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Detection of gravity modes in the massive binary V380 Cyg from
Kepler space-based photometry and high-resolution spectroscopy�
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ABSTRACT
We report the discovery of low-amplitude gravity-mode oscillations in the massive binary star
V380 Cyg, from 180 d of Kepler custom-aperture space photometry and 5 months of high-
resolution high signal-to-noise ratio spectroscopy. The new data are of unprecedented quality
and allowed the improvement of the orbital and fundamental parameters for this binary. The
orbital solution was subtracted from the photometric data and led to the detection of periodic
intrinsic variability with frequencies, of which some are multiples of the orbital frequency and
others are not. Spectral disentangling allowed the detection of line-profile variability in the
primary. With our discovery of intrinsic variability interpreted as gravity-mode oscillations,
V380 Cyg becomes an important laboratory for future seismic tuning of the near-core physics
in massive B-type stars.
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1 IN T RO D U C T I O N

V380 Cyg (HD 187879, KIC 5385723) is a bright (V = 5.68)
double-lined detached eclipsing binary with two early B-type com-
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Council of K. U. Leuven, Belgium, the Fonds National de la Recherche Sci-
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ponents in a 12.426-d eccentric (e = 0.23) orbit. It is an important
test for massive star models, with a primary star about to start the
hydrogen shell burning phase and a secondary still in the early part
of the main sequence. V380 Cyg has been the subject of numerous
studies, of which Popper & Guinan (1998), Guinan et al. (2000) and
Pavlovski et al. (2009) are the most extensive, to which we refer for
details on the properties of the system.

The interpretation of the stellar parameters of V380 Cyg deduced
from the binary data is problematic in the sense that an extreme
core overshooting parameter value above 0.5 (in local pressure
scale heights) is needed to match them to theoretical evolution-
ary tracks (Pavlovski et al. 2009). Such a high core overshoot-
ing is not supported by recent seismic estimates, which rather
point to values below 0.2 for single B-type pulsators with simi-
lar masses (e.g. Aerts et al. 2003, 2011; Pamyatnykh, Handler &
Dziembowski 2004; Briquet et al. 2011). Nevertheless, Briquet et al.
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(2007) deduced an overshooting parameter of 0.44 ± 0.07 for the
8.2 ± 0.3 M� primary of the detached spectroscopic binary θ Oph.

Clearly, an independent seismic evaluation of the core overshoot-
ing parameter of the components of V380 Cyg is of major impor-
tance. However, despite the position of the two binary components
in the instability strips for B stars, searches for oscillations in the
binary so far led to null detections. We report the discovery of intrin-
sic variability from uninterrupted high-precision space photometry
obtained by the Kepler satellite and interpret it in terms of gravity
(g mode) oscillations of the primary.

2 O BSERVATIONS

2.1 Kepler customized aperture photometry

The case study of the prototypical pulsator RR Lyr, with a maxi-
mum brightness of V = 7.06 during its pulsation cycle, showed that
Kepler’s instrument is capable of performing high-precision pho-
tometry on saturated targets (Bryson et al. 2010; Kolenberg et al.
2011) by using a customized aperture mask. A dedicated mask was
thus defined to collect all flux from V380 Cyg, and the binary was
successfully observed in short cadence (58 s) mode during Quar-
ter 7 (Q7) of the mission, for about 90 d continuously. This led to
the conclusion that low-amplitude variability occurs, aside variabil-
ity from the eclipses and brightenings, so the star was re-observed
during Quarter 9 (Q9).

The Q9 Kepler light curve is shown in Fig. 1. Variability on
time-scales shorter than the orbital period is obvious throughout
the entire data set, including during the eclipses. The Kepler light
curve is fully compatible with but more precise than ground-based
photometric data, which had previously revealed scatter at the mmag
level (Guinan et al. 2000).

2.2 HERMES high-resolution spectroscopy

Given the discovery of low-amplitude variability in the Kepler Q7
data, we initiated a ground-based spectroscopic campaign. We ac-
quired an extensive time series of high-resolution, high signal-to-
noise (S/N) spectra, starting during Kepler Q9 and lasting for 142 d.
The spectra were taken with HERMES, the fibre-fed high-resolution
spectrograph on the Mercator telescope (Observatorio del Roque de
los Muchachos, La Palma, Canary Islands), which samples the en-
tire optical range (380–900 nm) with a resolution of 85 000 (Raskin
et al. 2011). We obtained 150 observations during out-of-eclipse
phases and 256 exposures during primary or secondary eclipses.
The typical exposure time was 1200 s. The data taken simultane-
ously with the Kepler Q9 observations are represented on Fig. 1.

The reduction of the spectra has been carried out using the dedi-
cated HERMES software pipeline, including bias subtraction, cos-
mic ray filtering, flat-fielding, wavelength calibration using a ThAr
lamp and order merging. Normalization to the local continuum
was done manually by fitting a spline function to carefully se-
lected continuum points. We computed least-squares deconvolution
(LSD) profiles following Donati et al. (1997). These are shown in a
grey-scale representation according to the orbital period of Porb =
12.425 719 d (Guinan et al. 2000) in Fig. 2. The double-lined nature
of the binary is clearly recovered in our high-quality spectroscopy.

3 IMPROVED A NA LY SI S O F THE BI NARITY

3.1 Spectral disentangling

We applied the technique of spectral disentangling (SPD) in ve-
locity (Fourier) space as implemented in the FDBBINARY code (Ilijić
et al. 2004), using three spectral intervals centred on strong helium

Figure 1. Upper panel: Kepler light curve of V380 Cyg observed during Q9 (grey) with the binary model overplotted (black). Middle panel: residual light
curve. Lower panel: first moment of the disentangled Si III line of the primary.
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Figure 2. Grey-scale representation of the LSD profiles folded according
to the orbital period of 12.425 719 d. Phase zero corresponds to the time of
primary minimum as derived by Guinan et al. (2000).

or metal lines (He I 4471 Å and Mg II 4481 Å; He I 4920 Å; the Si III

triplet at 4550–4575 Å). The orbital elements we deduced are the
time of periastron, Tperi, the eccentricity, e, the longitude of peri-
astron, ω, and the amplitudes of the radial velocity (RV) variations
for the primary (star A) and secondary (star B) components, KA and
KB.

Since the effective temperatures (Teff ) of the two stars are similar
(Guinan et al. 2000; Pavlovski et al. 2009), their spectra are also
similar at optical wavelengths. The orbital solutions for all three
considered short spectral intervals led to a consistent set of values:
Tperi = 54 602.824 ± 0.161 d, e = 0.2338 ± 0.0026, ω = 139.◦54 ±
0.◦58, KA = 94.266 ± 0.034 km s−1 and KB = 154.59 ± 0.31 km s−1.
The quoted errors are the standard deviations of the SPD solutions
for the three selected wavelength ranges.

3.2 Light-curve modelling

The orbital effects in the light curves were modelled using the
Wilson–Devinney code (Wilson & Devinney 1971) in its 2004 ver-
sion (hereafter WD2004), with automatic iteration performed using
the JKTWD wrapper (Southworth et al. 2011). We converted the data
to orbital phase using the ephemeris of Guinan et al. (2000), sorted
them and reduced them into 202 binned data points. The bins cover
the eclipses five times finer than other phases, but are otherwise
equally spaced.

A variety of possible solutions were tried with different numbers
of fitted parameters and model options. The full set of input, output
and control quantities for our final solution is given in Table 1 and
the fit is shown as a full line in the upper panel of Fig. 1. The fit
was performed in Mode 0, which renders the effective temperatures
inconsequential by decoupling them from the solution. The detailed
treatment of reflection was found to be necessary for V380 Cyg. We
assumed gravity-darkening coefficients and albedos of unity. Third
light was found to be negligible so was set to zero. A linear limb-
darkening law was used, and bolometric coefficients for both stars
plus the Kp-band coefficient for star B were fixed to values obtained
using the tables of Van Hamme (1993). The uncertainties on the
photometric parameters listed in Table 1 come from the scatter of
appropriate solutions with different sets of fitted parameters, and
are much greater than the formal errors of the best single solution.

For our adopted solution we fitted for a phase shift with re-
spect to the orbital ephemeris, the potentials and Kp-band light
contributions of the two stars, the Kp-band limb-darkening coeffi-

Table 1. Summary of the parameters for the WD2004 solution of the Kepler
short-cadence light curve of V380 Cyg. For further details on the control
parameters we refer to the WD2004 user guide (Wilson & Van Hamme
2004). A and B refer to the primary and secondary stars, respectively.

Parameter WD2004 name Value (±error)

Control parameters
WD2004 operation mode MODE 0
Treatment of reflection MREF 2 (detailed)
Number of reflections NREF 2
Limb darkening law LD 1 (linear)
Numerical grid size (normal) N1, N2 60
Numerical grid size (coarse) N1L, N2L 40

Fixed parameters
Orbital period (Porb, d) PERIOD 12.425 719
Reference time of minimum (BJD) HJD0 244 1256.544
Mass ratio (q) RM 0.62
Effective temperature A (T A

eff , K) TAVH, TAVC 21 500
Effective temperature B (T B

eff , K) TAVH, TAVC 22 000
Rotation rates F1, F2 1.0
Gravity darkening GR1, GR2 1.0
Bolometric albedos ALB1, ALB2 1.0
Bolometric LD coeff. A XBOL1 0.648
Bolometric LD coeff. B XBOL2 0.685
Third light EL3 0.0
Passband LD coeff. B X2 0.262

Fitted parameters
Phase shift PSHIFT −0.0493 ± 0.0003
Star A potential PHSV 4.62 ± 0.05
Star B potential PHSV 11.1 ± 0.6
Orbital inclination (i, ◦) XINCL 80.5 ± 0.5
Orbital eccentricity (e) E 0.235 ± 0.005
Longitude of periastron (ω, ◦) PERR0 135 ± 2
Light from star A HLUM 12.02 ± 0.10
Light from star B CLUM 0.777 ± 0.011
Passband LD coeff. A X2 0.08 ± 0.03

Derived parameters
Fractional radius of star A (RA/a) 0.2655 ± 0.0020
Fractional radius of star B (RB/a) 0.0648 ± 0.0011

Physical properties:
Mass of star A (MA, M�) 11.80 ± 0.13
Mass of star B (MA, M�) 7.194 ± 0.055
Radius of star A (RA, R�) 16.00 ± 0.13
Radius of star B (RB, R�) 3.904 ± 0.067
Surface gravity star A (logg) 3.102 ± 0.007
Surface gravity star B (logg) 4.112 ± 0.015
Orbital semimajor axis (a, R�) 60.25 ± 0.19
log(LA/L�) 4.711 ± 0.023
log(LB/L�) 3.474 ± 0.047
Distance (d, pc) 987 ± 17

cient of the primary star (star A), e, ω and the orbital inclination.
These parameters are given in the lower part of Table 1 alongside
uncertainty values obtained by comparing all preliminary solutions
providing a good fit with physically reasonable parameter values.
We also give the fractional radii (stellar radii divided by the orbital
semimajor axis) which are needed to calculate the physical proper-
ties of the two stars. There is a good agreement with the parameters
found by Pavlovski et al. (2009). Table 1 also contains the full phys-
ical properties of the V380 Cyg system, calculated using the ABSDIM

code (Southworth, Maxted & Smalley 2005), our new spectroscopic
and photometric results and the Teff values found by Pavlovski et al.
(2009). For distance we quote the value obtained using the Two
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Micron All Sky Survey Ks apparent magnitude, bolometric correc-
tions from Bessell, Castelli & Plez (1998) and adopting a reddening
of E(B − V) = 0.21 ± 0.03 mag.

We estimated the projected rotational velocity of V380 CygA
from a spectrum taken at periastron and one at apastron, taking into
account rotational and thermal broadening but ignoring pulsational
broadening – see Section 4. The values are 91.5 ± 7.0 and 96.5 ±
7.0 km s−1, respectively, and point to a higher rotation rate at apas-
tron than at periastron, although the two values are within their error
bars. In any case, none of the two values is compatible with syn-
chronous rotation, which would require 66.1 ± 1.1 km s−1 for the
radius we found. Assuming the rotational axis to be perpendicular
to the orbital plane, not necessarily the case in an eccentric non-
synchronised binary, we estimate f rot to be 0.115 d−1 at periastron
and 0.121 d−1 at apastron.

4 TH E I N T R I N S I C VA R I A B I L I T Y O F TH E
P R I M A RY

The residuals of the light curve of both Q7 and Q9 (see the mid-
dle panel of Fig. 1 for Q9) were subjected to frequency analysis
after detrending. The outcome in the region [0, 4] d−1 ([0, 46] µHz)
is shown in the right-hand panel of Fig. 3. Strong excess power is
present at numerous frequencies below 1 d−1 (11.57 µHz), the high-
est amplitude signals being very significant – see Table 2, where the
significance level was computed from the local average amplitude
in the spectrum over a range of 3 d−1. In addition, isolated peaks
occur in [1, 4] d−1. Most of the significant frequencies are multiples
of the orbital frequency, while others are not. The short-term Fourier
transform computed for a window width taken equal to the orbital
period (left-hand panel of Fig. 3) shows that part of the variability
damps and reappears throughout the data set.

Table 2. Results of the frequency analysis from the various diagnostics
after orbital subtraction. The Rayleigh limit amounts to 0.0036 d−1 for the
photometry and 0.0071 d−1 for the spectroscopy.

Diagnostic Frequency Factor Amplitude Significance
(d−1) f orb level (S/N)

Kepler LC 0.2572 3.20 1.40 8.0
(mmag) 0.0802 1.00 1.25 7.1

0.1295 1.61 1.15 6.6
0.2769 3.44 1.02 5.8
0.3204 3.98 1.00 5.7
0.1611 2.00 0.98 5.6

– – – –
3.4611 43.01 0.16 3.6
3.3802 42.00 0.16 3.5
2.2535 28.00 0.31 3.5
0.8053 10.01 0.56 3.2

〈v〉 0.0800 0.99 1.64 8.5
(km s−1) 0.8062 10.02 1.17 6.1

0.8853 11.00 0.94 4.9
0.2738 3.40 0.80 4.2
1.3682 17.00 0.57 3.0

Pixel-by-pixel 0.8868 11.02 0.0104 5.2
(continuum units) 0.0350 0.43 0.0118 3.8

0.0797 0.99 0.0099 3.2

We also searched for residual variability in the strong Si III line
of the primary after SPD (Fig. 4). We computed the line moments
following the definition of Aerts, Christensen-Dalsgaard & Kurtz
(2010) of all 406 spectra, corrected for the disentangled profile of
the secondary and shifted to the centre of gravity of the primary. The
〈v〉 values obtained in this way for the spectra taken simultaneously

Figure 3. Left: short-term Fourier transform of the residual light curve shown in the middle panel of Fig. 1, for a window width of Porb. Right: summed
amplitude spectrum. Thick white lines near the top of panels indicate the position of periastron passages.

C© 2012 The Authors, MNRAS 424, L21–L25
Monthly Notices of the Royal Astronomical Society C© 2012 RAS



Gravity modes in the massive binary V380 Cyg L25

Figure 4. Snapshots of the Si III line and its disentangled version for star A
shifted to its centre of gravity after subtraction of the disentangled profile of
the secondary.

with the Kepler Q9 photometry are shown in the lower panel of
Fig. 1, while the frequencies found in this independent data set are
also listed in Table 2. A pixel-by-pixel analysis (Zima 2008) was
also done. Comparing all frequency analysis results in Table 2 leads
to the conclusion that the line-profile variability of the primary is
compatible with the Kepler residual photometry in the sense that
power is found at multiples of f orb and at some other frequencies.
The frequencies in the disentangled Si III lines cannot be due to the
pre-whitening of the orbital motion, because the variability occurs
as asymmetries in the profiles and are thus intrinsic to the primary
(Fig. 4).

5 D ISCUSSION AND INTERPRETATION

The intrinsic photometric and line-profile variability detected in the
residual data of V380 Cyg A after orbital subtraction are naturally
explained in terms of gravity-mode oscillations. Other causes of
the intrinsic variability, such as migrating spots or rotational mod-
ulation, are unlikely as they would require a complex time-varying
surface pattern and one would expect a much more prominent pres-
ence of the rotational frequency in that case. We also found no
evidence of mass loss in the spectroscopy.

Some of the intrinsic frequencies detected in V380 Cyg A are
connected with the orbital frequency. Given their time-dependent
amplitudes (Fig. 3) we suspect that they are tidally triggered at peri-
astron, while damped further in the orbit. If confirmed, this finding
holds the potential to model the interior structure of the primary in
great detail and to deduce a seismic estimate of the core overshoot-
ing parameter which can then be compared with the one deduced
from isochrone fitting. However, additional data are needed to de-
duce if the amplitude and frequency behaviour is indeed repetitive
for numerous orbits. Such a situation was found for few close bina-
ries so far. One case is HD 174884, an eccentric short-period binary
consisting of two cool B stars with residual variability at low-order
multiples of the orbital frequency and two tidal oscillations induced
at 8 and 13 f orb (Maceroni et al. 2009). Resonant mode locking at 90
and 91 f orb occurs in the highly eccentric 42-d binary HD 187091
consisting of two A stars (KOI-54; Welsh et al. 2011). In contrast

to these two cases, V380 CygA exhibits an excess bump of power
rather than only well-isolated stable frequencies. Future Kepler data
will cover three more quarters, while additional spectroscopy will
be gathered to unravel the pulsational behaviour of this massive
binary.
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