low-mass stars like our Sun are exiditg turbulent convection
in the outer layers of the star (see, €.g.. Houdeklet al.,)199@ acoustic energy in
the convection zone damps and excites oscillation modebastically, resulting in
mode lifetimes as short as a few days in stars similar to onr Binite mode life-
times cause the peaks in the oscillation spectrum to be brmatinto a Lorentzian
shape, and hence such oscillations typically contain neg@hdormation. Stochas-
tic oscillations are commonly referred to as solar-likeilkesions, although they are
also found in more evolved stars with convective envelopehb as red giants.
Stochastic oscillations are typically of high radial orgeOscillation frequen-
ciesvy of high radial orden and low spherical degrdecan be described by the

asymptotic theory of stellar oscillations (Vandakurove&9Tassoul, 1980; Gough,

1986), which observationally can be approximated as falow

1
Vi zAv(n+§I+£)—5vo|. 1)

Equation [[1) predicts that oscillation frequencies follavseries of characteristic
spacings. The large frequency separatlonis the separation of modes of the same
spherical degrekand consecutive radial orday while modes of the different de-

greel and same radial orderare expected to be separated by the small frequency

separation®vg . The constant in Equation[[1) is related to the inner and outer
turning point of the oscillations, and therefore dependtherproperties of the sur-
face layers of the star.

In the asymptotic theory, the large frequency separationbeashown to be the
inverse of twice the sound travel time from the surface toclmterG;

Christensen-Dalsgaard, 2003):

Rdr\ *
Av = <2 /0 €> : 2)
where the sound speedassuming adiabacity, is given by

c=+/Tp/p. Q)

Here,l7 is an adiabatic exponerq,is the pressure anglis the density. For an ideal
gasp O uP/T, and therefore

cOVT/u. (4)
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Fig. 2 H-R diagram illustrating different types of pulsating staGrey lines are BaSTI evolution-
ary tracks [(Pietrinferni et al.. 2004) and white-dwarf doglcurves [(Salaris ethl.. 2010). Insets
show amplitude spectra in units of ppt vergudz for six typical stars based dfepler data: the
Sun-like oscillator 16 Cyg B (red diamorid. Metcalfe €t[a@12), the red giant KIC 5707854 (red
asterisk), the hybrigrDor-6 Scuti pulsator KIC 11445913 (blue cross, Grigahcenelé2al), the
hybrid SPBB Cep pulsator KIC 3240411 (blue triangle. Lehmann bfal. 120the RR Lyrae star
V354 Lyr (blue square, Nemec efl al., 2013) and the white dk#2f8626021 (blue plus symbol,
[@stensen et al.. 2011). Red and blue symbols denote starstaihastic and coherent oscillations,
respectively. Dashed lines show the blue and red edge &f Sweiti instability strip[(Pamyatnykh,
2000).
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The sound speed depends on the average internal temperatlchemical compo-
sition of the gas. For an ideal gas, basic estimates for thealdemperature give

T O uM/R (Kippenhahn and Weigett, 1994), and hence

Av O (%)m. )

The large frequency separation is therefore a direct measiuthe mean stellar
density.

Figure[2 shows that the power excess of stochastic osoitisithas a roughly
Gaussian shape, reaching a maximum at a certain frequemisynibximum defines
the frequency of maximum powerday) as well as the maximum amplitude of
the oscillation, which are related to the driving and dargpaf the modes. The
frequency of maximum power has been suggested to scaleheithcoustic cut-off
frequency|(Brown et all, 1991), which is the maximum frequyelbelow which an
acoustic mode can be reflected (Christensen-Daldgaarg):200

C
Vac 2Hp (6)

Here,H, is the pressure scale height which, for an isothermal athergpis given

by (Kippenhahn and Weige't, 1994):

PR?

Using the same approximation as above for an ideal gas anthasgthat the tem-
perature can be approximated by the effective temperagdreve have:

Vmax U Vac RZL\/E . (8)

Actual frequency spectra are considerably more compler ttescribed in the
above paragraphs. For example, frequency separations \&riations as a func-
tion of radial order which depend on the sound speed profiéh&nce can be used
to infer details on the interior structure such as the deptionvection zones or stel-
lar ages (e.gl, Aerts etlal., 2010). However, the simple Eops[5) and[(B) readily
relate observables to mass and radius, and therefore icipigroffer a straightfor-
ward way to calculate these properties. Importantly, thelsgions are only approx-
imate and require careful calibration over a range of eimhairy states. One of the
important prospects of asteroseismology in eclipsing fiyiiséars is to accurately
calibrate these scaling relations.

2.2.2 Coherent Pulsations

In hotter stars Ter = 6500K) pulsations can be driven by temperature-dependent
opacity changes causing radiation pressure to continy@xgland a star past its



Asteroseismology of Eclipsing Binary Stars in tkepler Era 7

equilibrium before contracting again under the force ofvigya This heat-engine
mechanism (also callekl mechanism) acting in the hydrogen and helium ioniza-
tion zones is effective in a region of the H-R diagram reférne as the classical
instability strip, which includes pulsators such&Scuti stars, RR-Lyrae stars, and
Cepheids (see Figuké 2). Pulsations driven byktimeechanism acting in iron-group
elements drive pulsations in stars hotter than the cldssistbility strip, such as
slowly pulsating B stars and beta Cephei variables. Coléatso called “classi-
cal”) pulsations are phase-stable over long timespansésevolution, and typi-
cally show significantly higher amplitudes than stochassicillations (Figure 2).

Coherent pulsations can also be driven by a heat-engineanisrh which op-
erates at the base of the outer convection zone (“conveutaking”,
M) This mechanism is the favored explanation for g madserved myDor
stars, which border stochastically-driven oscillatord &iscuti pulsators in the H-R
diagram, as well as H-atmosphere white dwarfs (DAV or ZZ Gtis). Theoreti-
cally thek mechanism, convective blocking and stochastic drivingukhbe able
to excite oscillations simultaneously for stars near ttee@dge of the instability
strip. Recent space-based observations have establishetytbridy Dor-d Scuti
pulsators are indeed comman (Grigahcéne et al.,| 2010)fiemtckvidence for hy-
brid coherent-stochastic pulsators have been found (Astad!, 2011).

3 Thelmportance of Eclipsing Binary Starsfor
Aster oseismology

3.1 Asteroseismic Scaling Relations

Observables of stochastic oscillations can be triviallgtes to fundamental stellar
properties by scaling from the observed values of the Sunef¥ample, Equations
() and [8) can be rearranged to solve for stellar mass amasrad

LoV ) e
Mg Vmaxo Avg Teft o ’
P @) e
Ro Vmaxo Avg Teft o '

The large frequency separatidiv and the frequency of maximum powgfay can
be easily measured from the power spectrum, providing éghtfarward (and in
principle model-independent) method to determine fundaai@roperties of stars.
While matching individual oscillation frequencies to eimodels typically yields
more precise and detailed information (e.g. on initial imaliabundances and ages),
scaling relations have two important applications. Fidsie to the low amplitudes
of stochastic oscillations, the signal-to-noise is fraglyetoo low to reliably extract

a significant number of oscillation modes, and only the ayetarge separation can
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be determined. Second, the measuremetwiand vinax can be performed auto-
matically, and hence enables the application of astenoedig)y to a large number
of stars simultaneously. This new era of “ensemble astenostogy” has been re-
cently made possible with the launch of space telescopésasu€oRoT andepler,
which provide high-precision photometry for thousandstafs

To illustrate this, Figur€l3 summarizes the detections efrsstic oscillations
over the past-20 years. Starting with the first confirmed detection of d&tiiins
in Procyon by Brown et al. (1991), subsequent ground-baaeidlrvelocity cam-
paigns (e.g.. Bouchy and Carfier, 2001; Carrier et al., 280dldsen et al., 2005;
Bedding et al.| 2010) as well as observations with early sgatescopes such
as MOST |(Matthews, 2007; Guenther et al., 2007) yieldedotietes in about a
dozen bright stars. Launched in 2006, the CoRoT space tglesdelivered the
first high signal-to-noise detections in main-sequences stdlichel et al.| 2009),
and led to the breakthrough discovery of non-radial modeth@usands of red
giants (De Ridder et al., 2009; Hekker et al., 2009; Mossatlg2010). The Ke-
pler space telescope, launched in 2009, continued theutémolof cool star as-
teroseismology by filling up the low-mass H-R diagram witled#ons, including
dwarfs cooler than the Suh (Chaplin et al., 2011b) and owvetheusand red gi-
ants I3). The larger number of red giantk detected oscillations
is due to a combination of two effects: First, oscillation@itudes increase with
luminosity (Kjeldsen and Beddihg, 1995), making a detecéasier at a given ap-
parent magnitude. Second, the majority of stars observegepher are observed
with 30-minute sampling, setting a limit of lags 3.5 since less evolved oscillate
above the Nyquist frequency.

It is in particular the large number of oscillating giantsigfhdrive the need to
validate scaling relations. By combining asteroseismilii i@nd masses with tem-
peratures and metallicities, stellar ages can be detechiorethousands of giant
stars, opening the door to galactic stellar populationisgidndeed, follow-up sur-
veys using multi-object spectrographs such as APOGEE ztés et all, 2013) or
Stromgren photometry (Casagrande etlal., 2014) have beeadsl dedicated for
this purpose. The success of this new era of galactic arabgotlies on our ability
to empirically calibrate asteroseismic scaling relations

Testing the accuracy of scaling relations is an active fidldesearch (see
Belkaceml| 2012; Miglio et al., 20113, for reviews). Theazatiwork has shown that
both relations typically hold to a few percent (Stello €t/aD09; Belkacem et al.,
|2!Tli), although deviations of th&v scaling relation by up to 2% have been re-
ported for dwarfs withM/M., > 1.2 (White et al.| 2011). Revised scaling rela-
tions based on model frequencies (White étal., 2011) an@modating the mea-
surement ofAv to higher radial orders (Mosser et al., 2013) have been ezho
although some doubt about the applicability of the lattefision has been ex-
pressed| (Hekker et al., 2013). Empirical tests have relreéhdependently mea-
sured properties from Hipparcos parallaxes, cIusterslcmg}basellne interferome-

try (see, e.gl. Stello et al., 2008; Bedd .1 2012% Migliol 2012;
Miglio et all, [2012; Huber et all, 20112; Silva Aguirre et @012). For unevolved

stars (lo@ 2 3.8) no empirical evidence for systematic deviations has gentue-



Asteroseismology of Eclipsing Binary Stars in tkepler Era 9

0

Ground—-based g
CoRoT E

(5] [AV] —

Surface Gravity (dex)

N

5

7000 6000 5000 4000 3000
Effective Temperature (K)

Surface Gravity (dex)
I

5

7000 6000 5000 4000 3000
Effective Temperature (K)

Fig. 3 Surface gravity versus effective temperature for stark detected stochastic oscillations as
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termined within the observational uncertainties, but fiants a systematic deviation
of ~ 3% in Av has been noted for He-core burning red giants (Miglio 2R8I12).

A common limitation is that a separate test of #he and vy Scaling relation
relies on arindependent knowledge of stellar mass and radius. Such information is
typically only available in binary systems, either if the ssas and radii are mea-
sured through an astrometric orbit and interferometrynataubled-lined spectro-
scopic eclipsing binaries for which absolute masses andaad be measured. So
far, such a test has only been possible for three sta@en A, a CenB, and Pro-
CyonA.

3.2 Mode Identification and Driving Mechanisms in Intermedlie
Mass Stars

Asteroseismology of classical pulsators has been suedlyspérformed for sev-
eral decades using ground-based photometric and spempioszampaigns (e.g.,
@rO). Intermediate and high mass stars probe pteaspace which are
plagued by model uncertainties such as convective coresbweting and the effects
of rotation (e.g.3). Hence, asteroseismolagghgreat promise to im-
prove our understanding of the evolution of such stars. fasmproblem, however,
is that classical pulsators often show complex frequenegtsa which do not allow
mode identification based on simple pattern recognitiorsuich cases mode iden-
tifications rely on measuring amplitudes in multicolor pdroetry or spectroscopic
line-profile variations, although more recent observeattioswe revealed evidence for
systematic structure in the frequency spectrd 8tuti stars|(Breger et al., Zdﬁl)

Classical pulsators in eclipsing binary stars offer thesfimkty to alleviate this
problem. Creevey et al. (2011) found that eclipsing birsacenstrain fundamental
properties of a star equally well or better than what is gadegor a pulsating Scuti
star with correct mode identification (Figle 4). Conveysttle correct mode iden-
tification can be inferred by comparing solutions assumiifigrént mode identi-
fications, and identifying those solutions which yield thestbmatch to the binary
constraints. Once the mode identification is secured jortproperties (such as con-
vective core overshoot or mixing length parameter) and kibén constrained using
the pulsation frequencies.

Eclipsing binary systems may also contribute to addresiegong-standing
question of driving mechanisms near the red edge of thelitiggastrip. Stochastic
oscillations ind Scuti andyDor stars have been predicted theoretically, yet little
conclusive observational evidence for hybrid oscillatwas yet been found. Pulsat-
ing stars with precisely determined fundamental propgmiay be key to under-
stand the interplay between convection and driving of gidea near the red edge
of the classical instability strip.

1 An important exception are rapidly oscillating Ap stars,lass of coherent pulsators showing
regularly-spaced high-order p modes (Kurtz, 1982).
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Fig. 4 Fitted age versus initial hydrogen abundance for simuldégd of a single pulsating Scuti
star (left panel) and an eclipsing binary including&cuti star (right panel). Symbols denote
simulations including no pulsation mode (black plus sigmsjluding a pulsation frequency with a
correct mode identification (red squares), including agtids frequency with incorrect spherical
degree (blue diamonds), and a a pulsation frequency withriiect radial order (green triangles).
Dashed lines mark the exact input solution, the box showrtiti@aliguess values, and the error bar
mark the input uncertainties for the eclipsing binary solutFron Creevey et Al (2011).

3.3 Tidally Induced Pulsations and Eccentric Binary System

Multiple star systems offer the possibility to study grgvitodes driven by tidal in-
teractions (dynamical tid75), which are paldaity prominentin eccen-
tric binary systems (e.ﬂ@%). Tidal interactioar also be used to infer prop-
erties such as eccentricities, masses and inclinatiorisafjbstars and are of impor-
tance for planet formation, for example for migration thesof hot Jupiters through
high eccentricity migration and tidal circularizationg[e.O).

Observations of dynamical tides have long been hamperelebsetjuired high
precision photometry and continuous coverage to obsepsethffects over many
orbital periodsKepler changed this picture by observationally confirming a new
of class of eccentric binaries with tidally induced brigkés variations at perias-
tron passage, also known as “heartbeat” stars (Thompsdn(2042). The proto-
type, KOI-54, consists of two nearly equal mass A stars ingalijieccentric orbit
(Welsh et al.| 2011) with tidally induced pulsations thatynbe locked into reso-
nance with the binary orbit (Fuller and | ai, 2012; Burkaragf2012). The discov-
ery of KOI-54 started a new era of observational “tidal assersmology”.

While tidal interactions carry a large amount of informati@bout binary sys-
tems, challenges remain which can be addressed if cortstfai eclipses are
available. For example, the precise frequencies, aml#udnd phases of tidally
excited oscillations may provide a wealth of informationtmal damping mecha-
nisms. Independently measured radii and masses of the cmmisoprovide a pos-
sibility to accurately model the stellar components andbcate theories of tidal
dissipation.
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4 Giant Stars

Eclipsing binary systems provide several powerful poisis to study the structure
and evolution of giant stars, for example through the olegeym of chromospheric
eclipses. Due to the large oscillation amplitudes and tleegnce of mixed modes,
red giant stars also have large potential for asteroseistmities.

4.1 Oscillating Giants in Eclipsing Binary Systems

The first detection of an oscillating giant in an eclipsingdry system was presented
bylHekker et all..(2010) usingepler data. Figur€ls shows the discovery light curve
of KIC 8410637 (TYC 3130-2385-Y, = 11.3) based on the first 30 daysléépler
data, revealing a total eclipse (top panel) and stochastitlations (bottom panel).
The presence of oscillations during the eclipse pointed $maller object being
occulted by a red giant. Since only a single eclipse was wbdethe orbital period
of the system was initially unknown, but constraints thriodlge luminosity and
radius ratio suggested a F-type main-sequence star ascibvedsgy component.
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Fig. 5 Top panel:Kepler discovery light curve of KIC 8410637, the first eclipsing &ip with

an oscillating red giant component. Bottom panel: Lightveuafter correcting an eclipse model,
revealing the oscillations in the red giant primary. Ffonkké et al. [(2010).
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Frandsen et al| (2013) presented an complete orbital salati KIC 8410637
based on nearly 1000 dayskdpler data, an extensive radial-velocity campaign and
multi-color ground-based photometry. Figlile 6 shows thikatavelocity solution,
which combined with the extendé&apler dataset spanning three primary and three
secondary eclipses was used to derive a dynamical solufitimeosystem, with
an orbital period of 408 days and an eccentricity of 0.6. Tuius and mass of the
components were measured tofg; = 10.74+0.11R; andMgg = 1.56+0.03R;
for the red-giant primary, as well &ys = 10.74+ 0.11R;, and Mys = 1.56+
0.03R;, for main-sequence secondary. The exquisite precisioneslisolute radii
and masses make KIC 8410637 an extremely interesting dbjeast asteroseismic
scaling relations for evolved stars.
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Fig. 6 Top panel: Radial velocities phased with the 408 day orpialod of the red giant primary
(red filled circles) and main-sequence secondary (black opeles) component of KIC 8410637.
Bottom panels: Residuals of the best-fitting model solutki€ 8410637 is the first eclipsing bi-
nary with a component showing stochastic oscillations amasured double-lined spectroscopic

orbit. Fro al. (2013).
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Table 1 compares the solution by Frandsen et al. (2013) teates from scal-
ing relations presented by Hekker et al. (2010). While tHeaesare in reasonable
agreement, the uncertainties on the seismic mass and radiuairly large since
the analysis by Hekker etlal. (2010) was based on only 30 dal¢spber data. To
test whether this difference is significant, the analysis repeated using data from
QO0-16 (1350 days) with the method by Huber etlal. (2009). Eselting seismic
values ar&/max = 46.2+ 1.1uHz andAv = 4.634+ 0.012uHz, in good agreement
with the values by Hekker et al. (2010) but with significarrégluced uncertainties
(factor of 2 in mass and radius). Combining these values thigheffective tem-
perature by Frandsen et al. (2013) yields excellent agreefwithin 0.003 dex) in
logg (see Table 1). However, the density is underestimated T (1.80, taking
the uncertainty in the seismic and dynamical density intwoant), which results
in an overestimate of the radius by9% (2.70) and mass by-17% (1.90). Note
that a~7% difference in density is a factor 7 larger than the typfoainal uncer-
tainty on the seismic density from the measuremem vfusing different meth-
ods (Hekker et all, 2012). Table 1 also lists radius and masaes using the
recently proposed corrections to the scaling relation by White et al, (2011) and
Mosser et dl.|(2010). Both corrections reduce the diffezerto ~4% in density,
~5% in radius, and-10% in mass.

An important piece of information for KIC 8410637 is whethibe primary is
a He-core burning red clump star or still ascending the riedtdranch. While an
asteroseismic determination of the evolutionary statedas graV|t -mode er|0d

cings|(Bedding etlal., 2011; Beck et al., 2011) is stiidieg, Frandsen et

1: argued that a red-clump phase of the primary is m&edylibased on the
comparison of the derived temperature with isochrones. évew relative correc-
tions to theAv scaling relation between red-clump and RGB stars tend tease
the seismic mass and radius (Miglio et al., 2012), hencetiegin even larger dif-
ferences with the orbital solution. Additionally, as p&adtout bal.
), the small periastron distance would imply that tystesn may have under-
gone significant mass transfer when the primary reachedtioé the RGB.

Table 1 Fundamental properties of the red giant component in thipsdicy binary system
KIC 8410637 from an orbital solution and from asteroseisscialing relations.

Parameter RVs+EB J Asteroseismic Scaling Relations

Frandsen et alHekker etal.  Q1-16  Q1-16+Whité Q1-16+Mosser
Tett (K) 4800+80 | 4650+80 4800+ 80 4800+ 80 4800+ 80
R(R) 10.74+0.11 | 118+06 1158+0.30 1123+0.29 1131+0.29
M (My) 1.56+0.03 | 1.7+0.3 183+0.14 172+0.13 174+0.13
logg (cgs) |2.569+0.009 — 2572+0.011 2572+0.011 2572+0.011
P (ps x 10°)|1.259+ 0.046" — 1.1765+0.0061 12132+ 0.0063 12047+ 0.0061"

* For asteroseismic solutions based on Q1- Q16 solar re:fem{iues OVmaxe = 3090+ 30uHz
andAv, = 1351+ 0.1 uHz were use
* Based on scaling relations corrections propos -.) anfl Mosser etlal. (2013).

T Calculated from mass and radius.
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Clearly, larger samples are required to determine whelteedifferences found
for KIC 8410637 may be systematic. Fortunately, #epler offers a goldmine
of over 15,000 oscillating giant stars which have been usddentify additional
systemsa‘fza 13) crossmatchedKbger eclipsing binary catalog
(Préaet all, 2011; Slawson ef al., 2011; Matijevi¢ e{2012) with red giants clas-
sified in the Kepler Input Catalog (Brown ef al., 2011) to itigriL2 new candidate
eclipsing binary systems with oscillating red giants. Tad giant components in
the sample span a large range in evolution, making this sammomising to ex-
tend tests of asteroseismic scaling relations. Radialcitgléollow-up to confirm
these systems as genuine eclipsing binaries with osoijjafiants and to measure
absolute radii and masses are currently underway.

4.2 Oscillating Giants in Eccentric Binary Systems

The first oscillating giants in heartbeat systems were pleslebyl.
), who confirmed the discovery of 18 Kepler systemsuphoradial-velocity
follow-up. Figure[T shows five examples of phased hearttight turves. The
shape, length and amplitude of the light distortion depandthe orientation and
inclination of the orbit, as well as the masses of the comptme
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Fig. 7 Kepler phase curves of five eccentric binary systems with osgcillated giants displaying
gravitationally induced brightness changes near peoagiassage (“heartbeat” stars). The shape
and amplitude of the distortion depends on the orbital ptégse (e.g. eccentricity, argument of
periastron, inclination) and masses of the system. fFronk Beal. (201B).

Beck et al. |Q_Ql|3) presented a detailed study of KIC50068K§stem with an
orbital period of 95 days, eccentricity of 0.7, and an olflliitelination of 62 degrees.
While the secondary is too faint to be detected in the spettteaprimary is rela-
tively unevolved RGB starR = 5.84R.,, M = 1.49M.,) showing a high signal-to-
noise asteroseismic detection. The asteroseismic asalj@ived a measurement of

the stellar inclination axis from rotationally split digoinodes (Gizon and Solahki,
M) of 7H-9 degrees. The larger value compared to the orbital inatin@nd the
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comparison of the rotation period inferred from rotatiosalttings to the orbital pe-
riod were interpreted as evidence that the system has ntitdg#y synchronized.

The analysis of KIC 5006817 yielded several surprising lteskirst, the data
show an apparent absence of a signal due to Doppler beampagicalic increase
and decrease in intensity mostly due to the radial veloditft sf the stellar spec-
trum relative to the photometric bandpass. Second, thetgrdarkening derived
from the light curve model disagrees with empirical and sempirical gravity
darkening values. While the former may be related to thecdiffy of detrending
data when the orbital period is similar to the length of a ikeplbserving quarter,
.|Q_Ql|3) conclude that the latter likely impliegaision of commonly ac-
cepted gravity darkening exponents for giants (assumiatthie derived properties
of the red giant are correct).

While the absence of eclipses and the spectroscopic nettitet of the sec-
ondary precluded an independent measurement of radii asdemnaf both com-
ponents, heartbeat systems such as KIC 5006817 allow issigfo the dynamical
evolution of eccentric binary systems with evolved stars. &ample@l.
) find tentative evidence that systems with higheeargd-giant primary radii
have longer orbital periods, indicating that some of thgstesns may form the pro-
genitors of cataclysmic variables or subdwarf B stars.r&séngly, the prototype
eclipsing binary KIC 8410637 does not show heartbeat eyatitough its orbital
properties are compatible with the samplé by Beck et al.3p01

4.3 Giants in Hierarchical Triple Systems: The Case of HD1&33

An exciting discovery in the early phases of thepler mission was the exis-
tence of hierarchical triply eclipsing triple systems. Tirst example, presented
by|Carter et dl. (2012), consists of three low-mass main«sece stars and allowed
a full dynamical solution of all components by measuringpsa-timing variations,
without the need for radial-velocity follow-up observatto(a technique that was
also applied to confirm numerous multi-planet systems|Faprycky et all, 2012).
Shortly after, Derekas etlal. (2011) presented the disgowérthe first triply
eclipsing triple system with a red-giant component. Fig@ishows the discovery
light curve of HD 181068 (also known as “Trinity”), which c@ins long-duration
eclipses with an interval of 23 days interleaved by short-duration eclipses with
an interval of~ 0.4 days. Follow-up radial velocity and interferometricsebva-
tions confirmed that the primary is a red giant which is e€pby a pair of main-
sequence stars with an orbital period of 45.5 days, whilédivemass binary itself
eclipses every- 0.9 days. The short-period eclipses disappear during pyiarad
secondary eclipse (see Figlife 8) because of the similareimypes (and hence
surface brightnesses) of the three components. Subsegoeeting of eclipse tim-
ing variations of the outer binary yielded a full dynamicalwion, with radii and
masses of all three components measured to better thaln 5%offs et al.| 20113).
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Fig. 8 Discovery light curve of HD 181068, a triply eclipsing trpbystem consisting of a red
giant primary and two main-sequence stars. The bottom Ehw@is a close-up of one orbital
period with a primary and secondary eclipse, interleaved 09 d eclipses of the main-sequence
binary. Fronl Derekas et/al. (2011).

A remarkable aspect of the HD 181068 system is the lack ofhsi&t os-
cillations. Figure[P compares a power spectrum of HD181Qf8I( removing
all eclipses) to an oscillating field giant with similar fuanmdental properties as
HD181068 A. Interestingly the granulation background,ahhmanifests itself as
red noise in the power spectrum, is very similar in both statsle the power ex-
cess due to oscillations is completely suppressed in HDABAO As speculated
by [Fuller et al. [(2013), the close dwarf components may bpomsible for this
suppression by tidally synchronizing the rotational freqey of the red giant with
the long-period orbit, and causing increased magnetigigctihich has been sug-
gested to suppress the excitation of stochastic osciflati€haplin et all, 2011a).
HD181068A is the first confirmed case of suppressed stochastillations in a
binary system, and further evidence that this suppressiechanism is indeed re-
lated to the binary interactions has been recently foundttogr candidate eclipsing
binaries with red-giant components (Gaulme ét al., 2014).

While no stochastic oscillations are observed, HD 18106Bdws high ampli-
tude pulsations at lower frequencies, which can be cleddgtified during primary
and secondary eclipse (Figuiie 8). The peaks in the amplgpeetrum are narrow,
indicating that they are not stochastically driven, andliaesar combinations of the
long (1) and short orbital frequencydgs) with frequencies off; = 2(wp3 — 2w),
fo = 2(ap3— wy), f3 = wys and f4 = 2ay3. [Fuller et al. [(2013) demonstrated that
these frequencies can be explained by three body tidaldpvaeich cause the or-
bital motion of the outer pair to induce pulsations in redrgiprimary.

5 Dwarf and Subgiant Stars

Asteroseismology of dwarfs and subgiants in eclipsing fésahas traditionally
focused on coherent pulsators suchdScuti andyDor stars, since these show
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spectrum of KIC 4662939, a field red giant with similar fundartal properties as HD 181068 A.
Note the absence of stochastic oscillations negtHin the top panel. From_Fuller etl&l. (2013).

larger amplitudes than stochastic oscillators and henlgeses and pulsations can
be more easily detected using ground-based observatidrtheAime of writing
of this review no stochastic oscillations in a dwarf or s@ngicomponent in an
eclipsing binary have been published, although at leastispber detections are in
preparation (Basu et al. & Sharp et al., in preparation).

5.1 Classical Pulsators

Classical pulsations in A and F stars have been succesdkited using ground-
based observations in a few dozen detached and semi-détadipsing binary sys-
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tems (see, e.d., Mkrtichian et al., 2004; Rodriguez and@&re001, and references

therein). However, the short time base and precision of mpebased photometry
often limited the number of reliable pulsation frequendfest were detected, and
only for a small number of these systems full dynamical srbduld be combined
with a secure detection of high-amplitude pulsations (seg, Christiansen etlal.,
2007).

Similar to stochastic oscillations, CoRoT aldpler dramatically changed this
picture. Following first detections of Dor pulsations in eclipsing binaries dis-
covered by CoRoT (Damiani etlal., 2010; Sokolovsky et all®0Maceroni et l.
M) presented a radial velocity orbit of an eclipsingalpynconsisting of two B
stars, with additional variations that could either belatted to self-driven or tidall)i
induced pulsations. Firm detections of self-excig&br pulsations (Debosscher et al.,
12013] Maceroni et al., 2013),Scuti pulsations (Southworth et al., 2011; Lehmann et al.,
2013), and hybrig Dor-6 Scuti pulsationd (Hambleton etlal., 201.3; Maceroni et al.,
m) in double-lined spectroscopic and eclipsing birsfiodlowed. The studies il-
lustrated that disentangling the pulsational variabiliym variability induced by
the binary orbit requires careful iterative techniqueg (Sigyurd_10), and showed up
limitations of current light curve modeling codes to accofian complex reflection
effects (e.gl, Southworth etlal., 2011). Each of these stuttnstrained the primary
and secondary masses, radii and temperatures with untersadf a few percent,
and yielded a wealth of pulsation frequencies.

Detailed asteroseismic modeling of these systems is stifirogress, and first
efforts have concentrated on identifying the pulsating gonents by modeling
the expected pulsation frequency ranges of p modes and gsrvimded on the
dynamically constrained properties. For example, Maderpall (2014) showed
that the estimated mean g-mode period spacing measuree iB-$tar eclipsing
binary KIC 3858884 is only consistent with pulsations in #ezondary, despite
both components having similar masses and differing inusdy~10 %. Further-
more, inclusion of convective core overshooting was rexflito obtain agreement
with theoretical models. The exceptional amount of comgletary information in
KIC 3858884 and other systems promises to advance our taddnsg of pulsa-
tions in intermediate-mass stars in future modeling effort

Turning to more evolved stars, ground-based observatiavesyielded a handful
of RR Lyrae and Cepheid pulsators in eclipsing binary syst¢®ietrzynski et al.,
2010;/ Soszynski et al., 2011). Such systems are impontateist masses derived
from evolutionary models, as well as to accurately measistantes through
period-luminosity relations. So far, no detections of RRdg/or Cepheid pulsators
in eclipsing binaries have been reported using space-basstvations, which is
likely related to the relative sparsity of such stars in ik@pler and CoRoT target
lists.
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Fig. 10 Top panel: Subset of thg€epler light curve for KIC 11285625, a system showing eclipses
with a period of 10.8 days angDor pulsations with periods of 1— 2 days. Filled red data points
show the light curve after removal of the eclipses. BottomghaAmplitude spectrum of thiepler
data before (black) and after (red) removing the eclipsesnDebosscher etal. (2013).

5.2 Compact Pulsators

Asteroseismology of white dwarfs or subdwarf B stars alldwsddress a wide
variety of fundamental physics such as convection, cryzadibn, the proper-
ties of neutrinos, and the evolution on the extreme horealobtanch (see, e.g.,
Mﬂng.el.an.d.&e;ﬂéi.i@&_tl_etbmw for reviews). Findingpact pulsators in
eclipsing binary systems is extremely valuable to crossklasteroseismically de-
rived properties and provide independent contraints f@rowed seismic modeling.

Due to their faintness, the detection of pulsating white dsvar sdB stars in
eclipsing binaries is challenging. The benchmark systeR(34336-018, a 0.1 day
period eclipsing sdB - M dwarf system_(Kilkenny et al., 1998pe sdB compo-
nent shows p-mode pulsations with frequencies ranging fro8000— 700QuHz,
which were subsequently combined with a full orbital sauotto demonstrate that
asteroseismic modeling yields a mass and radius which sigvi¢e the dynamical
estimates within 1% (Vuckovit et &l., 2007; Van Grootehki2013).

A spectacular second detection of a pulsating sdB star inchpsang binary
has been revealed t§epler (Jstensen et al., 2010). KIC 9472174 (2M1938+4603,
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V ~ 12.3) has an orbital period of 0.12 days, with strong variatidas to the re-
flection effect in the light curve (Fig_11). After removal oflight curve model,
the residuals show an unusually rich frequency spectrurhénstiB component.
\@stensen et all (2010) report a total of 55 pulsation fregiesnspanning from
50— 450QuHz, which are attributed to both p-mode and g-mode pulsatidhe or-
bital solution combined with the radial velocity semi-aityde and spectroscopic
gravity yielded a mass dfl = 0.48+ 0.03M, consistent with a post common-
envelope sdB star. Modeling of the pulsation frequenciexgected to yield con-
straints on the core structure and hence the progenitor ofisiss sdB star.

Apart from KIC 9472174Kepler has also uncovered several pulsating sdB stars
in binaries showing light variations due to the reflectiofeetf I.,
), which have been used to investigate tidal synchadioiztimescales by com-
paring rotation periods measured from rotational spligito the binary period in-
ferred from the light curvel (Pablo etlal., 2012). AdditidgaKepler has also un-
covered an eclipsing (but non-pulsating) sdB + white dwaraty which shows a
combination of binary effects such as ellipsoidal defoiorgtDoppler beaming and

microlensingl(Bloemen et Al., 2011).




22 Daniel Huber

6 Summary and Future Prospects

Tablel2 summarizes the characteristics of confirmed enlipsnd/or heartbeat sys-
tems for which asteroseismic detections (either selfedrior tidally-induced) have
been made using space-based observations. The listalesthat the synergy of as-
teroseismology and eclipsing/eccentric binary starsguspace-based observations
is (unsurprisingly) still in its infancy: all of the discusd systems have been pub-
lished within the last four years. Most detections were madkepler, which pro-
vided the required continuous monitoring to detect ecBpaad high-precision pho-
tometry to detect oscillations despite the dilution by tiveaby component or small
amplitudes in the pulsating star. As noted in Section 4.4 Jigt of confirmed red
giants in eclipsing systems can be expected to increasiisagly once sufficient
radial velocities have been gathered foritapler candidate systenm al.,

2013).

Table 2 List of eclipsing and/or heartbeat systems with componshtswving self-excited or
tidally-induced pulsations detected from space-baseéreagons. Systems are grouped into gi-
ants (top), intermediate and high-mass stars (middle) angpact stars (bottom). Columns list
the approximat&/-band magnitude, spectral types (Sp.Type), orbital pefi®)deccentricity €),
and flags indicating a double-lined spectroscopic orbit$Btochastic oscillations (stoch.), self-
excited coherent pulsations, tidal pulsations, eclipget ), and heartbeat effects (HB).

ID \ Sp.Type P(d) e SB2 stoch. coherent tidal Ecl. HB Ref
HD 181068 8.0 KIlI+MV+MV 45.5+0.91 0.0 no no no yes yes no a
KIC5006817 10.9 KIlI+MV 948 0.71 no vyes no no no yes b
KIC 8410637 11.3 KIlI+FV 408.3 0.69 yes yes no no yes no ¢

KIC10661783 9.5  GIV+AV 1.2 0.0 yes no yes no yes no d
KIC 4544587 10.8 FV+FV 2.2 0.29 yes no yes yes yes yes e
HD 174884 8.4 BV+BV 3.7 029 yes no maybe maybe yes yes f
CID 102918586 11.7 FV+FV 44 0.25 yes no yes yes yes yes ¢
KIC 11285625 10.1 FV+FV 108 0.0 yes no yes no yes no h
KIC 3858884 9.3 FV+FV 26.0 0.47 yes no yes maybe yes no i
HD 187091 8.4 AV+AV 41.8 0.83 yes no no yes no yes |

KIC9472174 12.3 sdB+MV 0.13 - no no yes no yes no k
References: (m al. (2011); Borkovits ef al. gp0Ruller et al. [(2013), (H) Beck etlal.
(2013), (c)_Hekker et al[ (2010); Frandsen étal. (2013) 1)._Lehmann eflal

ISothworth .
(2013), (e) Hambleton et al. (2013), Mt-mg)ml [(2013) , (h)
Debosscher et Al (2013), (i) Maceroni et al. (2014)/_(j) 8t al. [(2011), (k] Dstensen e} al.

(2010).

Continued observations and the search for new asterosegsiipsing binaries
remains crucial to answer important questions regardeltastpulsations and evo-
lution across the HRD. To highlight one particular aspeagufe[I2 shows up-
dated empirical tests of thenax and Av scaling relations for stochastic oscilla-
tors. Note that most points in the,ax comparison are not fully independent from
asteroseismology, with properties determined either bhyhining interferomet-
ric angular diameters with asteroseismic densities cafedlfrom theAv scaling
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relation (e.g.| Huber et Al., 2012), or masses and radiiraiéted from individ-
ual frequency modeling (e.d.. Metcalfe et al., 2014). KIQB8&37 marks the first
datapoint from an eclipsing binary, allowing an indeperidest of vmax andAv
that is otherwise only possible for wide binaries with raatid masses measured
from astrometry and interferometry. Tley comparison includes four stars which
host exoplanets with independently constrained eccéiggcwhich allows an in-
dependent measurement of the mean stellar density (Sezidtailen-Ornelas,
2003 Winh/ 2010): HD17156 (Nutzman et al., 2011; Gillilagtcal. [ 201f1), TrES-
2 (Barclay etal., 2012; Southworth, 2011), Hat- EY_(thsEJ_Da.Isgaa.Ld_e_tJal
2010; SouthwortH, 2011), and Kepler-14 (Huber ét’al., P@aithworth| 2012).
Note that only stars with calculateghax andAv with uncertainties better than 20%
and 10% have been included in the comparison.

The median residuals for both quantities are close to zeith,avscatter of 7%
for vmax and 3% forAv. While these numbers are encouraging, it is important to
note that the observational uncertainties¥grx andAv derived fromKepler data
are typically up to a factor of 2 or more smaller (Chaplin ét2014). Addition-
ally, comparisons for evolved giant stars are essentiatijtéd to one datapoint,
yet the vast majority of stars with asteroseismic detesti@are giants (see Figure
[@). Indeed, KIC 8410637 indicates that thigax Scaling relation remains accurate
for giant stars, while thé v scaling relation predicts a density which is too low by
~7%. Observations of stochastic oscillations in additi@@ipsing binary systems
will be required to investigate whether this offset may bstagnatic, and allow an
empirical calibration of scaling relations.

Future observations of asteroseismic eclipsing binarigls giant and dwarf
components can be expected from space-based missionsssKeéh{Howell et al.,
2014), TESSI(Ricker et AlL, 2009) and PLATO (Rauer bt al.,2p0lmportantly,
these mission will observe stars which are significantlgher than typical CoRoT
andKepler targets, hence increasing the potential for independerstraints from
ground-based observations such as long-baseline interégry. There is little
doubt that future space-based observations of asterdasegsiipsing binary stars,
combined with improved modeling efforts, will continue tay an important role
to advance our understanding of stellar evolution acrassitiR diagram.
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