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ABSTRACT
GALAH is a large-scale magnitude-limited southern stellar spectroscopic survey. Its second
data release (GALAH DR2) provides values of stellar parameters and abundances of 23
elements for 342 682 stars (Buder et al.). Here we add a description of the public release of
radial velocities with a typical accuracy of 0.1 km s−1 for 336 215 of these stars, achievable due
to the large wavelength coverage, high resolving power, and good signal-to-noise ratio of the
observed spectra, but also because convective motions in stellar atmosphere and gravitational
redshift from the star to the observer are taken into account. In the process we derive medians
of observed spectra that are nearly noiseless, as they are obtained from between 100 and 1116
observed spectra belonging to the same bin with a width of 50 K in temperature, 0.2 dex in
gravity, and 0.1 dex in metallicity. Publicly released 1181 median spectra have a resolving
power of 28 000 and trace the well-populated stellar types with metallicities between −0.6
and +0.3. Note that radial velocities from GALAH are an excellent match to the accuracy
of velocity components along the sky plane derived by Gaia for the same stars. The level of
accuracy achieved here is adequate for studies of dynamics within stellar clusters, associations,
and streams in the Galaxy. So it may be relevant for studies of the distribution of dark matter.

Key words: methods: data analysis – methods: observational – surveys – stars: fundamental
parameters.

1 IN T RO D U C T I O N

At first sight, measurement of stellar radial velocity (RV) seems a
rather trivial task. This view seemed to be reflected in a vivid debate
on the reorganisation of IAU commissions three years ago, when
an opinion was advanced that this is a ‘mission accomplished’.
Indeed, measurement of stellar RVs has a long tradition, dating
back to the 19th century (Vogel 1873; Seabroke 1879, 1887, 1889),
with perhaps the first large RV catalogue being the one of Wilson

� E-mail: tomaz.zwitter@fmf.uni-lj.si (TW); janez.kos@gmail.com (JK)

(1953). A huge success in detection of exoplanets using modern
spectrographs with excellent RV measurement precision (e.g. Pepe
et al. 2004) supports the same impression. On the other hand this
century has seen the first large-scale stellar spectroscopic surveys,
increasing the number of observed objects from 14 139 stars of
the Geneva-Copenhagen survey (Nordström et al. 2004), which
observed one star at a time, to hundreds of thousands observed
with modern multiple fibre spectrographs, as part of the RAVE
(Steinmetz et al. 2006; Kunder et al. 2017), Gaia-ESO (Gilmore
et al. 2012), APOGEE (Holtzman et al. 2015; Majewski et al. 2016),
LAMOST (Liu et al. 2017), and GALAH (De Silva et al. 2015;
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Martell et al. 2017) surveys. These efforts have been focused on
Galactic archaeology (Freeman & Bland-Hawthorn 2002), which
aims to decipher the structure and formation of our Galaxy as one of
the typical galaxies in the Universe through detailed measurements
of the stellar kinematics and chemistry of their atmospheres. RV
measurement is needed to derive the velocity vector of a star and
so permit calculation of action variables of its motion in the Galaxy
(e.g. McMillan & Binney 2008). Given a large span of Galactic
velocities and an internal velocity dispersion of �10 km s−1 seen
in different Galactic components, an accuracy of ∼1 km s−1 in
RV, which is generally achieved by the mentioned spectroscopic
surveys, seems entirely adequate. Such accuracy can be obtained by
a simple correlation of an observed spectrum with a well-matching
synthetic spectral template, thus supporting the simplistic view of
RV measurements we mentioned.

But we are on the brink of the next step in the measurement of
the structure and kinematics of the Galaxy. The European Space
Agency’s mission Gaia (Prusti et al. 2016) is about to publish
its second data release (Gaia DR2), which is expected to provide
parallaxes at a level of ∼40μas and proper motion measurements
at a level of ∼60μas yr−1 for a solar-type or a red clump star at
a distance of 1 kpc (we use equations from Prusti et al. 2016 and
neglect any interstellar extinction). This corresponds to a distance
error of 4 per cent and an error in velocity along the sky plane
of 0.3 km s−1. So it is desirable that the RV is also measured at a
similar level of accuracy. A special but very important case is stars in
stellar clusters, associations, and streams. Most of these aggregates
have such a small spread in distance that even Gaia cannot spatially
resolve them, but Gaia can clearly and unambiguously identify
stars that are members of any such formation. Note also that such
clusters are generally loosely bound, with an escape velocity at a
level of a few km s−1. Knowledge of the velocity vector at a level
of ∼0.1 km s−1 therefore allows us to study internal dynamics of
stellar aggregates. In a special case of spherical symmetry it also
permits us to judge the position of an object within a cluster. Stars
with a large radial velocity and small proper motion versus the
cluster barycentre are generally at a distance similar to the cluster
centre. But those that have a small radial velocity component, a
large proper motion, and projected location on the cluster core are
likely to be in front or at the back end of the cluster.

Deriving RVs of stars at a 0.1 km s−1 level is a challenge. Note
that we refer to accuracy here, while exoplanet work, for example,
focuses on precision. Also, we want to measure the RV component
of the star’s barycentre. So effects of convective motions in the stel-
lar atmosphere and of gravitational redshift need to be addressed.
Here we attempt to do so for data from the GALAH survey. The
paper is structured as follows: In the next three sections we briefly
discuss the observational data, data reduction pipeline, and prop-
erties of our sample. In Section 5 we present details of the RV
measurement pipeline. The results are discussed in Section 6, data
products in Section 7, and Section 8 contains the final remarks.

2 O BSERVATIONA L DATA

GALAH (Galactic Archaeology with HERMES) is an ambitious
stellar spectroscopic survey observing with the 3.9-m Anglo-
Australian Telescope of the Australian Astronomical Observatory
(AAO) at Siding Spring. The telescope’s primary focal plane, which
covers π square degrees, is used to feed light from up to 392 simulta-
neously observed stars into the custom-designed fibre-fed HERMES
spectrograph with four arms, which cover the wavelength ranges of
4713–4903 Å (blue arm), 5648–5873 Å (green arm), 6478–6737

Å (red arm), and 7585–7887 Å (infrared, IR arm). The fibres have
a diameter of 2 arcsec on the sky. Details of the instrument are
summarized in Sheinis et al. (2015). The resulting spectra have a
resolving power of R = 28 000. A typical signal-to-noise (S/N) ra-
tio per resolution element for survey targets is 100 in the green arm.
This is achieved after three 20-min exposures for targets with V �
14.0; for bright fields the exposure time is halved. In case of bad
seeing the total exposure time is extended using additional expo-
sures within the same night. ‘A spectrum’ in this paper refers to
data from a given star collected during an uninterrupted sequence
of scientific exposures of its field. Its effective time of observation
is assumed to be mid-time of the sequence.

GALAH is a magnitude-limited survey of stars with V < 14.0,
where the V magnitude is computed from 2MASS magnitudes as
discussed in Martell et al. (2017). Stars are selected randomly with
no preference for colour or other properties. To avoid excessive
reddening or crowding most of the targets are located at least 10
degrees from the Galactic plane. The upper limit on the distance
from the plane is set by the requirement that there should be ∼400
stars with V < 14.0 in the observed field of view with a diameter
of 2◦.

3 DATA R EDUCTI ON PI PELI NE

The GALAH data are reduced with a custom-built pipeline, which
is fully described in Kos et al. (2017); here we use results of its
version 5.3. The pipeline produces wavelength-calibrated spectra
with effects of flat-fielding, cosmetic effects, fibre efficiency, opti-
cal aberrations, scattered light, fibre cross-talk, background subtrac-
tion, and telluric absorptions all taken into account. Wavelength is
calibrated using spectra from a ThXe arc lamp, which are obtained
before or after each set of science exposures. The pipeline output
includes an initial estimate of radial velocity (RV synt), which is
determined through correlation of a normalized observed spectrum
shifted to a solar barycentric frame with a limited number of syn-
thetic template spectra. This radial velocity has a typical uncertainty
of 0.5 km s−1, which is accurate enough to allow alignment of the
observed spectra at their approximate rest wavelengths, as the RV
uncertainty is much smaller than the resolution of the spectra.

Our radial velocity measurement routines require estimates of
the following values of basic stellar parameters: the effective tem-
perature (Teff), surface gravity (log g), and metallicity, which in this
case actually means iron abundance ([Fe/H]). Values of these labels
are estimated by a multistep process based on SME (spectroscopy
made easy) routines, which are used as a learning set for The Cannon
data-driven approach, as described in Buder et al. (2018).

4 TH E SA MPLE

In this paper we publish RVs for 336 215 objects out of a total of
342 682 that form the second data release of the GALAH survey
(GALAH DR2). The differences between the two numbers are ob-
servations with bookkeeping issues on exact time of observation
which prevent accurate computation of heliocentric corrections.
Some of the published velocities may be influenced by system-
atic problems that are identified by three kinds of flags: (1) The
reduction flag points to possible problems encountered during ob-
servations, (2) the synt flag points to problems in initial estimate of
radial velocity, and (3) the parameter flag points to problems with
parameter determination during The Cannon data-driven approach,
frequently due to peculiarities like binarity or presence of emission
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(a) (b)

(c) (d)

Figure 1. Distribution of spectra for which we computed radial velocities
as a function of temperature (a), surface gravity (b), metallicity (c), and
Galactic latitude (d). The three histograms are for dwarfs (shaded grey),
giants, and their sum. The line dividing these two classes is defined in
equation (1).

lines. These flags are summarized in the value of FLAG CANNON

(see Buder et al. 2018, table 5). GALAH DR2, which is based on
The Cannon analysis with an internal release date of 2018 January
8, contains 213 231 spectra without such problems, that is with all
warning flags set to 0. Here we publish RVs for 212 734 of these
objects. Altogether our data base contains 514 406 RVs (from these
323 949 with all flags set to 0) derived with the same approach.
Additional spectra are either repeated observations of the same ob-
jects or objects observed as part of other programmes than GALAH,
which will be published separately. We plan to add radial velocities
for more spectra in the future, which will include new observations
but also hot and cool stars, for which no Cannon-derived values of
stellar parameters are available at this time. Fig. 1 shows distribu-
tions in temperature, gravity, metallicity, and Galactic latitude for
stars with our RVs. We distinguish between giants and dwarfs, with
the dividing line assumed to be

log g = g1 + (g2 − g1)(T1 − Teff )/(T1 − T2) (1)

where g1 = 3.2, g2 = 4.7, T1 = 6500 K, and T2 = 4100 K. Note
that the fraction of giants in Fig. 1d falls off as we move away
from the Galactic plane: An unreddened red clump star with an
apparent magnitude V = 13.5 is at a distance of ∼4 kpc, which,
unless observed close to the Galactic plane, puts it well into the
sparsely populated halo.

5 ME A S U R E M E N T O F R A D I A L V E L O C I T I E S

Here we review details of the RV measurement process. We discuss
(i) the input data, (ii) construction of a reference library of medians
of observed spectra, (iii) a library of synthetic spectra computed
from three-dimensional models that allow for convective motions
in stellar atmospheres, (iv) computation of radial velocity shifts
of the observed spectrum versus the observed median spectrum,
(v) of the observed median spectrum versus synthetic model, and,
finally, (vi) the allowance for gravitational shift of light as it leaves
the stellar surface to start its travel towards the Earth. In summary,
measurement of RVs consists of the following main steps: (a) We
compute median observed spectra and derive the RV of each star
versus median spectra, (b) we derive the zero-point for the median

spectra by comparing with a synthetic library that allows for three-
dimensional convective motions, and (c) we further improve the RV
by accounting for gravitational redshift.

5.1 Input data and construction of observed median
spectrum library

Input from the data reduction pipeline supplies an unnormalized
spectrum of the observed object with subtracted background and
telluric absorptions. It is calibrated in a wavelength frame tied to
the AAO observatory. The spectrum represents light collected dur-
ing an uninterrupted sequence of scientific exposures of a given
object, which normally lasts about an hour. The reference time at
mid-exposure is used to translate this spectrum into the heliocentric
reference frame using the IRAF routine rvcorr in its astutil package.
We use the J2000.0 coordinates of the source as input; any proper
motion is neglected. The observed spectrum is also normalized via
the continuum non-interactive routine in IRAF, using three pieces of
cubic spline for each of the four arms, with a symmetric rejection
criterion of ±3.5σ , 10 rejection iterations, and a growing radius of
1 pixel. This normalization is not intended to provide a classical nor-
malized spectrum, which would have a value of 1.0 in the continuum
regions away from spectral lines, because classical normalization
requires careful adaptations depending on the object’s type. What
we want is to make spectra of stars of similar types compatible with
each other. A low-order continuum fit with symmetric rejections is
entirely adequate for this purpose.

Next, we adopt the values of stellar parameters for the spectrum
determined by The Cannon routines, as described by Buder et al.
(2018). Values are rounded to the nearest step in the N�T ladder
in temperature, N� log g in gravity, and N�[Fe/H] in metallicity,
where N is an integer, �T = 50 K, � log g = 0.2 dex, and �[Fe/H]
= 0.1dex. These rounded values now serve as labels that indicate
to which stellar parameter bin our spectrum belongs. Even if the
uncertainties in stellar parameters for each observed spectrum might
be somewhat larger than our bins, we statistically beat them down by
doing an averaging in each bin. Systematic uncertainties of stellar
parameter values are typically much smaller than bin size. Note
that stellar rotation is generally slow in our sample and, similarly
to other line broadening mechanisms, it is very similar for spectra
within a given spectral parameter bin.

Finally, we use the initial value of radial velocity as determined
by the data reduction pipeline and which is reported in the value
of the column RV synt in Buder et al. (2018). As described in Kos
et al. (2017), these velocities are determined by a cross-correlation
of the observed spectrum in the blue, green, or red arm (normalized
with a single spline) with a set of 15 AMBRE model spectra (de
Laverny et al. 2012), which span 4000–7500 K in temperature, with
250 K intervals, while values log g = 4.5 and [Fe/H] = 0.0 are
assumed throughout. The value of radial velocity is determined as
an average of values determined from the blue, green, and red arms,
unless any of the values deviate by more than 3 km s−1, in which
case it is omitted from the average. These radial velocities have
typical errors of ∼0.5 km s−1, which are good enough to shift the
observed spectrum to an approximate rest wavelength.

All observed spectra are first resampled to logarithmic wave-
length steps of �λ/λ = 300 000−1. The median observed spectrum
in a given spectral parameter bin is then calculated as a median of
all observed shifted spectra in that bin, where only spectra with The
Cannon parameter flag set to 0 are considered. This condition ex-
cludes a vast majority of spectra with any type of peculiarity, such as
binarity or presence of emission lines, while other properties, such
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