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ABSTRACT

We present radial velocities with an accuracy of 0.1 km s~! for 2086 stars of
spectral type F,G,K, and M, based on ~29000 spectra taken with the Keck I tele-
scope. We also present 132 FGKM standard stars, all of which exhibit constant
radial velocity within 0.01 km s™' (RMS) for at least 10 years. All velocities are
measured relative to the solar system barycenter and are placed on the velocity
scale of Nidever et al. (2002). Comparison of our absolute radial velocities with
IAU standards shows agreement within ~0.1 km s~

ences from the different spectrometers are well characterized. The quoted radial

Small zero-point differ-

velocities contain no corrections for convective blueshift or gravitational redshift.
The radial velocities presented here serve as standards for all-sky surveys such
as Gaia and RAVE.
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1. Introduction

Here we establish 132 absolute radial velocity standard stars, and provide the velocities
for 2086 additional stars. By “absolute” radial velocities, we mean “barycentric” radial
velocities, referring to the star’s velocity relative to the center of mass of the solar system,

or the barycenter. We provide these velocities with uncertainties less than 0.1 km s—.

Radial velocity standard stars serve two notable purposes: allowing for comparison
between different instruments or observatories, and establishing absolute velocity zero points
for use in calibrations. Different surveys of stars have their own scientific objectives, but all
need accurate wavelength scales to ensure the quality of spectroscopic data.

Radial velocities are used for more than just calibrations, however. Our radial velocities
also serve as a tool for studying the kinematics of the galaxy. When combined with the
proper motion and positions detected using the upcoming Gaia space telescope, one can
create a vision of the three dimensional movement of the stars around us. Determining the
velocity vectors of various stars allows for the study of galactic structure and of fundamental
stellar properties.

Another area of interest is the search for possible long period binary stars. By making
available the velocities of so many stars at this time, we enable future observers to compare
their velocities and perhaps discover hidden companion stars.

2. Spectroscopic Observations

We obtained the spectra using the HIRES echelle spectrometer on the 10-m Keck 1
telescope. The standard stars observed have precise relative radial velocities computed using
the iodine cell/planet hunting technique, which confirmed the stability of their velocities over
10 years. However, to calculate our own absolute barycentric velocities, we use two template
spectra. For the FGK stars, we use a spectrum of Vesta as a solar proxy. For M dwarfs we
use a spectrum of HIP 80824 (spectral type M3.5). For both of these templates, we used
only certain sections of the spectrum: those unpolluted by telluric lines. We used an A star
to accurately determine the placement of these telluric lines, and chose four segments that
were free of them, as detailed in Section 4.

For our standard stars, we required that at least 3 spectra were obtained over a period
of 10 years. This guaranteed that the velocities obtained were indeed constant over a long
timescale.
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3. Barycentric Radial Velocities

Establishing and maintaining a single, well-defined velocity scale, including zero-point
accuracy and precision, is incredibly important in making radial velocities useful. They must
be comparable to and preferably quite close to other well-known scales. In particular, our
velocities are tied closely to those from Geneva, Harvard-Smithsonian, and the California
Planet Survey!.

We based our barycentric velocity measurements on the scale of Nidever et al. (2002)
Thus, we list the velocities as if measured from the Solar System barycenter, but with the
effects of the solar gravitational potential well removed. However, we do not take into account
the gravitational redshift nor convective blueshift of the star. The effects of redshift vary
with stellar masses and radii. Uncertainties in these quantities hinder the accurate removal
of the effects of gravitational redshift. Convective blueshift depends on spectral type Dravins
(1999), and we do not do the involved calculations necessary to account for it here.

4. Doppler Method

We use the well-known Doppler method to determine our absolute radial velocities. We
follow the example of Griffin et al. (2002) in using telluric lines to determine a zero point,
which is gone into more detail in Section 5.

We used a spline to transform the spectra to a logarithmic wavelength scale. Binning
the spectra linearly with In\ enabled us to detect any Doppler shift as a uniform linear shift,
with a shift of 1 pixel representing a Doppler shift of 1.30 km s~!. To account for fractional
pixel shifts, we oversampled a subarray around the minimum of each chi squared function
and fit a spline to the data.

We used the solar spectrum as a template with which to compare our stellar spectra.
Because the A and B bands, at 7594-7621 A and 6867-6884 A respectively, were present in
all of our spectra, we first used the A5 star HR 3662 to determine which sections of the
spectra were unpolluted by these telluric lines. We selected portions of the spectra rich in
stellar absorption lines but unaffected by telluric lines, and ran these segments against the
solar spectrum using a chi squared minimization. This provides us with the Doppler shift
of the stellar absorption lines. We applied a barycentric correction and ended up with a
velocity for each spectrum.

Thttp://exoplanets.org
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We did not account for gravitational redshift or convective blueshift. Both of these
errors are about a few tenths of a kilometer per second, and probably opposite in sign. Our
uncertainty is then for internal precision, not actual velocity.

5. Velocity Zero-Point

The velocities calculated were systematically off until we applied a correction the correct
zero-point. We first needed to determine the barycentric corrections for our original template
spectra. We calculated this by taking a sample of standard stars and comparing them to
the Nidever et al. (2002) velocities. By plotting the differences in velocities (present minus
Nidever) against the Nidever velocities, we were able to remove any systematic error and
force our absolute velocities onto the scale of Nidever et al. (2002).

To further improve our zero-point, we needed to account for small shifts of the CCD
over time. This time, we used the segments of our spectra that did contain telluric lines,
and again utilized y? minimization method to find the displacement of the telluric lines.

We subtracted this displacement from the apparent shift of the stellar lines in order to
find the true Doppler shift. Thus, we found the radial velocity as determined by the Doppler
shift of stellar absorption lines. We averaged the velocities given by each of the segments of
the spectra and give this as the present day value of the stars absolute radial velocity.

6. Comparison of Present Velocities with Standard Stars

The velocities of Nidever et al. (2002)’s varied from those of Udry et al. (1999a) and
Stefanik et al. (1999) by less than 0.1km s™! | and our own velocities’ differences from these
previous standard measurements are within a similar margin.

Our velocities differ from the standard stars of Udry et al. (1999a) by 0.072 km s~ (RMS)
for the 30 standard stars in common, with the zero-point differing by: < Viresent — Vudry >
= +0.063 km s~!. They differ from the standard stars of Stefanik et al. (1999) by 0.13
km s7! (RMS) for the 25 standard stars in common, and the zero—point changes by: <
Viresent — Vstefanik > = +0.15 km s~!. We also compare our measurements of M dwarves to
those of Marcy et al. (1987). We find that our velocities differ by 0.26 km s~! (RMS) and

our zero—points by: < Vipresent — VMarey > = 0.005 km s~! for the 17 stars in common.

These new velocities are thus congruent with the best known standard stars to within
0.1 km s~! , in both precision and zero-point.
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7. Uncertainty Estimates

We used two methods to estimate uncertainties for our 132 standard stars: the standard
deviation of the mean (the internal RMS scatter of points) and comparison with the published
values in Nidever et al. (2002). We considered the smallest viable uncertainty to be 0.03

km st

, as this was the uncertainty of the velocities given in Nidever et al. (2002). The
biggest of these three uncertainty values is listed in Tables 1 and 2 as a conservative estimate

of the uncertainty for each radial velocity.

We display the consistency of our radial velocities with those of Nidever et al. (2002)
in figures 5 and 6. The outliers with seemingly inconsistent radial velocities (a difference
greater than 0.5 km s™! ) are in fact easily explained-they are confirmed binary systems.
This exemplifies the usefulness of our results in the search for long term binary stars.

8. Final Radial Velocities and Description of Tables

The barycentric radial velocities for our 132 standard stars are reported in Tables 1 and
2. In Table 1, primary and alternate star names are given in the first three columns, and
the spectral type in column 4. Columns 5, 6, and 7 give information regarding the period of
observation, and columns 8 and 9 give the Nidever et al. (2002) velocities along with our own
present day ones. In the next two columns we list the standard deviation of our calculated
velocities, and the number of spectra used. We report the final velocity as an average of
the Nidever et al. (2002) and present velocities. We consider this appropriate as each set of
velocities is valid, and was determined using different spectral techniques. The uncertainty
recorded is the largest of three numbers: the difference between our velocity and Nidever’s,
the uncertainty in the mean, or 0.03 km s=! , which we called our cut—off point to prevent
artificially low uncertainties. Table 2 lists the same standard stars, but in a format more
suitable for observing. We give the primary name, position in RA and DEC, magnitude,
spectral type, final absolute radial velocity, and uncertainty.

Table 3 reports all 2086 stars (including the standards). The primary star name is given
in column 1, and the template type in column 2. V represents the Vesta spectrum (solar), and
M the M-dwarf spectrum. Next we give the average Julian date of our observations, along
with the number of days between the first and last observation. We then give the barycentric
radial velocity, number of observations, and standard deviation of our measurements.



-

9. Conclusion

We have provided barycentric radial velocities with an internal precision of 0.1 km s~! for
2086 stars, of which 132 are standards. The error estimates come from both the internal
errors found from our measurements and from the comparison with the standard velocities
of Stefanik et al. (1999) and (Udry et al. 1999a). Our absolute radial velocities were forced
to share the velocity zero—point defined by Nidever et al. (2002). Our velocity scale differs
by only 0.063 km s~! from that of Udry et al. (1999a), 0.15 km s~! from that of Stefanik
et al. (1999), and 0.007 km s™! from that of Marcy et al. (1987), which adds confidence to
the zero points of all three sets of velocities.

These velocities will be important in helping the upcoming Gaia space telescope in their
calibrations, along with supporting any work examining the kinematics of the galaxy. They
will act as a stepping stone to allow even more distant stars to be measured, as well as
assisting in the search for long-term binary stars.

We thank the University of California and NASA for allocation of time on the Keck
telescope. We acknowledge help from the California Planet Survey, Debra Fischer, Jason
Wright, John Johnson, Andrew Howard, and Howard Isaacson. Information from the Simbad
database, operated at CDS, Strasbourg, France, was used in this paper.
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Fig. 1.— Difference between velocities of standard stars and velocities measured here, for
stars in common with Udry et al. (1999a). The present velocities agree well with the stan-
dards, with an RMS scatter of 0.072 km s~! and a zero-point difference of 0.063 km s*.
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Fig. 2.— Difference between velocities of standard stars and velocities measured here, for

stars in common with Stefanik et al. (1999). The present velocities agree well with the

standards, with an RMS scatter of 0.13 km s~! and a zero-point difference of 0.15 km s~*.
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Fig. 3.— Difference between velocities of standard stars and velocities measured here, for
M dwarfs in common with Marcy et al. (1987). The present velocities agree well with the
standards, with an RMS scatter of 0.26 km s~ and a zero-point difference of 0.005 km s~!.
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Fig. 4.— Telluric A band seen in both the reference B star, HD 79439 (solid line) and the
program star, HD 182488 (dots). The spectrum of the program star is apparently displaced
redward by 0.437 pixels, due entirely to a change in the zero-point of the wavelength scale

caused by instrumental effects. This new zero-point is determined to within a hundredth of
a pixel (13 m s™!) by x? fitting.



— 84 —

1.0 LI R T T LI R T
v:'\ i N
‘e 0.5 -
S - i
5 - J
. s ° J
g i . o0 i
() °
S oor ° ° o8 oo e 7]
2 B ° PR ) d o °® h
T . . ]
g [ . ]
& 05 ' ]

g0l .., e e e L]

1.3 1.4 1.5 1.6
B-V

Fig. 5.— Difference between present velocities and those of Nidever et al. (2002) for all M
dwarfs in common.
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Fig. 6.— Difference between present velocities and those of Nidever et al. (2002) for all

F,G, and K stars in common. Note that the stars with a velocity difference greater than 0.5

1

km s7 are actually confirmed binary systems.
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Fig. 7.— Location of the stars in this program in equatorial coordinates.



