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ABSTRACT

Context. An inner companion has recently been discovered orbiting the prototype of classical Cepheids, § Cep, whose orbital parameters are still
not fully constrained.

Aims. We collected new precise radial velocity measurements of § Cep in 2019 using the HARPS-N spectrograph mounted at the Telescopio
Nazionale Galileo. Using these radial velocity measurements, we aimed to improve the orbital parameters of the system.

Methods. We considered a template available in the literature as a reference for the radial velocity curve of the pulsation of the star. We then
calculated the residuals between our global dataset (composed of the new 2019 observations plus data from the literature) and the template as a
function of the pulsation phase and the barycentric Julian date. This provides the orbital velocity of the Cepheid component. Using a Bayesian
tool, we derived the orbital parameters of the system.

Results. Considering priors based on already published Gaia constraints, we find for the orbital period a maximum a posteriori probability of
Po, = 9.327093 years (uncertainties correspond to the 95% highest density probability interval), and we obtain an eccentricity e = 0.717092, a
semimajor axis a = 0.02970902 arcsec, and a center-of-mass velocity Vo = —17.28*308 kms™!, among other parameters.

Conclusions. In this short analysis we derive the orbital parameters of the § Cep inner binary system and provide a cleaned radial velocity curve

of the pulsation of the star, which will be used to study its Baade—Wesselink projection factor in a future publication.

Key words. binaries : close — binaries: spectroscopic — stars: oscillations — stars: individual: ¢ Cep — stars: variables: Cepheids

1. Introduction

Delta Cep is the prototype of classical Cepheid variable stars. Its
variability was discovered by Goodricke (1786), and to this day
the star remains a cornerstone for the calibration of the distance
scale. It is in particular a benchmark star for the calibration of
the projection factor (Nardetto et al. 2004, 2006, 2017), a phys-
ical quantity that plays a central role in the Baade—Wesselink
method (Baade 1926; Wesselink 1946) of distance determination
(Storm et al. 2011a,b; Trahin et al. 2021). 6 Cep was recently
discovered to be a spectroscopic binary (Anderson et al. 2015).
Before, the star was thought to be a visual binary (Fernie 1966).

Because of the configuration of the system in 2015 when
their spectroscopic data were secured with the High Accuracy
Radial velocity Planet Searcher for the Northern hemisphere
(HARPS-N) instrument, Nardetto et al. (2017) did not detect any
evidence of an inner companion. However, in 2019, simulta-
neous data with the HARPS-N and GIANO instruments were
secured for a set of five Cepheids, including § Cep, using the
GIARPS (GIAno & haRPS) mode (Claudi et al. 2016). Two
studies focused on the He I 10830 A spectral line and the
effective temperature determination of Cepheids, respectively
(Andrievsky et al. 2023; Kovtyukh et al. 2023). In this Letter
we report the 2019 HARPS-N radial velocity measurements of
6 Cep and present clear evidence of the presence of an inner
companion (Sect. 2). We used these data, together with data
from the literature (Sect. 3), to derive the orbital parameters of
the system using a Bayesian approach (Sect. 4). The results pre-
sented in Sect. 5 include a cleaned radial velocity curve of 6 Cep,

with the companion removed, that will be used in a forthcoming
publication.

2. HARPS-N spectroscopic observations of 6 Cep

We secured 24 HARPS-N spectroscopic measurements of ¢ Cep
from 14 June to 21 September 2019. HARPS-N is the north-
ern hemisphere counterpart of the HARPS instrument installed
at the ESO 3.6 m telescope at La Silla Observatory in Chile
(Cosentino et al. 2012). The instrument covers the wavelength
range from 3800 to 6900 A with a resolving power of R =
115000. The data span 13 cycles of pulsation from the first to
last epoch. 6 Cep shows secular period changes, as shown in
the O-C diagram of Csornyei et al. (2022). We thus used the
ephemeris from Csornyei et al. (2022) to calculate the pulsation
phase for each individual observation: 7y = 2412028.2564d,
Ppys = 5.3663671d, and ‘fj—f = -1.05379 x 10°° daysyr!.
The final products of the HARPS-N data reduction software
installed at the Telescopio Nazionale Galileo (online mode)
are background-subtracted, cosmic-corrected, flat-fielded, and
wavelength-calibrated spectra (with and without merging of the
spectral orders). To calculate the cross-correlated velocity, we
used the iSpec tool with a G2V template (Blanco-Cuaresma et al.
2014; Blanco-Cuaresma 2019). As discussed in Nardetto et al.
(2023), there is no difference in the derived radial velocities
when using a G2V or an F6I template. We then applied a
Gaussian fit to the cross-correlated function to derive the radial
velocity (RV..¢) and its uncertainty. The results are presented in
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Table 1. HARPS-N RV, radial velocities of 6 Cep.

BJD ¢ Cycle vac_g ORV,.. orb

2458678.6286 0.21 0 -16.88 0.09 -20.94
2458679.6868 0.41 0 -6.67 0.05 -20.91
2458680.6928 0.59 0 3.64 0.05 -20.88
2458681.5945 0.76 0 12.03 0.06 -20.85
2458682.6092 0.95 0 20.27 0.10 -20.82
2458683.6867 0.15 1 -18.95 0.11 -20.79
2458703.6634 0.88 4 18.83 0.08 -20.05
2458713.7034 0.75 6 11.06 0.06 -19.64
2458716.5982 0.29 7 -13.26 0.08 -19.52
2458718.5278 0.65 7 6.19 0.05 -19.44
2458720.5207 0.02 7 321 0.09 -19.36
2458721.7128 0.24 8 —-1547 0.08 -19.31
2458722.6852 0.42 8 -6.26 0.05 -19.27
2458727.5688 0.33 9 -11.00 0.06 -19.07
2458728.4818 0.50 9 -1.78 0.04 -19.03
2458734.5037 0.62 10 5.07 0.05 -18.79
2458735.6787 0.84 10 1690 0.07 -18.75
2458736.6173 0.02 10 3.65 0.10 -18.71
2458737.4097 0.16 11 -18.69 0.10 -18.68
2458738.6240 0.39 11 =776 0.05 -18.63
2458739.5063 0.55 11 1.39 0.04 -18.60
2458740.4791 0.74 11 10.79 0.06 -18.56
2458741.4684 092 11 21.01 0.09 -18.53
2458747.5311 0.05 12 -851 0.10 -18.31
Days Phase Nbr kms™! kms™' kms™!

Notes. BJD is the barycentric Julian date, ¢ is the pulsation phase
of the observations determined using the ephemeris provided by
Csornyei et al. (2022), “cycle” corresponds to the number of cycles
since the first observation in this sample, RV, is the cross-correlated
radial velocity using the Gaussian fit of the cross-correlated function,
ORVeeg is the corresponding uncertainty, and v, is the orbital velocity
correction that has been applied to RV, (see Sect. 5).

Table 1 and in the left panel of Fig. 1 (see the blue triangles).
We clearly see a dispersion in the radial velocity measurements
from 1994 to 2019, and we show in this Letter that this is due to
the presence of a companion.

3. Spectroscopic data in the literature

To derive the orbital parameters of the SB1 binary system com-
posed of ¢ Cep and its inner companion, we needed to first
extract the long-term orbital radial velocity of the system, that
is to say, we had to remove the pulsation motion from the indi-
vidual radial velocity measurements. For this, we considered
the best-quality data in the literature, from Bersier et al. (1994),
Storm et al. (2004), Barnes et al. (2005), Anderson et al. (2015),
and Nardetto et al. (2017), as well as data from Gaia Data Release
3 (DR3; Gaia Collaboration 2016, 2023). The radial velocity mea-
surements are presented in the left panel of Fig. 1. The next step
was to subtract the pulsation velocity from all these data in order
to extract the orbital radial velocity of the Cepheid component. In
this work, we used the radial velocity curve template provided by
Hocdé et al. (2023) based on the data from Anderson et al. (2015)
as a reference for the radial velocity associated with the pulsation
motion of the star (see the solid green line in the left panel of Fig. 1).
This template by definition has ay velocity (i.e., an average value)
of zero. Nardetto et al. (2017) investigated the possible effect of
the binary motion due to the companion as discovered earlier by
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Table 2. MAP and 95% HDPIs of the orbital parameters of the ¢ Cep
SB1 binary system as derived from the Bayesian analysis.

Parameter Value
Pow [yr] 932t88431
0.111
T [yr] 19€§2.02(?241t()_101
+0.
e 0.71%545
al’] 0.029f8:88§
wl[’] 230*%
Q[°] 78f§817
s ro +
i[°] 124717
Vo [kms™!] —17.28’:8;82
7 [mas] 3.6670%
fI7 [pc] 271]
my [Mg] 5.26ﬁ({)%§
q 0.11%5 0

Notes. The reference in decimal year, 7, corresponds to a BJD of
2445104.090 days.

Anderson et al. (2015) but concluded that including a linear trend
of 0.5 + 0.1 ms~' d~! did not significantly reduce the residual
in their measurements, which is of 0.5 m s™!). Disentangling the y
velocity of the Cepheid and the receding or approaching motion
of the center-of-mass velocity of the system for a given dataset
is not simple, in particular when considering that the granulation
of the star can affect the y velocity, as shown for the first time by
Nardetto et al. (2008) and Vasilyev et al. (2017, 2018). We see in
Fig. 1 that the template from Hocdé et al. (2023), shifted by the y
velocity value of —16.95 + 0.005 km s~! found by Nardetto et al.
(2017), is indeed very close to the radial velocity curve obtained
by Nardetto et al. (2017, see the green triangles).

The residual between the data in the literature and our tem-
plate is plotted as a function of the pulsation phase and barycen-
tric Julian date (BJD) in the middle and right panels of Fig. 1,
respectively. As discussed in Anderson et al. (2015), there are
some systematical velocity offsets between the instruments used
by the different authors (~0.3kms~! at most), and possibly also
drifts with time (~0.02kms™!), but they are difficult to deter-
mine for each instrument and are not free of errors. In this study
we decided not to take them into account. We instead conducted
some tests and show that such offsets have a negligible impact
on our orbital parameter solution (see Sect. 5).

4. A Bayesian approach to deriving the orbital
parameters of the system

We applied a Bayesian inference methodology for the estimation
of the orbital parameters to the single-line spectroscopic obser-
vations of ¢ Cep, based on the No-U-Turn sampler Markov chain
Monte Carlo algorithm. For this, we used the BinaryStar tool
available on GitHub' (Carpenter et al. 2017; Videla et al. 2022).
This tool is designed to provide a precise and efficient estima-
tion of the joint posterior distribution of the orbital parameters
in the presence of partial and heterogeneous observations. The
tool allows to directly incorporate prior informations on the sys-
tem. We defined five priors. First, we used the trigonometric
parallax of the companion of 6 Cep as found by Kervella et al.

! https://github.com/mvidela31/BinaryStars
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Fig. 1. Radial velocity curves of ¢ Cep without correction from the presenc

e of the companion. Left: comparison of the high-quality cross-correlated

radial velocity curves, RV, (Gaussian fit of the cross-correlated function), of ¢ Cep available in the literature. These data are not corrected for

the center-of-mass velocity variation due to the inner companion, which

explains the dispersion obtained in the curves. The data studied in this

work are shown with blue triangles. For comparison, the pulsation template provided by Hocdé et al. (2023) (green curve) has been shifted by the
v velocity of —16.95km s~! found by Nardetto et al. (2017). Middle: radial velocity curve from the left panel compared to the pulsation template.
Right: same as the middle panel but as a function of the BJD. The long-term velocity variation due to the companion is clearly seen.
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Fig. 2. Same as Fig. 1 but after correction for the orbital velocity of the Cepheid component as described by the parameters listed in Table 2.
The residuals in the middle and right panels are plotted as a function of the pulsation phase and BJD, respectively. The derived pulsation velocity
curves shown in the left panel, including that from this work (blue open diamonds), have a dispersion much lower than in the left panel of Fig. 1.
The rms residuals in the middle and right panels are about 0.4kms™". The RV, curve corrected for the binarity and corresponding to this work

is also shown in Fig. 5.

(2019): m = 3.364 + 0.049 mas. The parallax from Gaia DR3,
T 3.5551 + 0.1475mas (Gaia Collaboration 2023), has a
renormalized unit weight error of 2.7, indicating that it is not
reliable. We also used four non-spectroscopic parameters from
Kervella et al. (2019, see their Table 2) based on Gaia: the esti-
mation of the mass of the primary and secondary components,
m; = 4.8 +£0.72 Mgy and my = 0.72 + 0.11 My, the orbital incli-
nation, i 163 + 14 deg, and the longitude of the ascending
node, QQ = 83 + 27 deg. To ensure a Bayesian fit, we assumed a
homogeneous uncertainty for all the radial velocity values in all
datasets of 0.15kms™!, which corresponds to the average of all
the available uncertainties.

The outputs of our model are 7, i, Q, the time of periastron
passage (T), the orbital period (Pq), the orbital eccentricity (e),
the orbital semimajor axis (a), the argument of periapsis (w), the

), the velocity

my

mass ratio of the individual components (q =
of the center of mass (Vj), and ,—/:, where f = ﬁ is the fractional
mass of the system. We ran different tests. We started by consid-
ering only two priors (7 and my), but Q, i, J;C, and g were poorly
constrained in this case. Thus, we decided to take all five priors

into account (Kervella et al. 2019). Using two or five priors does
not significantly change the results regarding 7', Py, €, a, OF w.

5. Results and discussion

The marginal posterior distributions of the orbital parameters
are presented in Fig. 3. The maximum a posteriori probabilities
(MAPs) as derived from the Bayesian inference in the multi-
parameter space are indicated for each parameter with a verti-
cal red line and are listed in Table 2. The horizontal black line
shows the 95% highest density probability intervals (HDPIs).
The HDPI values are indicated in the figure and are also reported
in Table 2. The left panel of Fig. 4 shows the maximum proba-
bility visual estimated orbit (black line) together with the whole
distribution of possible orbits (light gray lines). The right panel
shows the same, but for the maximum probability of the orbital
radial velocity curve, with the spectroscopic measurements pre-
sented in Sect. 3 overlaid. We also indicate at the bottom of
the figure the mean uncertainties associated with each dataset.
The scatter of old data (before the year 2000) compared to the
orbital model appears larger than the individual uncertainties.
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This might be due to the fact that our template model of the pul-
sation of the star, based on the recent data from Anderson et al.
(2015), is not totally adapted to these old datasets because of
uncorrected residuals in the secular period variation of the star
(Csornyei et al. 2022). Using the maximum probability model
(black line in the right panel of Fig. 4), we can correct all the
spectroscopic radial velocity measurements in our sample for
the orbital velocity of the Cepheid component (voy,). The derived
corrected radial velocities are plotted in the left panel of Fig. 2,
and the residuals compared to our reference pulsation velocity
template are shown as a function of the pulsation phase and BJD
in the middle and right panels, respectively. The v, in the case
of our new HARPS-N data from 2019 are indicated in Table 1,
and the final corrected radial velocity curve is plotted in Fig. 5.
As shown by Table 2 and in Fig. 3, the orbital parameters
are relatively well constrained. Anderson et al. (2016) found an
orbital period of about Py, = 6.028 +0.016 years (median value
of the distribution of probability), while we found a MAP of
Poy = 9.32 years. The two periods remain in the ratio 2:3, and
the correct count of the elapsed cycles is not easy to determine
when the rapid radial velocity variability due to an eccentric orbit
is confined to a small phase interval and the observed radial
velocity curve shows large gaps. In this respect, our 2019 data
are particularly constraining since they cover the quick ascend-
ing branch (see the right panel of Fig. 4). The derived radial
velocity curve of § Cep we obtain is of very good quality (Fig. 5).
For comparison, in Fig. 5 we also plot the corrected radial veloc-
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ity when using the spectroscopic orbital parameters as found by
Anderson et al. (2016, see the red squares). As an additional test,
we arbitrarily considered offsets of +£0.3kms™! on the different
datasets used in this study, including our 2019 HARPS data,
to simulate potential systematics or drifts in time between the
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different spectrographs. We find consistent MAP parameters
(i.e., consistent within their uncertainties). The rms of the residu-
als that we obtain using the orbital parameters we found is about
0.4kms~! (Fig. 2, middle and right panels).

6. Conclusion

Using our latest HARPS-N spectroscopic dataset, from 2019, as
well as data from the literature, we derived the orbital parameters
of the SB1 binary system of the prototype of classical Cepheids,
6 Cep. This allowed us to extract the radial velocity curve asso-
ciated with the pulsation of 6 Cep, which is crucial to continuing
our study of the dynamical structure of this star and, in particular,
the Baade—Wesselink projection factor for Cepheids. According
to our results, the system is now just after the quadrature in terms
of orbital velocity, and securing new data in the near future will
certainly help in confirming the orbital solution of the system.
Furthermore, the fourth Gaia data release will provide the epoch
astrometric positions of the system, which will constrain the ori-
entation of the orbit on the sky. As discussed in Anderson et al.
(2016), the discovery and characterization of the inner compan-
ion of ¢ Cep is important and should be investigated in the com-
ing decade.
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