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ABSTRACT

Context. Space asteroseismology reveals that stellar structure and evolution models of intermediate- and high-mass stars are in need
of improvement in terms of angular momentum and chemical element transport.

Aims. We aim to probe the interior structure of a hot, massive star in the core-hydrogen-burning phase of its evolution.

Methods. We analysed CoRoT space photometry, Gaia DR2 space astrometry, and high-resolution high signal-to-noise HERMES
and HARPS time-series spectroscopy of the slowly rotating B2V star HD 170580.

Results. From the time-series spectroscopy, we derive vsini = 4+2kms™!, where the uncertainty results from the complex pulsational
line-profile variability that has been so far ignored in the literature. We detect 42 frequencies with amplitudes above five times the
local noise level. Amongst these we identify five rotationally split triplets and one quintuplet. Asteroseismic modelling based on
CoRoT, Gaia DR2, and spectroscopic data leads to a star of M ~ 8 M near core-hydrogen exhaustion and an extended overshoot
zone. The detected low-order pressure-mode frequencies cannot be fit within the uncertainties of the CoRoT data by models without
atomic diffusion. Irrespective of this limitation, the low-order gravity modes reveal HD 170580 to be a slow rotator with an average
rotation period between 73 and 98 d and a hint of small differential rotation.

Conclusions. Future Gaia DR3 data taking into account the multiplicity of the star, along with long-term TESS photometry would
allow us to put better observational constraints on the asteroseismic models of this blue evolved massive star. Improved modelling
with atomic diffusion, including radiative levitation, is needed to achieve compliance with the low helium surface abundance of the
star. This poses immense computational challenges but is required to derive the interior rotation and mixing profiles of this star.
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1. Introduction

In the context of the chemical evolution of galaxies, stars of spec-
tal type O and B play a dominant role. It is therefore essential to
know the amount of helium in the core at the end of their main-
sequence phase (TAMS), because this determines the efficiency
and amount of heavy element production during the final 10% of
such stars’ lives. Determining the helium core mass of OB-type
stars, which are born with a well-developed convective core and
a radiative envelope, requires a quantitative estimate of the level
and shape of the core overshooting properties and chemical mix-
ing in the envelope for a representative sample of such stars. This
sample must cover the entire main sequence and various levels
of stellar rotation. Traditionally, the macroscopic envelope mix-
ing in radiatively stratified layers of stars has been assumed to
have a rotational origin (e.g. Brott et al. 2011). However, this
does not offer a satisfactory explanation for slowly rotating OB
stars that are nitrogen enriched (e.g. Dufton et al. 2018). More-
over, pulsational mixing was found to be an alternative inter-
pretation for slow to moderate rotators based on observational
and numerical studies of the rotation and waves active in B stars
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(Aerts et al. 2014; Rogers & McElwaine 2017). Along with
the fact that internal gravity waves are also able to explain the
angular momentum transport needed to bring stellar models into
agreement with the interior rotation rates derived from astero-
seismology (Rogers 2015; Aerts et al. 2019), the search for and
modelling of non-radial pulsators born with a mass about 8 M
was recently intensified.

Thanks to high-precision uninterrupted space photometry of
long duration, it has become possible to derive a quantitative
model-independent measurement of the interior rotation of B stars
from detected non-radial gravity modes and their period spacing
patterns (Triana et al. 2015; Pépics et al. 2017; Kallinger et al.
2017; Szewczuk & Daszyfiska-Daszkiewicz 2018). Asteroseis-
mic modelling of such modes in B stars also offers an estimation
of the core overshooting (and along with it the core mass) and of
the level of macroscopic chemical element transport in the enve-
lope, as first established by Moravveji et al. (2015, 2016). Mean-
while, statistical methodology taking into account the effects of
the Coriolis force for the computation of the mode frequencies
and parameter degeneracies in the estimation was developed by
Aerts et al. (2018) for single stars and by Johnston et al. (2019)
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for binaries. Those methodological frameworks require frequency
precisions from time-series data covering several times the over-
all beating pattern due to the rotational and pulsational variability,
as well as unambiguous identification of the degree and azimuthal
order of the modes from frequency splittings (Triana et al. 2015)
and/or from period spacing patterns (Papics et al. 2014, 2015,
2017; Szewczuk & Daszynska-Daszkiewicz 2018).

Gravity-mode asteroseismology of B stars came onto the
radar after the first discovery of period spacings expected for
such modes in Convection, Rotation, and planetary Transit
(CoRoT) space photometry of the slowly rotating B3V star
HD 50230 (Degroote et al. 2010). This gave the first opportu-
nity for asteroseismic estimation of the amount of core over-
shooting based on gravity modes in a core-hydrogen-burning
star. Adopting the description of convective penetration by Zahn
(1991), Degroote et al. (2010) found a value between 0.2 and
0.3 local pressure scale heights for a star with M € [7,8] M,
and a central hydrogen mass fraction of some 0.28, adopting
solar metallicity. Moreover, the very small yet clearly periodic
deviations from a constant period spacing pattern implied a tran-
sition region between the core overshoot zone and the radia-
tive envelope, where chemical mixing occurs at the level of
Dpix = 10000cm? s~ These first rough results based on aster-
oseismic inference relying on gravity modes were confirmed by
Hendriks & Aerts (2019), adopting a machine-learning approach
for grid-based asteroseismic modelling.

The five-months-long period of CoRoT monitoring turned
out to be barely sufficient in duration to discover gravity-mode
period spacings and to establish inferences of the mass, age,
convective core overshooting, and envelope mixing. Those quan-
tities can be assessed roughly, but only by fixing the initial
hydrogen fraction and metallicity. However, this time base is
insufficient to assess the interior physics properties with high
precision, unless one has additional independent information.
This was the case for the CoRoT target HD 43317, which was
found to be a magnetic gravity-mode B-type pulsator rotat-
ing at half its critical rotation rate (Pdpics et al. 2012; Briquet
et al. 2013). In a combined polarimetric asteroseismic study,
Buysschaert et al. (2017, 2018) were able to derive a high-
precision estimate of the surface rotation frequency of this star,
which subsequently allowed for forward asteroseismic mod-
elling. Although limited in capacity due to the limited number of
identified modes, this revealed a relatively young star of ~5.8 M
with a very weak core overshooting of value f,, ~ 0.004, assum-
ing an exponential functional form as proposed by Freytag et al.
(1996) and adopting the radiative temperature gradient in the
overshoot zone. It is tempting to assign the limited overshooting
to the inhibition of particle mixing from the magnetic field, but
the errors for fo, ~ 0.004 were too large to come to a firm con-
clusion. The five-month CoRoT light curve is not long enough
to detect sufficient independent gravity modes, due to the limited
frequency resolution.

The Kepler space mission (Gilliland et al. 2010) monitored
stars over a period of four years, leading to a ten times better fre-
quency resolution than achieved with CoRoT. Thanks to these
four-year uninterrupted light curves, gravity-mode asteroseis-
mology of core-hydrogen-burning stars is meanwhile an estab-
lished practise (Aerts et al. 2018). Nevertheless, applications to
B stars are still scarce because a limited sample was monitored
and among those only a handful were found to reveal appropriate
and well-identified modes so far (Aerts et al. 2019). In order to
improve stellar evolution models of OB-type stars from aster-
oseismology, the sample of modelled stars must be increased
drastically. Studies of numerous Kepler, K2, BRIte Target
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Explorer (BRITE), and Transiting Exoplanet Survey Satellite
(TESS) B-type targets are ongoing or foreseen with this aim. In
anticipation of those, and with the knowledge assembled from
Kepler B-star asteroseismology, we consider a CoRoT B-type
target in an attempt to detect and interpret gravity-mode oscilla-
tions in this B2V star.

2. Target star HD 170580

After a preparatory spectroscopic study by Morel & Aerts
(2007), the B2 primary star of the multiple system HD 170580
(V magnitude 6.7) was accepted as the primary asteroseismol-
ogy target for the sixth long run of the CoRoT space mission
(Auvergne et al. 2009). As such it was also included in the
European Southern Observatory (ESO) Large Programs for
ground-based follow-up spectroscopy of CoRoT asteroseismol-
ogy targets with the High Accuracy Radial velocity Planet
Searcher (HARPS) spectrograph (Poretti et al. 2013), the data
products of which have been made available in the Set of Iden-
tifications, Measurements and Bibliography for Astronomical
Data (SIMBAD) archive (Rainer et al. 2016). The choice for
this star, despite its poorly known multiplicity, was motivated by
its spectroscopic similarity to HD 50230, in addition to it being
situated in an acceptable area on the sky for exoplanet hunting
in the adjacent Charged Coupled Devices (CCDs). Indeed, just
as HD 50230, HD 170580 was known to have a very low pro-
jected rotation velocity, with vsini = 11 + 1kms~! derived by
Lefever et al. (2010) and vsini = 3 + 1 kms~! by Braganca et al.
(2012), while Morel & Aerts (2007) found the overall rotational,
pulsational, and microturbulent spectral line broadening to be
below 10kms~!. Hence, the prospects of finding another case
with gravity-mode period spacings were good. Its spectroscopic
stellar parameters were found to be typical for its spectral type:
Ter = 20000 = 1000 K, logg = 4.10 £ 0.15, where we note that
systematic uncertainties of log g occur and make this observable
far less reliable than 7.g. Further, Morel & Aerts (2007) found
Z = 0.0095+0.0030 and the non-local thermodynamical equilib-
rium (NLTE) abundance determinations by both Morel & Aerts
(2007) and Lefever et al. (2010) revealed a He-weak star with
He/H=0.048 £0.021 (by number). This low helium fraction,
along with the low metallicity and very slow rotation, implies
that atomic diffusion is active in the star (e.g. Michaud et al.
2015, for a monograph). As discussed for example by Deal et al.
(2016) and Aerts et al. (2018), radiative levitation has not been
included in asteroseismic modelling of coherent non-radial oscil-
lation modes in OBA-type stars, because it is computationally
too demanding. Aerts et al. (2018, Fig. 10) showed that ignoring
atomic diffusion typically leads to high-order gravity-mode fre-
quency uncertainties near 0.001 d~! for the mass range relevant
for HD 170580. However, the frequencies of low-order pressure
modes are affected appreciably by atomic diffusion (up to 1d7).
We keep this in mind in the modelling discussed below.

With its temperature and gravity, HD 170580 is situated at
the hot blue end of the instability strip of the slowly pulsating
B stars (SPBs), in the overlapping region with the 8 Cep strip
(Szewczuk & Daszyniska-Daszkiewicz 2017), so the star has the
potential to be a hybrid pressure and gravity mode pulsator.
CoRoT observations of HD 170580 were assembled during the
third long run in the direction of the Galactic centre (LRc03), and
lasted some 170 days. Initial analyses of the CoRoT and spec-
troscopic data revealed a different level and kind of variability
than for HD 50230. The multiperiodicity of HD 170580 occurs
at a level of 100 ppm instead of 1000 ppm for HD 50230 and
no obvious period spacing pattern could be found, leaving the
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detected mode frequencies unidentified and hence forward mod-
elling impossible. With the knowledge gained from Kepler SPB
asteroseismology and with a Gaia Data Release 2 (DR2) paral-
lax available, we now re-examine the newly calibrated CoRoT
light curve of HD 170580 (Sect. 2). Subsequently, we analyse
the high-resolution time-resolved spectroscopy (Sect. 3), com-
pare the observational data with stellar models (Sect. 4), and
come to conclusions on the overall variability behaviour of the
star (Sect. 5).

3. CoRoT photometry

The CoRoT data of HD 170580 were obtained during a long
run, from BJD 2455293.39 until 24455463.84 (with an inter-
ruption of about two days between BJD 2455382.74 and
BJD 2455384.57). The light curve spans a total of 170.5 days,
leading to a Rayleigh limit of 1/170.5 = 0.00587 d~' and hence
a resolving power for frequency analysis from a pre-whitening
procedure of ~1.5/170.5 = 0.0088d™! (Loumos & Deeming
1978). The CoRoT asteroseismology CCDs operated with a time
sampling of 32s. After removal of bad points and outliers, the
light curve contained ~400 000 data points, corresponding to an
effective duty cycle of 88%.

We first computed the Lomb-Scargle periodogram (Scargle
1982) of this original light curve and found all variability to
occur on timescales of hours to weeks. Hence, the data were
largely oversampled. In order to reduce the computation time of
the frequency analysis, we initially worked with two data sets:
one with the original time steps and one for which the fluxes
were averaged over each set of ten consecutive data points. Since
these two data sets led to the same results, we used the latter one
for the detailed frequency analysis.

3.1. Detrending

Long-term trends in the data were removed by dividing the mea-
sured fluxes by a polynomial fit to the light curve. We used poly-
nomials of various degrees and detrended in two ways for each
of them: once for the light curve as a whole and once for each
of the two separated sub-runs. In the end, we detrended by one
global third-order polynomial, as this delivered the best compro-
mise in view of two properties:

1. an instrumental effect occurring the first days after the start
and interruption of the run, showing a marked increase in the
flux level;

2. the intrinsic stellar variability, which occurs on timescales of
both hours and weeks.

After detrending, all fluxes were converted to parts-per-million
(ppm). Two versions of the light curve are shown in Fig. 1. The
red dots represent the original light curve with 32s sampling,
where part of the curve after the interruption was omitted, while
the black dots are the result after averaging to a ten-times-less-
dense sampling and dividing by one global third-order polyno-
mial for the entire light curve.

All the different approaches for the detrending we tried in
the end resulted in the same values for the extracted frequen-
cies of the star (within the errors). The choice of the detrending
only changed frequencies in the low-frequency regime, where
instrumental effects and stellar oscillations cannot be reliably
distinguished from each other. We chose to proceed with global
detrending of the overall light curve by the best-fit third-order
polynomial derived from the red curve in Fig. 1 and work with
the black curve for the frequency analysis. This method led to
the highest precision for the derived frequencies and there was

no good reason to justify separate detrending for different parts
of the light curve.

The Lomb-Scargle periodograms of both versions of the light
curve shown in Fig. 1 are plotted in the upper panel of Fig. 2
with the same colour convention. This shows that the detrend-
ing affects the lowest frequency regime. These frequencies must
therefore be treated with caution. In the rest of the paper, we rely
on the version of the light curve shown in black in Fig. 1.

3.2. Frequency analysis

In order to extract frequencies from the data, an iterative pre-
whitening procedure was applied. We used the method devel-
oped by Degroote et al. (2009) and further improved by Pépics
et al. (2012). The Lomb-Scargle periodograms for the two ver-
sions of the light curve are shown in the top panel of Fig. 2.
At each step of the pre-whitening procedure, the frequency with
maximum amplitude was identified in the periodogram. This fre-
quency value, along with all frequencies, amplitudes, and phases
found from previous pre-whitening stages, were fed into a non-
linear least squares (NLLS) fit to the detrended light curve and
the residual light curve was computed. Since we are dealing with
periodic signals of amplitudes below 150 ppm, it is justified to
subtract the NLLS fit from the detrended light curve to start the
search for the next frequency.

Following this method, the pre-whitening procedure was
stopped when the signal-to-noise ratio (S/N) of a frequency in
the amplitude spectrum, calculated in an interval of width 2d™!
centred on the detected frequency, dropped below the canonical
value of four (Breger et al. 1993). This resulted in 177 extracted
frequencies. However, Baran et al. (2015) showed that demand-
ing an amplitude above 5 S/N is a more appropriate criterion
to prevent over-interpretation for densely sampled space pho-
tometry with a time base of only a few months, as is the case
for CoRoT or short-cadence K2 data. We confirm this result, as
many of the 84 frequencies with amplitude between four and five
times the local noise level turn out to be unresolved with respect
to higher amplitude frequencies. We therefore only considered
the 93 frequencies that meet the more conservative criterion of
having an amplitude above 5 S/N.

Not all of the 93 frequencies that meet the adopted S/N cri-
terion are intrinsic to the star. Among them we found fw =
13.9693d~!, which is a well-known frequency connected with
the CoRoT satellite orbit (Auvergne et al. 2009). This frequency
and its harmonics were excluded for asteroseismic interpreta-
tion. Furthermore, the frequency fi; = 2.0069d™! was found.
This frequency is due to the crossing of the South Atlantic
Anomaly, which happens twice per day (Poretti et al. 2010,
2011). We listed it in Table 1 but we did not use it for further
interpretation. In addition, all frequencies below 0.5 d! were
discarded. There may be oscillation frequencies and/or harmon-
ics of the rotation frequency in this region but they cannot be dis-
tinguished from frequencies induced by instrumental effects (cf.
Fig. 1 and the inset in the top panel of Fig. 2). All frequencies
equal to a combination of frequencies with at least one compo-
nent below 0.5d™! were also excluded, as well as those that dif-
fer less than the Rayleigh limit from a previous one with larger
amplitude. Thanks to our conservative approach in terms of S/N,
we found only two frequencies that survive this selection while
not being fully resolved according to the Loumos & Deeming
(1978) criterion (fi¢ — f17 = 0.0087, cf. Table 1).

After these strict selection criteria, the 42 frequencies in
addition to fi; listed in Table 1 are attributed to the star and
further explored. Degroote et al. (2009) presented an extended
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Fig. 1. Two versions of the CoRoT light curve of HD 170580 (red: original light curve with 32's sampling, black:

320 s sampling and detrended by a third-order polynomial).

analysis of the noise properties of the oversampled CoRoT aster-
oseismology data and concluded that the formal errors for the
parameters resulting from a NLLS fit need to be corrected for
the correlated nature of the data. As in that paper, we applied the
procedure described in Schwarzenberg-Czerny (2003) to com-
pute an average correction factor for the NLLS errors of the fre-
quencies and amplitudes based on the residual light curve and
we obtained 1.84. This factor has been taken into account in the
errors reported in Table 1.

The 42 frequencies of the star listed in Table 1 occur in two
groups: one between 1.45d~!" and 2.25d"! and another between
3.1d7! and 3.9d7!. Zoomed versions of the original Lomb-
Scargle periodogram are shown in the middle and bottom panels
of Fig. 2 for these two regions. There is only one extracted fre-
quency that does not belong to one of those two groups, namely
fig = 8.4402d7".

Before interpreting the frequencies asteroseismically, it is
necessary to check for combination frequencies. Indeed, devi-
ations of the star from spherical symmetry, non-linear effects,
and interactions between different oscillation modes can result
in frequencies that are linear combinations of their parent fre-
quencies (Degroote et al. 2009; Pdpics 2012; Kurtz et al. 2015).
Combination frequencies do not necessarily correspond to eigen-
modes of the star, as they may also just be a consequence of
the non-linearity of the light curve. For asteroseismic modelling
purposes, it is important to identify combination frequencies and
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reprocessed light curve with

determine whether they are due to an eigenfrequency of the star
or not. The CoRoT light curve of HD 170580 does not reveal
harmonics of single frequencies (i.e. combinations of the form
c1 f; with ¢; € N). The search for combinations of two frequen-
cies (i.e. of the form c| f; + cof; with ¢y, ¢, € Z) was split into
two steps. For positive combinations (cy, ¢; > 0), we allowed for
a large number of values of ¢; and ¢,. The result was 12 possi-
ble combinations of second order and one of third order. In the
second search, ¢ and ¢, were allowed to become negative. The
frequency difference between the two groups is such that a
coincidental match becomes increasingly likely for higher order
combinations, so we only searched for differences between two
frequencies. That way, nine more second-order combinations
were found. All identified combination frequencies are listed as
such in the column “Notes” of Table 1, where the less probable
identifications are flagged with a question mark.

The interpretation of the combination frequencies is not obvi-
ous, as the frequency spectrum is dense in the two groups of
frequencies. Hence, the probability of a coincidental mathemati-
cal match is correspondingly high, keeping in mind the Rayleigh
limit. Given that harmonics do not occur and there is no clear
pattern for most combination frequencies, it is likely that most
are just coincidental mathematical matches. There are only two
exceptions to that. First, all frequencies of the first group below
1.6d7! are flagged as a difference between a frequency of the
second and a frequency of the first group (cf. middle panel of
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Fig. 2. Upper panel: Lomb-Scargle periodograms of the CoRoT data
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panel: zoomed regions of interest, where the zonal mode frequencies
used for the forward modelling are indicated by (red) dashed lines, the
other multiplet components by (blue) dotted lines, and combination fre-
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Fig. 2). As at least one high-amplitude peak is involved in each
of those combinations, this is probably due to a physical effect
connected with non-linear mode behaviour. Second, the only fre-
quency not belonging to one of the two groups is a third-order
combination frequency (f33 =~ f3 + 2f5). We conclude from our
frequency analysis that there are two groups of independent oscil-
lation mode frequencies of the star, because neither of the two
groups can be fully explained as combination frequencies of the
other.

The frequency values of the independent modes of
HD 170580 (Table 1) are lower than the typical frequency range

(Degroote et al. 2012). Shifts towards higher frequencies for
high-order gravity modes in SPBs can be caused by fast rota-
tion (Papics et al. 2017; Buysschaert et al. 2018), but given the
low vsini this can only be invoked for HD 170580 if we see
it almost exactly pole on. However, in that case one would not
expect to detect the three components of triplets, while we do
so (cf. Fig. 2). Moreover, a fast rotating star is not expected to
be subjected to the effects of atomic diffusion, while this phe-
nomenon is active in HD 170580 given its low measured sur-
face helium and metal abundances. These facts make it more
probable that the frequencies of the star are due to low-order
modes seen from a viewing angle that does not coincide with
its pole. In that case the zonal mode frequency values imply a
more massive and more evolved star compared with HD 50230.
Hendriks & Aerts (2019) found M ~ 7.9 M, and a central hydro-
gen mass fraction of X, ~ 0.17 for HD 50230. We keep this
information in mind in the mode identification and modelling
described below.

Examination of the frequencies not due to combinations in
Table 1 did not reveal any obvious gravity-mode period spac-
ing patterns such as those which have been found for various
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Table 1. Extracted frequencies of HD 170580 with amplitude above five
times the local noise level.

# fd™h A (ppm) S/N Notes

fi 3.3373(4) 148(17) 23.8 quintuplet

£ 3.2371(5) 103(16) 114 triplet

£ 1.7957(6) 82(15) 11.4 triplet, in HARPS spectra
fi 3.3509(6) 87(15) 114 quintuplet

fs 1.8622(6) 72(14) 114 triplet

f6 3.3233(7) T1(15) 114 quintuplet

Vi 1.8364(7) 61(13) 11.9 triplet

1 1.7221(8) 53(13) 122 triplet

fo  3.3066(9) 54(14) 116 quintuplet
fio 1.9691(9) 49(14) 124

fir 1.5426(7) 48(10) 11.2 fi-h

fiz  3.2237(10) 46(14) 119 triplet

fiz  1.5559(6) 428) 85 fi-f

fla 3.4432(11) 39(14) 122

fis  1.6950(7) 36(8) 8.6 triplet

fis  1.8095(6) 46(8) 8.8

Sz 1.8008(6) 41(8) 8.9 unresolved
fis  3.2505(12) 37(13) 125 triplet, fi3 + fis
fio  1.7083(8) 318) 9.1 triplet

fo  1.5151(8) 338 93 H-K

for o 1.4822(7) 28(6) 9.0 fo—fr

foo 3.389509) 298) 9.1 f1+ hi3?

f3 3.6568(9) 298) 9.1 triplet, f3 + f5
fou  1.8495(10) 248) 9.4 triplet

fors  1.5285(8) 24(6) 7.4 fi - fie

fos  1.7849(9) 226) 712 triplet

fr 3.7348(11) 23(8) 9.3

fs  3.2902(13) 20(8) 9.3 fie + f1?
fo  3.5936(13) 208) 9.3 £+ fi7

fo  3.8053(12) 22(8) 9.3 £+ fio

fi 3.6715(13) 208) 9.3 triplet, fs + fig?
fr2 2201009) 21(6) 75

fiz 3.4567(12) 218) 93 fio+ fa1?
fra 3.4040(12) 218 93 fis + fio?, fs + fin?
s 1.5694(6) 183) 638 fa— fro

fr6 1.8880(8) 23(6) 7.5 f27 = foa?
fiz - 1.7510(10) 19(6) 7.6 fia = fis? o= fa?
fis 8.4401(28) 19(16) 113 ~f;+2fs
fro 3.3641(11) 18(6) 74 quintuplet
fio  1.7727(7) 163) 6.8 triplet

fu 2.0069(6) 17(3) 6.9 satellite

frn 3.1905(13) 146) 7.7 fio + f21?
fiz 3.6433(12) 15(6) 7.7 triplet, f3 + f>4?

fs1 2.6700 in HERMES spectra

alias of f3

Notes. The formal errors from a NLLS fit were corrected for the cor-
related nature of the data following Schwarzenberg-Czerny (2003) and
are indicated in brackets at the level of the last digits. The significance
(in terms of S/N) was computed over an interval of 2d~! centred on
the pre-whitened frequency. The frequencies in italic are omitted in the
interpretation; a discussion of the notes can be found in the text. The last
row lists the dominant frequency found in the HERMES spectroscopy,
while f; was recovered in the HARPS spectra.

other SPB pulsators from space photometry (cf. Table B1 in
Szewczuk & Daszynska-Daszkiewicz 2018, for an update and
typical values). This is not so surprising because the detected fre-
quencies of HD 170580 likely correspond with low-order pres-
sure or gravity modes and these are not expected to reveal period
spacing patterns. However, we do find six multiplets. Five of
these are triplets with splitting values ranging from 0.0108 to
0.0147d7": (fis, fi9. fg) with spacings of 0.0133 +0.0015d"!
and 0.0138 +0.0016d7!, (fi2, f>, fi) with spacings of 0.0134 +
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0.0015d7" and 0.0134+0.0017d", (f7, f4. f5) With spacings
of 0.0131+0.0017d™" and 0.0127 £0.0016d~", (fi0, fs» f3)
with spacings of 0.0122 +0.0016d"" and 0.0108 +0.0024 d™",
and (f13, f>3, f31) with spacings of 0.0135+0.0021 d! and
0.0147 £0.0022d~". The other one is a set of four compo-
nents of a quintuplet (fs, fi, f1, f39), with spacings of 0.0140 +
0.0011d7",0.0135+0.0010d"", and 0.0131 +0.0017 d~'. These
frequency splittings have values between 1.9 and 2.5 times the
Rayleigh limit and are indicated as blue dotted lines in Fig. 2.
The detected frequencies for two of the multiplets have been
plotted with respect to the spectral window in Fig. 3, from which
we see that the frequency f; is shifted by 0.0167 +0.0016d"!
from fs. The splitting between fy and fg differs by only about
half the Rayleigh limit from the splittings between the other
adjacent frequency components of the multiplet (cf. red dotted
and black dashed line in Fig. 3). Hence fy cannot formally be dis-
tinguished from the leftmost quintuplet component. From Fig. 3
we deduce that the dominant spectral window frequency peak
of the first side lobe occurs with an amplitude of 22% at 1.4
times the Rayleigh limit. In particular, f; and fs occur in the sec-
ond side lobe of the spectral window centred at fj, which has
an amplitude less than 5%, leaving no doubt about the reality of
the frequencies indicated as multiplets in Table 1. However, as
indicated in Table 1, several of the triplet components with low
amplitude differ less than the Rayleigh limit from combination
frequencies. We keep this in mind in the modelling discussed in
Sect. 6.

We have found evidence of six multiplets in the CoRoT
data of HD 170580. These six multiplets are compatible with
rotational splitting of dipole or quadrupole low-order modes.
Interpreting them as such and adopting the Ledoux approxima-
tion, for which the splitting values between adjacent multiplet
frequencies are given by (1 — C)Q with Q the angular rota-
tion frequency under the assumption of rigid rotation (Ledoux
1951), leads to Q € [0.0108,0.0294] d~! because low-order pres-
sure and gravity modes have C,; € [0.0,0.5] (e.g. Aerts et al.
2010, Chapter 3). This implies that HD 170580 has a rotation
period averaged throughout the star between roughly 34 and
93 d. We refine this interval below, after modelling of the zonal
modes, keeping in mind that low-order pressure-mode splittings
are model dependent (through their model dependency of Cy),
while high-order gravity-mode splittings do not depend on stel-
lar models because their Cp,; =~ 1/[I(l+ 1)] (see Aerts et al. 2010,
2019, for a more extended explanation). Irrespective of possi-
ble model dependence for the derivation of Q, the star’s rotation
is slow compared to the periods of its oscillation modes, with
fi/@2<0.02foralli =1,...,42 in Table 1. This implies that the
Coriolis and centrifugal forces can be ignored when fitting the
detected oscillation frequencies.

4. Luminosity from Gaia DR2

We developed a procedure to derive the luminosity of pulsat-
ing B stars observed with space photometry from the Gaia DR2
data release (Luri et al. 2018)!. The luminosity of HD 170580
was determined using the distance of the star provided by
Bailer-Jones et al. (2018) as d = 408.83 pc, with a 1o confidence
interval of [399.30,418.83] pc, on the basis of Gaia DR2 paral-
lax measurements (Gaia Collaboration 2018; Luri et al. 2018).
Based on the apparent magnitudes measured in the filters of the
photometric systems Johnson UBYV, Cousins RI, TYCHO BV,

! This procedure will be described in detail in a separate paper,
Pedersen et al. (in prep.), and is omitted here.
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Fig. 4. Herzsprung-Russell diagram with the 240 evolutionary tracks
per mass in the Spacelnn grid for the masses 5 (pink), 6 (green), 7 (pur-
ple), 8 (grey), 9 (orange), and 10 (blue) M, along with the 20 error box
of HD 170580 based on Gaia DR2 data and spectroscopy. The pulsation
modes of the four tracks in black are shown in Fig. 8.

and 2MASS JH, we calculated the apparent bolometric mag-
nitude my, = 3.48 + 0.15 after correcting for extinction. The
estimated extinction in each filter was obtained using the cor-
responding effective wavelengths as input for the York Extinc-
tion Solver (McCall 2004), assuming the reddening law by
Fitzpatrick (1999), with Ry = 3.07 for Vega and a reddening
of E(B-V) = 0.41 £ 0.04 obtained from the reddening map
published in Green et al. (2018). In order to convert the apparent
magnitudes into the bolometric scale, synthetic bolometric cor-
rections were calculated for each filter from Castelli & Kurucz
(2004) model atmospheres. These bolometric corrections were
calibrated such as to achieve the absolute filter magnitudes of
the Sun, assuming My, o = 4.74 as in Torres et al. (2010).

In this way, we obtained log(L/Ly) = 3.83 + 0.06, where
we must keep in mind that the multiplicity was not yet treated
in Gaia DR2 data and this may imply an unknown systematic
uncertainty for L. Using this result along with Tz = 20000 +
1000K from Morel & Aerts (2007), we indicate the position of
HD 170580 in the Hertzsprung-Russell (HRD) diagram using a
20 error box in Fig. 4, along with evolutionary tracks for stel-
lar models with masses 5, 6, 7, 8, 9, and 10 M, (these will be
discussed below). Irrespective of the precise mass, we find that
the star no longer resides near the ZAMS but refinement of its
evolutionary stage requires seismic modelling. The Gaia lumi-
nosity and spectroscopic effective temperature lead to a radius in
the range R € [5, 10] Ry (20-level). The spectroscopic log g is of
modest precision and therefore hardly implies a useful restriction
on the mass. We obtain M € [6,93] M, at 20-level.

5. Time-series spectroscopy

In general, white-light space photometry alone may be insuffi-
cient for asteroseismic modelling based on low-order heat-driven
oscillation modes, because these do not necessarily reveal pat-
terns that lead to the identification of the mode wavenumbers

(I, m). For this reason, the CoRoT mission was accompanied by
carefully planned time-series spectroscopy campaigns. We have
collected a total of 208 spectra of HD 170580, of which 60 were
obtained during 27.3d in June and July 2009 using the High
Accuracy Radial velocity Planet Searcher (HARPS) spectro-
graph at the ESO La Silla 3.6 m telescope in Chile. This fibre-fed
échelle spectrograph covers a wavelength range of 378—691 nm
and has a resolving power of R = 115000 (Mayor et al. 2003).
The achieved S/N ratio ranges from 70 to 200. The remaining
148 spectra were assembled with the 1.2 m Mercator Telescope
on La Palma, Spain, using the High Efficiency and Resolution
Mercator Echelle Spectrograph (HERMES) in high-resolution
mode (R = 85000) (Raskin et al. 2011). HERMES covers the
wavelength range 377-900 nm. One spectrum was obtained in
June 2009 and all others during 63.9d in May—July 2010, that
is, approximately one year after the HARPS spectra. The total
time base of the merged HARPS and HERMES spectroscopy
is 394 d, giving a Rayleigh limit of 0.0025d~". All spectra were
wavelength calibrated using Th-Ar spectra obtained at the begin-
ning and/or end of the night of observation, using the HERMES
and HARPS reduction pipelines. The spectra were normalised
using the method by Pépics et al. (2012).

5.1. Frequency analysis

Scargle periodograms with the aim of extracting pulsation signals
and performing mode identification were computed using both the
moment method (e.g. Balona 1986; Aerts et al. 1992; Briquet &
Aerts 2003) and Pixel-by-Pixel method (e.g. Telting & Schrijvers
1997; Zima 2008) applied to individual spectral lines: the Si
4560A triplet, the Sim 4130A doublet, and the He1 6678A line.
These lines have previously been shown to be optimal for fre-
quency extraction and mode identification of 8 Cep stars (Aerts &
De Cat 2003), SPBs (Aerts et al. 1999), and B-type fast rotating
stars (e.g. Balona etal. 1999), respectively. In practice, we carried
out the analyses of the spectral line variations using the software
package ramias developed by Zima (2008).

Considering each of the above-mentioned three spectral lines
separately, the first step of the analysis included extracting the
spectral line from the normalised spectra including a small part
of the continuum on either side of the lines for S/N estimate. The
wavelengths were converted to velocities using the rest wave-
length of the spectral line as the zero-point. After this conver-
sion, we calculated the moments of the lines and their Fourier
spectra. In this way, we did not find any significant variability.
This is not so surprising, given that line-profile variability was
also not detected for HD 50230 (Degroote et al. 2012), although
the dominant modes of this star have amplitudes ten times higher
than those of HD 170580.

A second attempt at extracting pulsation signals from the
spectra was made by computing least-squares deconvolution
(LSD) profiles following the method originally developed by
Donati et al. (1997). Such LSD profiles are a great asset to detect
low-amplitude variability, even if it cannot be found in indi-
vidual spectral lines. This was shown to be particularly effec-
tive for g-modes in y Dor stars (e.g. De Cat et al. 2006). We
applied the more recent LSD formalism of Tkachenko et al.
(2013) to the HARPS and HERMES spectra separately, includ-
ing all spectral lines except the hydrogen and helium lines. The
LSD profiles are obtained by cross-correlating the lines in the
observed spectra with a set of delta functions constructed from
an atomic line list, containing information on rest wavelengths
and theoretical line strengths. The line list was computed using
Ter = 20000K, logg = 4.1, and solar metallicity following

A7S5, page 7 of 13


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834762&pdf_id=4

A&A 624, A75 (2019)

__LSD HARPS + HERMES

Spectral Window

Amplitude

0.0035 i
ki Pixel-by-Pixel

2

1st Moment

6
Frequency [c/d]

Fig. 5. Fourier spectra based on the Pixel-by-Pixel method (second
panel) and the first moment (third panel) for the combined HARPS and
HERMES LSD profiles. Top panel: spectral window. Vertical dashed
lines indicate the positions of frequencies with S/N > 4 during pre-
whitening.

the results by Morel & Aerts (2007). For the further analysis,
we excluded one bad HARPS LSD profile and four bad HER-
MES LSD profiles. Visual inspection of the residual HARPS and
HERMES LSD profiles reveals low-amplitude line-profile vari-
ability.

Using the LSD profiles of both the HARPS and HERMES
spectra, we recomputed Fourier spectra based on the velocity
moments and Pixel-by-Pixel method as described above. The
results are displayed in Fig. 5 for the Pixel-by-Pixel method and
the first moments along with the spectral window of the data.
By pre-whitening the data according to the highest amplitude
peaks in the Fourier spectra, we detected five candidate frequen-
cies from the Pixel-by-Pixel computed Fourier spectra and three
candidates for the first moments. However, most of these are
connected with the time sampling and cannot be accepted as
intrinsic to the star, except for fs; = 2.6700d™". A phase-folded
grey-scale plot of the LSD profiles reveals variability with this
frequency for the HERMES data (left panel of Fig. 6, binned in
0.05 phase intervals) but not for the HARPS data. This is inter-
preted in terms of complex multiperiodicity and mode beating
that changes drastically over timescales of weeks, as revealed by
the CoRoT light curve. Keeping in mind that the spectroscopy
suffers heavily from daily aliasing, fs; is equal to an alias of the
CoRoT frequency f3;.

As an additional test, we phase-folded the residual LSD
profiles with each of the frequencies detected in the CoRoT
photometry, as well as with random frequencies. In that way,
we found only one weak coherent periodic signal in the HARPS
LSDs for f; from visual inspection (right panel of Fig. 6). Com-
paring both panels of Fig. 6, we conclude that HD 170580 has
low-degree prograde (fs;) and retrograde (f3) modes.

5.2. Mode identification

We attempted to identify the degree and azimuthal order of the
two dominant frequencies. Irrespective of the identification, this
led to vsini = 4 + 2kms~!, where the uncertainty is domi-
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nated by the various pulsational line-profile broadening levels
depending on the kind of mode that was assumed for fs; or f3.
Pulsational line-profile broadening has been so far ignored in the
literature in deriving the rotational line broadening.

The HARPS data did not lead to any conclusive result on the
identification for f3 since the signal was too low at the epoch
of these spectra. The HERMES data, when fitted as if the star
was a monoperiodic pulsator with a single mode fs, led to a
formal best line-profile fit for a prograde sectoral mode, either
with [ = +m = 3, vsini ~ 6kms™!, along with i ~ 6°, where
the uncertainty for the inclination is ~3°. Given that we treated
the star as monoperiodic, that the dominant modes in space pho-
tometry usually have / < 3, and that this solution is close to an
inclination angle of complete cancellation (IACC, Table B1 in
Aerts et al. 2010), we consider this result unlikely. Indeed, it is a
known artefact of spectroscopic mode identification to find / = 3
close to an IACC in the case of low signal in the line-profile
variability (Chadid et al. 2001, for a thorough discussion). Also,
taking vsini = 4+2kms~! and i = 6° +3° leads to an equatorial
rotation velocity that is incompatible with the estimation of the
rotation period from the detected multiplets in the CoRoT data.
Moreover, as already mentioned, the detection of zonal (m = 0),
tesseral (0 # m # [), and sectoral (( = |m|)) modes in the space
photometry as found from the multiplets indicated in Table 1
and shown in Fig. 3 rather suggests a view upon an intermedi-
ate inclination angle. Finally, the occurrence of helium surface
depletion can only be explained by atomic diffusion in action
and this suggests slow rotation.

We conclude that we have found marginal evidence of a low-
degree prograde (fs;) and retrograde (f3) mode in the spectro-
scopic line-profile variability of HD 170580 taken at two differ-
ent epochs. As a consequence of the low pulsational velocity
amplitude, unambiguous identification of the two mode degrees
or azimuthal orders was not possible, despite the high quality of
the data. This also implies that the inclination angle could not be
estimated properly.

6. Comparison with stellar models

Just as for the case of the CoRoT SPB target HD 43317
(Buysschaert et al. 2018), we do not have a secured period spac-
ing pattern of gravity modes at our disposal to guide the astero-
seismic modelling of HD 170580. This prevented us from mode
identification via the method by Van Reeth et al. (2016), which
was successfully applied to SPBs observed by Kepler with a ten
times better frequency resolution than that of CoRoT long runs
(Papics et al. 2017). We do have a secure identification of the
mode degree [ from six rotationally split multiplets.

In order to have an unrestricted range in mass for the search
for stellar models that can explain HD 170580’s asteroseismic
properties listed in Table 1, we use the combined Particle Filter
and Deep Neural Network method (PF-DNN hereafter) devel-
oped by Hendriks & Aerts (2019). This PF-DNN is trained on
an extensive grid of 352 800 stellar models and their pulsation
frequencies of radial (I = 0), and zonal (m = 0) dipole (I = 1)
and quadrupole (! = 2) modes. The input physics of the mod-
els is fully described in Schmid & Aerts (2016), to which we
refer for details’>. The PF-DNN enables fast screening of mil-
lions of zonal (m = 0) pulsation modes for non-rotating stellar
models representing stars in the core-hydrogen-burning phase

2 The Spacelnn grid of stellar models and their asteroseismic proper-
ties, as well as a script to run the PF-DNN, are publicly available from
fys.kuleuven.be/ster/Software/grid-massive-stars
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and covering birth masses between 2 and 20 M. This PF-DNN
screening aims to obtain rough estimates of the six input param-
eters of the models: mass (M), initial hydrogen mass fraction
(X), metallicity (Z), central hydrogen mass fraction (X., a proxy
of the stellar age), and two parameters connected with the mix-
ing of the chemical elements beyond the Schwarzschild convec-
tive core boundary. These two mixing parameters represent 1)
convective core overshooting assuming an exponentially decay-
ing shape and overshoot distance f,, using the formulation by
Freytag et al. (1996) and adopting the radiative temperature gra-
dient in the overshoot zone; 2) a constant level of diffusive mix-
ing, Dpx, throughout the stellar envelope. The latter was found
to be a necessary ingredient in order to explain the mode trap-
ping detected in Kepler photometry of gravity-mode pulsators
of spectral type B (Moravveji et al. 2015, 2016). The models do
not include atomic diffusion, because it is impossible to compute
the appropriate radiative levitation for such an extensive grid. As
shown by Deal et al. (2016) and by Aerts et al. (2018), ignor-
ing atomic diffusion for A-type and B-type stars can have major
effects for the envelope mixing and hence for the pressure-mode
frequencies, with deviations for the latter as large as 1d~"'. The
PF-DNN is therefore not expected to lead to an optimal solu-
tion for HD 170580 if the measured frequencies listed in Table 1
involve pressure modes, but it might be suitable when involving
only high-order gravity modes. In any case, application of the
PF-DNN will point to the most appropriate stellar parameters
within the limitations of the adopted input physics that went into
the Spacelnn grid, which is state of the art for seismic modelling
of B-type pulsators following Moravveji et al. (2016).

The PF-DNN searches for the optimal combination of the
six free parameters on the basis of the theoretically computed
zonal pulsation frequencies of all the stellar models in the grid,
by comparing them with the measured pulsation frequencies
of the star by means of a y? distance measure, in the situa-
tion where limited (or no) information on the mode identifi-
cation of the frequencies is available. The performance of the
PF-DNN was tested on several well-known pulsators of spectral
type B that had been modelled previously and for which iden-

tification of the degree I, azimuthal order m, and radial order
n of the measured frequencies was already known from pre-
vious studies. This allowed Hendriks & Aerts (2019) to assess
the inference capacity of the PF-DNN in the case where infor-
mation on the mode degrees [ was (partially) missing. It was
found that the PF-DNN performs optimally when the mode
degrees are known, while it performs less well as more of the
degrees are missing, with no inference capacity when none or
only one of them is known for a set of measured frequencies.
The PF-DNN is only suitable for slow rotators, as is the case for
HD 170580.

We first applied the PF-DNN in the version of Hendriks &
Aerts (2019) to HD 170580, relying only on the information
derived from the CoRoT data, that is, with six zonal mode fre-
quencies with an identification for the degree: f>, fio, f23, fo4 ,
and fos with [ = 1 and f; with [ = 2. For these we thus search
for an exact frequency match. The other five independent oscilla-
tion mode frequencies we used, without information on the mode
degree, were fio, fi4, fis, f27, and f35. These are assumed to
correspond with modes of / < 2. From the measured rotational
splittings of the six multiplets, we anticipate deviations from the
zonal mode frequencies computed from the Spacelnn models to
be zero for radial modes, in the range [0.0;0.015 - (1 — Cy)] d!
for sectoral (I = m) dipole modes and up to twice this interval
for sectoral quadrupole modes.

The results of the PF-DNN application for the frequency
matching based on the 11 frequencies (indicated as red dashed
lines in Fig. 2) are shown in the upper six panels of Fig. 7. The
blue points are the results for the basic setting of the genetic
algorithm and sampling of the PF-DNN, while the grey points
represent a more dense setting that samples more points per iter-
ation (see Hendriks & Aerts 2019 for details). It can be seen from
the global trends in Fig. 7 that the metallicity, initial hydrogen
fraction, and level of particle mixing in the stellar envelope are
hardly constrained, but the mass, core overshooting, and evolu-
tionary stage can be estimated. This is a similar result to the two
previous asteroseismic modelling applications to CoRoT B pul-
sators (Degroote et al. 2010; Buysschaert et al. 2018). The best
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Fig. 7. Upper six panels: PF-DNN application to HD 170580, based on six frequencies (fi, f>, fi9, f23, fo4. and f5¢) of identified modes and five
(fi0» fi4, fie, f27, and f35) of unidentified modes. Lower six panels: similar, but where the PF-DNN was retrained such as to comply with the Gaia
DR2 parallax and the spectroscopic T, both at 20--level. The blue and grey points represent the results for two different settings for the genetic
algorithm and sampling of the PF-DNN, according to Hendriks & Aerts (2019).

solution found by the PF-DNN with densest (grey dots) sampling
is listed in the left column of Table 2 and involves low-order
modes with n € [-9, +2], leading to an rms of 0.010 d-1.

By construction, the best PF-DNN results come from an
interpolation of the modes belonging to the “true” stellar models
in the Spacelnn grid. The evolution of the zonal-mode frequen-
cies of the models closest in mass to this solution in the Spacelnn
grid is shown in the upper left panel of Fig. 8 for the second
half of the main sequence. The mode identification in Table 2
and estimated X, correspond with (1 — Cy) € [0.51;0.60] for
the [ = 1 modes and (1 — Cy) € [0.86;0.97] for the [ = 2
modes. This implies a frequency shift for the / = 2,n = 0 and
[ =2,n=—1 modes of ~0.024 d~! based on the measured split-
ting of the [ = 2,n = —2 mode in the case of rigid rotation. The
symbol sizes of all the modes in Fig. 8 have been chosen to cover
such a typical frequency shift. The rms we found of 0.010d ™" for
the difference between the 11 measured and model frequencies
points to an overall good frequency match given the unknown
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azimuthal order for five of the 11 modes and their anticipated
frequency shifts due to Ledoux splitting.

Close inspection of the upper left panel of Fig. 8 shows that
the fit is only good for the /=1, n < -2 modes and only for mod-
els at a very advanced stage of evolution where the mode density
is large and mode bumping occurs (e.g. Shibahashi & Osaki
1976; Aizenman et al. 1977). Moreover, modes of evolved mod-
els with high density contrast close to the TAMS may also be sub-
ject to the phenomenon of avoided crossings (e.g. Gabriel 1980;
Christensen-Dalsgaard 1981, for adiabatic and non-adiabatic
computations, respectively). Both these phenomena are visible in
the top right corners of the panels in Fig. 8, where the smooth
evolution of the modes deteriorates for X. <0.1. We refer to
Smeyers & Van Hoolst (2010, Chapter 11) for a thorough math-
ematical description and concrete numerical examples of mode
bumping and avoided crossings, but point out here that these may
induce appreciable frequency shifts, much larger than the mea-
sured frequency uncertainties from the CoRoT data. Moreover,
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Table 2. Best PF-DNN fit point for the densest sampling represented by
the grey dots in Fig. 7 for HD 170580, in the case of modelling based on
just the CoRoT data (left column) and from the CoRoT data in addition
to luminosity constraints from Gaia DR2 and the spectroscopic T,

taking 20 intervals for those two quantities (right column).

Parameter Only CoRoT CoRoT, Gaia DR2, T
M (M) 5.6 8.2

Jov (Hyp) 0.05 0.05

Z 0.020 0.019

X, 0.010 0.021

Dhix (cm?s71) 1.3 324

X 0.72 0.69

rms £ (d71) 0.010 0.020

Freq. (d™") Mode identification (m = 0)

fo1 =3.7348 [=2,n=0 [=2,n=0

fr3 =3.6568 = l1(fixed), n = +2 I = I(fixed), n = +2
fia = 3.4432 [=2,n=-1 [=2,n=-1
fi=3.3373 [ = 2(fixed), n = -2 [ = 2(fixed), n = -2
f» =3.2371 [ = 1(fixed), n = +1 [ = 1(fixed), n = +1
f3 =2.2010 I=1,n=-3 I=1,n=-1
fio = 1.9691 I=1,n=-5 [=2,n=-6
Joa = 1.8495 [ = 1(fixed), n = -6 [ = 1(fixed), n = -2
fi6 = 1.8096 I=1,n=-7 [=2,n=-7
fre = 1.7849 [ = 1(fixed), n = -8 [ = 1(fixed), n = -3
Jfi9 = 1.7083 [ = 1(fixed), n = -9 [ = 1(fixed), n = —4

as already discussed above, deviations for the pressure modes
are anticipated from the lack of atomic diffusion in the mod-
els. Hence, both at the level of the equilibrium models (atomic
diffusion) and at the level of the pulsation computations (mode
bumping and avoided crossings), we face theoretical uncertainties
with possible considerable frequency shifts in near-TAMS stars.
This typically occurs for the pressure, gravity, and fundamental
non-radial modes of low radial orders, as we are dealing with here.
This “CoRoT-only” modelling (left column of Table 2) leads
to a stellar model that has log(L/Ls) =~ 3.55 and T =~ 11 700 K.
This is not compliant with the Gaia DR2 luminosity we derived
nor with the spectroscopic Teg. Moreover, HD 170580 has a low
surface metallicity of Z = 0.0095 + 0.0030. In order to assess
the effect of the metallicity, we show in the bottom left panel of
Fig. 8 the modes for a model with the same parameters as the
upper panel except that Z = 0.012, which is the lowest metal-
licity in the Spacelnn grid. This gives a worse fit, because the
mode frequencies get shifted to higher values and there are no
[ = 2,n > 0 modes available in the measured frequency range.
A decrease in Z is degenerate with an increase in mass when
fitting gravity modes (Moravveji et al. 2015, Fig. 5). Since a
higher luminosity is also needed to meet the Gaia DR2 luminos-
ity, we performed “constrained” modelling, demanding compli-
ance with both the Gaia DR2 luminosity and the spectroscopic
T, taking 20 level for both. We thus retrained the PF-DNN on
the basis of stellar models in the Spacelnn grid that are situated
within the box in Fig. 4. This does not imply that the PF-DNN
will deliver a best solution within that error box, but rather that
it is trained only on the basis of models within that box. It might
extrapolate outside the box in Fig. 4 to find the best solutions.
Application of this version of the PF-DNN results in the patterns
shown in the lower six panels in Fig. 7 and the best solution
listed in the right column of Table 2. We see from Fig. 7 that the
restriction imposed by the Gaia astrometry and the spectroscopy
in the training of the PF-DNN does not change the overall mor-

phology in the y? space in terms of evolutionary stage or level
of core overshooting. The best estimate for the stellar mass now
occurs at M = 8.2 M, for a model with log(L/Ls) ~ 4.0. This
model identifies the radial orders from n = —7 to +2 and has
an rms for the frequencies of 0.020 d~!, twice as large as for
the unconstrained “CoRoT-only” modelling but still acceptable
given the expected Ledoux shifts for the five frequencies with
unidentified degree. Also here the pressure modes are the ones
that are not well reproduced (upper right panel of Fig. 8). More-
over, this model has a luminosity that is too high and a T that
is too low. In comparison, we show in the bottom right panel
of Fig. 8 a model for the same parameters, except that the core
overshooting is only f,, = 0.01 instead of 0.05. This model does
occur at the edge of the 20 Gaia DR2 error box in Fig. 4 but it
lacks pressure modes in the measured frequency regime.

Because some of the lower amplitude multiplets have com-
ponents that cannot be distinguished from combination frequen-
cies, we finally applied the PF-DNN for the case of only having
a fixed mode degree for the quintuplet and the two dominant
triplets (with zonal frequencies fi, f>, and fig). This led to a
near-TAMS model with M = 9.8 M, fov = 0.045 for “CoRoT-
only” modelling. That model has an rms of 0.009d~! but
log(L/Ly) =~ 4.31, which is not compliant with the Gaia lumi-
nosity. It also has a T, that is far too low. The constrained mod-
elling version in this case led to a model with M = 8.6 M and
similar parameters to those in the right column of Table 2, for an
rms of 0.017d™! and a similar deficit of appropriate pressure-
mode frequencies. From this we conclude there to be similar
results if we feed the PF-DNN with only three instead of six
identified zonal modes.

We conclude from combined CoRoT, Gaia DR2, and spec-
troscopic data that HD 170580 is a star of M =~ 8 M, close
to the TAMS, but that stellar models without atomic dif-
fusion cannot explain its detected pressure-mode frequencies
to within the measurement errors. The Ledoux coefficients
for the three dipole gravity modes with the lowest frequency
and highest radial order in the model closest to the param-
eters listed in the right column of Table 2 (f4, f26, fi9) give
(1 = Cn) = 0.6212,0.8202,0.5424 for n = -2,-3,-4,
respectively. The measured splittings for these three modes then
lead to arotation frequency of 0.0208 + 0.0017, 0.0140 + 0.0020,
and 0.0250 +0.0016d~". This is a tentative indication that the
star might have mild differential rotation in its interior. However,
given that we are in an asteroseismic regime of low-order modes
where the Ledoux splitting is model-dependent and we rely on
models incompatible with the Gaia luminosity in terms of their
pressure modes, we consider this a preliminary result at best.
Stellar models with atomic diffusion that are compatible with all
the data (CoRoT, Gaia, spectroscopy) need to be constructed to
evaluate this suggestive result further.

7. Discussion and future improvements

We detected 42 oscillation mode frequencies in the CoRoT light
curve of HD 170580 and selected 11 independent mode fre-
quencies for forward asteroseismic modelling. Among those 11,
five zonal dipole modes and one quadrupole mode occur. The
other five frequencies were fitted while allowing / = 0,1,2
for their degree. Despite huge efforts to gather extensive time-
series spectroscopy with some of the best spectrographs in the
world, that data did not add observational constraints to the
modelling compared to earlier snapshot spectroscopy as only
a better estimate of vsini and its error was achieved. Intensive
time-series spectroscopy for asteroseismology should better be
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Fig. 8. Evolution of the zonal mode frequencies of stellar models with input parameters M = 6 My, X = 0.72, Z = 0.020, f,, = 0.05, and
Dpix = 1cm?s™! (upper left panel), M = 8 My, X = 0.70, Z = 0.020, f,, = 0.05, and Dy, = 100cm?s™! (upper right panel), M = 6 Mo,
X =0.72,Z = 0012, f,, = 0.05, and Dy, = 1cm?s™! (bottom left panel), M = 8 My, X = 0.70, Z = 0.020, f,, = 0.01, and Dy, = 100cm? s~
(bottom right panel). The panels show the zonal mode frequencies in the region of the measured frequencies of HD 170580, which are indicated
as horizontal lines (dotted: [ = 2, full: / = 1, dashed: unknown /). The model frequencies are coded as black circles: [ = 1,n < 0, black plus signs:
[ =2,n <0, red triangles: [ = 0, blue squares: / = 1,n > 0, orange diamonds: [ = 2,n > 0.

focused on pulsating spectroscopic binaries for tidal asteroseis-
mology, where there is a lack of high-precision data at a level
suitable to improve their stellar interior models. For single stars,
spectroscopic monitoring is better done after the analysis of the
space photometry and only for stars with mmag-type dominant
modes that lack an identification of their ([, m).

The asteroseismic modelling of HD 170580 was done from a
Particle Filter combined with a Deep Neural Network trained on
the basis of a large grid of stellar models covering the mass range
[2,20] M, as well as a retrained version limited to the luminos-
ity and effective temperature range from Gaia and spectroscopy,
respectively. We found good agreement with the CoRoT data to
within the frequency precision of the detected low-order grav-
ity modes for a near-TAMS star of M 8 M with a large
core overshooting. However, the models with these parameters
are not compliant with the low-order pressure modes and only
marginally so with the Gaia data. The latter did not yet treat
the poorly known multiplicity of HD 170580. The asteroseismic
models lack atomic diffusion for computational reasons, but the
spectroscopy of HD 170580 reveals that it is active in the star.
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Moreover, we limited our study to adiabatic pulsation computa-
tions. This lack of atomic diffusion and/or imperfect treatment of
the phenomena of mode bumping and avoided crossings could be
reasons why the combined asteroseismic, astrometric, and spec-
troscopic modelling of HD 170580 cannot explain the CoRoT
frequencies of the low-order pressure modes to within their mea-
sured precision.

The star HD 170580 revealed itself as an interesting aster-
oseismic target, given that it is close to the TAMS. This holds
the potential to achieve a high-precision asteroseismic measure-
ment of the amount of helium in its core, just prior to the start
of its blue supergiant phase. Moreover, we found a hint of a low
level of differential rotation from its low-order gravity modes.
However, before we can deduce firm asteroseismic conclusions
on these two aspects, improvement in the modelling is required.
This may come from three fronts: better oscillation mode fre-
quency precision if TESS observes the star, good predictions of
low-order non-radial oscillation modes from stellar models with
atomic diffusion including radiative levitation, and a Gaia DR3
parallax taking proper account of the multiplicity of the star.


https://dexter.edpsciences.org/applet.php?DOI=10.1051/0004-6361/201834762&pdf_id=8
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