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Abstract
We present our final orbit for the late-type spectroscopic binary Henry Draper
one (HD 1). area total of 553 spectra from 13 years of observations are used with
our robotic STELLA facility and its high-resolution echelle spectrograph SES. Its
long-term radial velocity stability is ≈50 m s−1. A single radial velocity of HD 1
reached an rms residual of 63 m s−1, close to the expected precision. Spectral
lines of HD 1 are rotationally broadened with a v sin i of 9.1± 0.1 km s−1. The
overall spectrum appears single-lined and yielded an orbit with an eccentric-
ity of 0.5056± 0.0005 and a semiamplitude of 4.44 km s−1. We constrain and
refine the orbital period based on the SES data alone to 2, 318.70± 0.32 days,
compared to 2, 317.8± 1.1 days when including the older dataset published by
DAO and Cambridge/Coravel. Owing to the higher precision of the SES data,
we base the orbit calculation only on the STELLA/SES velocities so as to not
degrade its solution. We redetermine astrophysical parameters for HD 1 from
spectrum synthesis and, together with the new Gaia DR-2 parallax, suggest a
higher luminosity than published previously. We conclude that HD 1 is a slightly
metal-deficient K0 III-II giant 217 times more luminous than the Sun. The sec-
ondary remains invisible at optical wavelengths. We present evidence for the
existence of a third component.
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1 INTRODUCTION
Attracted by the star’s outstanding Henry Draper (HD)
number and the fact that almost nothing substantial was
known about it, we decided to monitor the target on
our STELLA robot in Tenerife starting in the year 2007.
It soon turned out that HD 1 is a long-period spectro-
scopic binary, and we wrapped up our initial collection
of STELLA data for a first paper, including a preliminary
orbit (Strassmeier et al. 2010, hereafter Paper I). What we
did not know at that time was that the target had been

[Correction added on 23 February, after first online publication: Projekt
Deal funding statement has been added.]

observed by R. McClure at the Dominion Astrophysical
Observatory (DAO) in Canada from 1980 until 1994, and
observation was continued thereafter by R. Griffin in Cam-
bridge, U.K., from 2002 until 2008. At the time we had
submitted our Paper I, Griffin & McClure (2009) had inde-
pendently derived an orbit from their data and published
it in The Observatory. No arXive or other information
across the continent was available then, so we missed it.
We apologize deeply.

Almost needless to say, although relaxing, is that the
two orbits agreed very well. The high eccentricity and
even the periastron longitude, usually a not well-defined
element, agreed to within its errors. Only marginal
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differences were seen for the systemic velocity and the
semiamplitude, probably owing to zero-point differences
between the three telescope–spectrograph systems. While
the DAO/Cambridge dataset had a much longer baseline
in time than ours (28 years vs. 3 years), our data were more
precise by more than a factor of four as judged from the
root-mean-square (rms) residual of a single radial veloc-
ity (RV) of unit weight with respect to the orbital solution
(73 m s−1 vs. 310 m s−1). Consequently, and despite the
large difference in the baseline, even the orbital periods
agreed to within the respective errors but were uncom-
fortably uncertain in our case (±69 days) compared to the
Griffin & McClure (2009) orbit (±2.7 days).

In this paper, we present our final orbit of HD 1. We
add 10 more years of STELLA monitoring of the target with
the same telescope–spectrograph combination as in Paper
I and now have 553 echelle spectra and high-precision RVs
available.

2 OBSERVATIONS AND DATA
REDUCTION

All observations were made with the two 1.2-m STELLA
telescopes on Tenerife in the Canary islands and the
fiber-fed echelle spectrograph SES (Strassmeier et al. 2004;
Weber et al. 2012). Up to 2012, SES was fed from one of the
two Nasmyth foci of STELLA-I. In early 2012, the fiber was
moved to the prime focus of STELLA-II. The spectra cover
the full optical wavelength range from 390 to 880 nm, with
an average resolving power of R = 60, 000 at a sampling
of two pixels per resolution element. SES employs an e2v
2k× 2k CCD detector. The slightly higher spectral resolu-
tion compared to the earlier data in Paper I (55,000) was
made possible with a two-slice image slicer and a 50 - μm
fiber, resulting in a projected sky aperture of 3′′.7. At a
wavelength of 600 nm, this corresponds to an effective res-
olution of 5.5 km s−1 or 110 mÅ. The average dispersion
is 45 mÅ/pixel. Further details of the performance of the
system can be found in previous applications to compara-
ble stars, for example, in Weber & Strassmeier (2011) or
Strassmeier et al. (2020).

For HD 1, we adopted an integration time of 1,200 s.
The signal-to-noise ratios (S/N) achieved ranged between
70:1 and 300:1 per pixel, depending on weather conditions.
A full SES example spectrum was shown in Paper I. The
first spectrum of HD 1 was taken on May 6, 2007, and
the last one on October 5, 2020, thus covering more than
13 years. Our initial STELLA observations for the prelim-
inary orbit in Paper I were from 2007 to early 2010. We
thus add 10 more years of data in the present paper. The
total number of CCD frames obtained was 602, of which

29 (≈5%) had to be discarded because of too low an S/N
due to thick clouds or CCD cooling interruptions. From
the remaining 573 RV measurements, 20 were discarded
by the three-sigma clipping during calculation of the orbit,
leaving 553 for the final orbit calculation. All these 20 dis-
carded data points had low S/N, typical of spectra taken
through thin clouds.

SES spectra are reduced automatically using the
IRAF-based STELLA data reduction pipeline (Weber
et al. 2008). The images were corrected for bad pixels and
cosmic ray impacts. Bias levels were removed by subtract-
ing the average overscan from each image followed by the
subtraction of the mean of the master bias frame (from
which the overscan had already been subtracted). The tar-
get spectra were flattened via dividing by a nightly master
flat, which has been normalized to unity. The nightly mas-
ter flat itself is constructed from around 50 individual
flats observed during dusk, dawn, and around midnight.
After removal of scattered light, the one-dimensional spec-
tra were extracted using an optimal-extraction algorithm.
The blaze function was then removed from the target
spectra, followed by a wavelength calibration using con-
secutively recorded Th-Ar spectra. Finally, the extracted
spectral orders were continuum-normalized by dividing
with a flux-normalized synthetic spectrum of comparable
spectral classification as the target.

3 ORBIT DETERMINATION

RVs from the STELLA spectra were determined from an
order-by-order cross-correlation, with a synthetic template
spectrum calculated using MARCS atmospheres (Gustafs-
son et al. 2008), the Turbospectrum code (Plez 2012), and
a line list taken from VALD (Ryabchikova et al. 2015)
with parameters that matched HD 1. Of the 82 echelle
orders, 60 were used for the cross-correlation, the indi-
vidual cross-correlations were weighted according to the
spectral region and averaged, and the RV was measured by
a fit to this average function. Its rms defines our internal
RV error (≈8 m s−1). The external rms values are naturally
significantly larger and strongly depend on the star, with
its line broadening and blending. All RVs in this paper
are barycentric and are corrected for Earth’s rotation.
A complete list of our RV data is available at CDS.1

As in Paper I, we solved for the elements of a
spectroscopic binary using the general least-squares fit-
ting algorithm MPFIT (Markwardt 2009). For solutions
with nonzero eccentricity, as in this paper, we used the

1 via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://
cdsweb.u-strasbg.fr/cgi-bin/

http://cdsarc.u-strasbg.fr
http://cdsweb.u-strasbg.fr/cgi-bin/
http://cdsweb.u-strasbg.fr/cgi-bin/
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F I G U R E 1 Radial velocities and orbit for HD 1. The dashed horizontal line is the systemic velocity. The filled dots are the STELLA/
SES velocities, the open squares are the DAO, and the open diamonds the Cambridge/Coravel velocities. A total of 553 SES, 34 DAO, and 30
Cambridge/Coravel velocities were employed. The full line is the orbital solution from the SES data alone

prescription from Danby & Burkardt (1983) for the calcu-
lation of the eccentric anomaly. The data and the orbital
fit are shown in Figure 1. The orbital elements are listed in
Table 1.

For the present orbit determination, we took advantage
of the Griffin & McClure (2009) dataset. It soon became
apparent, however, that their data precision per observa-
tion was actually degrading the STELLA solution. Griffin
& McClure (2009) had to first bring their two datasets
into systematic agreement by shifting the DAO velocities
by +1.2 km s−1 with respect to the Cambridge/Coravel

data. In addition, and to account for the diverging data
precision, they assigned a weight of 0.4 to the DAO data
and unity to the Cambridge/Coravel data.

In the SES data, we found a linear trend of
−0.011± 0.002 m s−1 per day in the residuals of the orbital
solution, which causes an ≈50 m s−1 offset between the
first and the last RV point in the STELLA time coverage.
The origin of the trend remains unknown but could be
due to an unseen third component with a very long orbital
period but, in principle, could also be due to a hitherto
unknown time-dependent instrumental drift. Because
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T A B L E 1 Orbital elements of HD 1

Orbital
element

SES alone
(=final orbit) All data

P (days) 2318.70± 0.32 2317.8± 1.1

T0 (HJD 245+) 6,837.88± 0.44 6,837.6± 1.2

𝛾 (km s−1) −30.145± 0.003 −30.177± 0.007

K1 (km s−1) 4.446± 0.004 4.435± 0.013

e 0.5056± 0.0005 0.503± 0.002

𝜔 (deg) 220.97± 0.15 221.0± 0.4

a1 sin i (106 km) 122.3± 0.13 122.2± 0.4

f (M) (M⊙) 0.01359± 0.00004 0.0136± 0.0001

rms (m s−1) 63 155

N 553 622

our RV standard stars do not show such a drift, we are
inclined to believe that we see the indirect signature of a
third component. The interpolated RV values from the fit
are used as a correction for all SES RV points for the final
orbital solution.

We kept the relative shift of the DAO velocities with
respect to the Cambridge/Coravel velocities, as suggested
by Griffin & McClure (2009), but shifted both datasets
by −0.85 km s−1 in order to match the SES velocities.
The new shift was determined from a minimization of
the Cambridge/Coravel velocity residuals with respect
to the SES orbit when they overlapped in time with
STELLA observations (HJD 2,454,250.59–671.61). The
lower-precision DAO velocities do not align perfectly with,
but also do not contradict, the trend the SES and Cam-
bridge/Coravel velocities suggest but are too noisy for a
conclusive verification. We note that the SES velocities are
on the IAU system defined by Udry et al. (1999). Figure 2
shows the residuals of all three datasets and their individ-
ual shifts applied. The line is the linear fit to the SES trend
mentioned above.

The final elements are derived from SES data alone
and reach an rms residual of 63 m s−1 for a data point
of unit weight. The lowered precision and the uncertain
zero points for the Griffin & McClure (2009) dataset forced
us to make a decision not to use the DAO/Cambridge
data for the final orbital solution but only for the initial
period determination. Nevertheless, in the second column
of Table 1, we give the orbital elements that we derive if
all data are employed with equal weight, and the shifts
as shown in Figure 2. The overall rms of its solution is
155 m s−1 . The two orbital solutions agree within their
errors, but as the precision of even the period determina-
tion is so much better in the SES solution, we decided to
also use that period despite the shorter time coverage. At
this point, we also note that the STELLA/SES data in the

F I G U R E 2 RV residuals of the three datasets versus JD with
respect to the final SES orbit. Shown are the RVs before and after
the shift applied. Symbols are as in Figure 1. The original unshifted
data are represented by the same symbol type but are filled in. The
line is a fit to the linear trend of the SES data

present paper were shifted with a slightly different value
compared to Paper I in order to match the IAU/Coravel
zero point defined by Udry et al. (1999). The new STELLA
RV zero point was obtained by Strassmeier et al. (2012) as
+0.503 km s−1 from long-term observations of 22 RV stan-
dard stars. This value had been added to all RVs of HD 1
sent to CDS.

4 DISCUSSION

Precise astrophysical parameters of giant stars are uncer-
tain because there are only a few such stars that can be
studied in spectroscopic binary systems, and even fewer
are also eclipsing binaries. Roche lobe overflow and mass
exchange usually set a limit to the stellar radius in a close
binary. For HD 1, we selected 26 spectral regions from the
STELLA/SES spectra covering the range 543–754 nm and
used them to redetermine the stellar effective temperature
Teff, the gravity log g, the metallicity [M/H], the rotational
broadening v sin i, and the microturbulence 𝜉t. We applied
the program ParSES (PARameters from SES), which is
based on the synthetic spectrum-fitting procedure laid out
by Allende-Prieto et al. (2006). Model spectra were again
calculated using MARCS, Turbospectrum, and an initial
VALD line list. Synthetic spectra were pretabulated for a
large parameter and wavelength range. This grid was then
used to compare with the selected spectral regions of the
individual HD 1 spectra. For the final fit, we adopted the
Gaia-ESO “clean” line list (Jofré et al. 2014) with windows
of varying widths around the line cores of between ±0.05
and ±0.25 Å. The number of free parameters was five (Teff,
log g, [M/H], v sin i, 𝜉t). Table 2 lists the results. These val-
ues supersede the values given in Paper I. Internal errors
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T A B L E 2 Summary of astrophysical data of HD 1

Parameter Value

V -magnitude (average) 7.37 mag

Spectral classification K0 III-II

Gaia DR-2 distance 365± 5 pc

MV −0.73± 0.03 mag

AV 0.29 mag

Teff 4882± 36 K

log g 2.18± 0.13 cm s−2

v sin i 9.11± 0.02 km s−1

[M/H] −0.16± 0.04

𝜉 1.81± 0.01 km s−1

Radius 20.7± 0.3 R⊙

Luminosity 217± 6 L⊙

Mass 3.5± 0.1 M⊙

Age ≈300 Myr

Note: Errors for the spectrum synthesis values (Teff, log g,
[M/H], v sin i, 𝜉t) are internal errors. See text.

are obtained from the rms of the fits to the various selected
wavelength regions. The more relevant external errors are
estimated from comparisons with benchmark stars (see
Strassmeier et al. 2018). For the present spectra, the exter-
nal error for Teff is 70 K; for log g, it is 0.1 dex, and for
[M/H], it is typically below 0.1 dex.

The second ESA/Gaia data release (DR-2; Gaia collab-
oration 2018) gave a parallax of 2.7368± 0.0371 mas for
HD 1, which puts the star at a distance of 365± 5 pc.
The previous best parallax, the revised Hipparcos paral-
lax of 3.20± 0.48 mas (van Leeuwen 2007), placed HD 1
at a distance of 312+55

−41 pc, which is closer by 53 pc and is
only 30 pc closer than the originally published Hipparcos
parallax of 2.53± 0.69 mas by ESA (1997). However, the
Gaia parallax has, by far, the superior precision. In addi-
tion, the new distance further increases the discrepancy
of the absolute brightness from the parallax and the one
expected from a nominal K0 III giant inferred from the
spectral synthesis in Paper I. The revised absolute bright-
ness of HD 1 is now MV = − 0.73± 0.03 mag. We applied
the same mean extinction value from Henry et al. (2000)
as we had used in Paper I (AV = 0.8 mag kpc−1). With
Teff = 4882 K from the spectrum synthesis, in this paper,
the bolometric magnitude Mbol is −1.09 mag, and with a
solar bolometric magnitude of +4.75 mag, the luminos-
ity of HD 1 is 217± 6 L⊙. The Stefan-Boltzmann law then
constrains the stellar radius to 20.7± 0.3 R⊙. These values
are better matched by a luminosity class of III-II instead
of III, as previously suggested by the spectrum synthe-
sis. It is in agreement with various luminosity-sensitive

F I G U R E 3 Interstellar absorption lines in the spectrum of
HD 1. Top: The sodium Na i D1 and D2 lines around 5,890 Å.
Bottom: The potassium K i line at 7,699 Å. The respective
Interstellar Medium absorptions appear redshifted with respect to
the photospheric lines and a few percentages deeper. Overplotted
are two nearby reference stars of similar spectral classification
(𝛽 Gem = HD 62509, and 35 Peg = HD 212943). All spectra are
shifted to the rest wavelength

spectral line ratios (Strassmeier & Fekel 1990) and also bet-
ter explains the presence of a strong interstellar absorption
seen in the Na i D and the K i doublets. Figure 3 shows this
in comparison with two nearby giants of similar spectral
classification. Because HD 1 falls on the ascent of the red
giant branch (RGB), its mass inferred from a comparison
with evolutionary tracks is uncertain, particularly because
the star appears to be significantly metal deficient with
[M/H] = −0.16. Following Paper I, we estimate a mass
of ≈3.5 M⊙ at an age of ≈300 Myr if it is the first ascent
of the RGB. Table 2 summarizes the revised astrophysical
parameters of HD 1. With the new Gaia parallax, HD 1 is
slightly more massive and more luminous than a nominal
K0 class-III giant. It may even be a triple system.
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