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ABSTRACT

The Radial Velocity Spectrometer (RVS) is an integral
field spectrograph dispersing all the light entering its
∼2.5×1.6 deg2 field of view, with a resolving power
R = λ/∆λ = 11 500. The wavelength range of the RVS,
[848–874] nm, contains strong spectral features (Ca II
triplet in intermediate and late-type stars and Hydrogen
Paschen lines in early-type stars) as well as measurable
weak lines (e.g., Si I or Mg I). The RVS will collect the
spectra of about 100–150 million stars down to magni-
tude V' 17–18. Each source will be observed on aver-
age, at 93 successive epochs. The main aim of the RVS
is the acquisition of the radial velocities. As third com-
ponents of the velocity vectors, the radial velocities are
crucial to study the kinematical and dynamical history of
the Milky Way. Multi-epoch radial velocities will also be
very useful to identify and characterise double and mul-
tiple systems. Moreover, the radial velocities are neces-
sary to correct the astrometric measurements from per-
spective acceleration. The RVS should derive radial ve-
locities with precisions, at the end of the mission, for e.g.,
a solar metallicity G5 dwarf, of ∼3.5 km s−1 at V = 16
and ∼9.5 km s−1 at V = 17. The RVS will also provide
rotational velocities, atmospheric parameters, individual
abundances, interstellar reddening as well as numerous
stellar diagnostics (e.g., variability, mass loss).

Key words: Gaia; Space vehicles: instruments; Instru-
mentation: spectrographs; Techniques: spectroscopic;
Techniques: radial velocities.

1. INTRODUCTION

The main objective of the Gaia mission (Perryman et al.
2001; Mignard 2005; Perryman 2005) is to identify and
understand the mechanisms of formation and evolution
of the Milky Way. The keys to decipher the Galaxy his-
tory are contained in its present day spatial, kinematical
and chemical structure. The three complementary instru-
ments of Gaia will provide the information to map these
distributions. The astrometric instrument will determine
the coordinates, distances, absolute magnitudes (surface

∗On behalf of the Radial Velocity Spectrometer Working Group, see
http://wwwhip.obspm.fr/gaia/rvs/members.html

gravities through modelling) and proper motions. The
Broad and Medium-Band Photometers will constrain the
stellar atmospheric parameters as well as the 3D map of
the interstellar reddening. The Radial Velocity Spectrom-
eter (RVS) will provide the radial velocities as well as
stellar and interstellar parameters.

The acquisition of radial velocities for the largest pos-
sible number of Gaia targets constitute the first goal of
the RVS. As third components of the velocity vectors,
the radial velocities are crucial to study, without a pri-
ori assumptions, the kinematical properties of the Galaxy.
The radial velocities are also necessary to correct the as-
trometric measurements of ∼105 ‘nearby’ stars (Arenou
& Haywood 1998) from perspective acceleration: a time
quadratic apparent displacement induced by the motion
of the source along the line of sight. Finally, multi-epoch
radial velocities will be very useful for spotting transient
phenomenons and for detecting and characterising multi-
ple systems (Söderhjelm 2005) and variable stars.

The RVS wavelength range contains a mix of strong and
weak lines from different chemical species. This vari-
ety of spectral transitions will provide several stellar and
interstellar parameters in addition to the radial veloci-
ties: rotational velocities, atmospheric parameters1 (ef-
fective temperature, surface gravity, metallicity), individ-
ual abundances of several key tracers of the chemical his-
tory of the Galaxy (e.g., Si, Mg) and diagnostics of ‘par-
ticular’ stellar behaviours: e.g., mass loss. The RVS do-
main also contains a Diffuse Interstellar Band (DIB) lo-
cated at 862 nm, which, unlike other known DIBs, ap-
pears to be a reliable tracer of interstellar reddening (Mu-
nari 1999, 2000). The DIB will complement the photo-
metric observations for the derivation of the map of the
Galactic interstellar reddening.

The following sections review the different facets of the
Radial Velocity Spectrometer: instrument design (Sec-
tion 2), spectra (Section 3), performance (Section 4), ex-
pected scientific yield (Section 5) and on-ground data
treatment (Section 6). A more detailed description of the
instrument design and performance can be found in Katz
et al. (2004). Some information (e.g., RVS CCD assem-
bly) presented in the present article have been updated
with respect to Katz et al. (2004) to account for some

1The atmospheric parameters will be derived using jointly the astro-
metric, photometric and spectroscopic information.
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small modifications of the design. The RVS main tech-
nical issues as well as the RVS on-board processing are
discussed in Cropper et al. (2005). A detailed synthesis of
the RVS expected scientific harvest is given in Wilkinson
et al. (2005). Many articles in the present proceedings are
devoted to the RVS performance and scientific capabili-
ties. They draw a broad overview of the RVS technical
and scientific cases.

2. RVS DESIGN

2.1. Design Overview

The RVS is a near infrared ([848–874] nm) medium reso-
lution (R = λ/∆λ = 11 500) spectrograph. It is a slitless
and fiberless integral field instrument, dispersing all the
light entering its ∼2.5×1.6 deg2 field of view. As with
the other Gaia instruments, the RVS will repeatedly scan
the celestial sphere. During the 5 years of the mission, a
source will be observed, on average, at 93 epochs.

2.2. Optics

The Medium-Band Photometer (MBP) and the RVS are
illuminated by the same telescope (hereafter referred to
as Spectro telescope). The first half of the field of view
of the Spectro telescope is only imaged on the MBP. The
second half is imaged on both the MBP and the RVS. A
beam-splitter separates the blue wavelengths, which are
transmitted to the MBP, from the red wavelengths, which
are reflected toward the RVS. The Spectro telescope has
a collecting area of∼0.25 m2 and a focal length of 2.3 m.

Figure 1. Schematic view of the RVS and its environ-
ments. The light coming from the Spectro telescope is
separated by a beam-splitter into a ‘blue’ beam trans-
mitted to the MBP and a ‘red’ beam reflected toward the
mirrors of the RVS.

As shown on Figure 1, the RVS optical design is based
on the Offner relay concept. It is a purely reflective sys-
tem (without dioptric element) made of three mirrors. A
grating, ruled on the secondary mirror, disperses the light.
The spectral dispersion is oriented along the scan direc-
tion. A filter (whose location is not yet defined) will re-
strict the wavelength to the RVS domain ([848–874] nm)
and will block the secondary spectral orders. The RVS
has a focal length of 2.3 m.

2.3. Spectro Focal Planes

As illustrated by Figure 2, a source entering the Spectro
telescope field of view is first recorded by a group of 20
MBP CCDs distributed in 2 rows of 10 detectors each
(hereafter referred to as MBP-red, because they contain
the red MBP bands). After the crossing of the MBP-red
detectors, the light is divided by a beam-splitter into a
blue and a red component. The blue component crosses
a second group of 20 MBP-CCDs (called MBP-blue),
while the red component is dispersed by the Offner Relay
and crosses the RVS CCDs.

2.4. Spectro Sky-mappers & RVS Photometric Band

Contrary to Hipparcos, Gaia will use no input catalogue.
Yet, in order that the data stream fits within the telemetry
budget, only the pixels containing sources (e.g., asteroids,
stars, galaxies) will be transmitted to the ground. The
sources will be detected on-board Gaia, in real time, by
dedicated detectors named sky-mappers.

The MBP and RVS instruments share the same set of sky-
mappers (hereafter referred to as Spectro sky-mappers).
As shown on Figure 2, the Spectro sky-mappers are inte-
grated within the MBP-red detectors. The detection pro-
cess is first performed two times (by SSM1 and SSM2).
The two detection diagnostics are compared to discrim-
inate between true (i.e., source) and false (e.g., cosmic
rays, defective pixels) detections. Once a detection is val-
idated, the information is transmitted to all the detectors
that will be crossed by the source (i.e., MBP-red, MBP-
blue and RVS CCDs) in order that only the ‘relevant’ pix-
els be transferred to the ground. The detection process is
then repeated two times (by SSM3 and SSM4) to identify
and characterise moving objects (i.e., asteroids). The sky-
mappers are not filtered, but are illuminated in white light
to maximise the sources signal to noise ratios and thus to
improve the detection threshold. The Astro and Spectro
detection processes are described in detail in Arenou et al.
(2005).

Two of the red-MBP CCDs are filtered with the same fil-
ter as the RVS instrument. These ‘RVS magnitudes’ are
used on-board, together with the information provided
by the sky-mappers, to select the sources whose spectra
should be transmitted to the ground (e.g., spectra of ‘very
faint’ stars, for which no ‘accurate’ radial velocity can
be derived, will not be send to Earth). The ‘RVS magni-
tudes’ will also be used, subsequently on the ground, to
calibrate and analyse the spectroscopic data.
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Figure 2. Schematic view of the MBP and RVS instruments. SSM 1 to 4 are the 4 sky-mappers and RVF is the photometric
band which is filtered with the same filter as the RVS. The sources first cross (from left to right on the figure) the ‘MBP-
red’ CCDs, where they are detected by the sky-mappers. The ‘blue’ and ‘red’ wavelengths are then separated by a
beam-splitter. The ‘blue’ component crosses the ‘MBP-blue’ CCDs, while the ‘red’ one is dispersed by the RVS and
crosses the RVS CCDs.

2.5. RVS Focal Plane

The RVS focal plane is made of 20 CCDs grouped in
4 modules of 5 CCDs each and distributed on two rows
of 2 modules each. The RVS detectors are CCDs of ‘Low
Light Level’ (L3) type. This relatively recent technology
has been used for some years in ground observations. It
is currently in space qualification phase for use on-board
Gaia. The L3 CCDs are equipped with a signal ampli-
fier system, which reduces the relative contribution of the
readout noise. The RVS L3 CCDs will be operated with
a moderate gain, G = 10. This gain will reduce the total
electronic noise to 2 e− per pixel. Table 1 summarises the
characteristics of the RVS focal plane and detectors.

As the other Gaia detectors, the RVS CCDs are operated
in Time Delay Integration (TDI) mode: i.e., the charges
are shifted along scan by one pixel every 14.94 ms, to
follow the sources in their crossing of the focal plane.
The last column of each CCD is read at each TDI period.

The 10 CCDs (on each row) are scanning the same strip
of sky (with small shifts in time). To reduce the telemet-
ric flux, the 10 streams of data are corrected for cosmic
rays and defective pixels, remapped on a common frame
and coadded on-board, before transmission to the Earth.
The on-board processing of the spectroscopic data is de-
scribed in detail in Cropper et al. (2005).

Table 1. Characteristics of the RVS focal plane and
CCDs. Some quantities (such as CCD dimensions) are
still in optimisation phase and their values may still
slightly change over the next few months.

Focal plane dimensions 2.46×1.60 deg2

Focal plane effective area 2.30×1.47 deg2

Focal plane crossing time 148 s
Number of CCDs 10 × 2
CCD type Low Light Level (L3)
Operating mode Time Delay Integration
CCD dimensions 923×3930 pixel
CCD dimensions 0.23×0.74 deg2

Exposure per CCD 13.8 s
Pixel dimensions 10×15 µm2

Pixel dimensions 0.9×1.35 arcsec2

3. RVS SPECTRA

In late-type stars, the ionised Calcium triplet (849.80,
854.21, 866.21 nm) is the dominant feature in the RVS
wavelength range (848–874 nm). The intensity of the
Calcium triplet decreases with surface gravity, but re-
mains very strong in dwarf stars. RVS spectra also con-
tain many weak unblended (or moderately blended) lines
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Figure 3. Examples of spectra in the RVS wavelength range: a metal-poor K0 III (top left) and a K0 III (top right), a G0 V
(middle left), an F0 V (middle right), an A0 V (bottom left) and B0 V (bottom right) of solar metallicities.

of different chemical species and in particular of some al-
pha elements: e.g., Si I, Mg I. The spectra of the coolest
stars exhibit no strong molecular bandhead, but many
molecular transitions of CN and TiO are visible.

The spectra of early-type stars are dominated by lines of
the end of the Hydrogen Paschen series. The intensities

of these lines also decrease with gravity. Other lines are
also present in the spectra of hot stars: e.g., Ca II, N I,
He I and He II.

Figure 3 shows examples of spectra in the RVS wave-
length range, a metal-poor K0 III and five solar metal-
licity stars: a K0 III, a G0 V, an F0 V, an A0 V and
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a B0 V. The six spectra are synthetic spectra computed
using Kurucz atmospheric model (Kurucz 1993a), the
VALD atomic data (Piskunov et al. 1995; Ryabchikova
et al. 1999; Kupka et al. 1999) and N. Pyskunov SYNTH
program (Piskunov 1992). Table 2 summarises the stellar
parameters used to compute the synthetic spectra.

Table 2. Stellar parameters used to compute the synthetic
spectra presented in Figure 3.

Teff log g [Fe/H] [α/Fe] v sin i
(K) (dex) (dex) (km s−1)

K0 III MP 4650 2.0 −1.5 +0.4 5
K0 III 4650 2.0 0.0 0.0 5
G0 V 5950 4.5 0.0 0.0 5
F0 V 7300 4.5 0.0 0.0 50
A0 V 9800 4.5 0.0 0.0 50
B0 V 30000 4.0 0.0 0.0 50

4. PERFORMANCE

4.1. Radial Velocities

The acquisition of ‘accurate’ and precise radial velocities
for the largest possible number of stars is the primary goal
of the Radial Velocity Spectrometer. Table 3 presents the
RVS radial velocity precisions as a function of magni-
tude, for four different stellar types: a metal-poor K1 III
and a K1 III, a G5 V and an A0 V of solar metallici-
ties. As for similar earlier studies (Katz 2000; Munari
et al. 2001; Zwitter 2002; David 2002), the performances
have been evaluated by the Monte-Carlo method. For
each stellar type and each magnitude, 500 to 1000 (500
for the bright stars to 1000 for the faint ones) RVS-like
spectra have been simulated. Their radial velocities have
been derived, by cross-correlation in direct space with a
synthetic reference spectra. The standard deviations of
the distributions of radial velocity errors (recovered mi-
nus true radial velocities) multiplied by a safety margin
(see below) have been adopted as a measure of the radial
velocity precisions.

To simulate RVS-like spectra, high resolution
(R = 250 000) Kurucz synthetic spectra (Kurucz
1993b) have been convolved with a Gaussian profile
to the RVS resolving power and have been resampled
with 2 pixels per resolution element. The spectra have
been renormalised according to the source atmospheric
parameters, its apparent magnitude and the RVS char-
acteristics (e.g., collecting area, telescope reflective
index, CCD quantum efficiency). The photon counts
have been generated following a Poisson law and the
zodiacal light (assuming a surface brightness of V =
21.75 mag arcsec−2) and electronic noise have been
added. The spectra have been generated CCD by CCD,
transit by transit and have been co-added.

Many effects are not yet taken into account in the simu-
lations: e.g., realistic PSF profile, CCD charge trapping-
detrapping, wavelength calibration error. In order to ac-

count for those currently missing effects in the assess-
ment of the radial velocity performance, the standard de-
viations of the distributions of radial velocity errors are
multiplied by a safety margin of 1.4. This factor is al-
ready included in Table 3.

4.2. Crowded Fields

The RVS is an integral field spectrograph. As a con-
sequence, the spectra of ‘close’ neighbours will over-
lap. At high and intermediate Galactic latitudes, this phe-
nomenon will have little impact on the performance (the
precisions presented in Table 3 are representative of these
latitudes). On the contrary, in the dense fields of the disc
and bulge, the spectra overlapping rate will become very
high and will affect the RVS performance.

In the crowded areas, the ‘background’ of each source
will be made of the zodiacal light plus the superposition
of the spectra of the neighbouring objects. At each suc-
cessive observation of the same source, the spectrograph
will scan the sky with a different orientation. Therefore,
at each transit, the source will be perturbed by differ-
ent neighbours. As a consequence, neighbouring objects
with magnitudes fainter than V ' 14–15 will add mainly
a few photons of background and only very weak spectral
signatures. Brighter stars will also add visible spectral
features to the composite background, which will make
the analysis more difficult.

Zwitter (2003) has shown that, if one knows the neigh-
bours positions, spectral types, magnitudes and radial ve-
locities, it is then possible to model and subtract the com-
posite background. Positions, spectral types and mag-
nitudes will be provided by the astrometric and photo-
metric instruments. Radial velocities are less straight-
forward to obtain. They are at the same time neces-
sary to model the background and unknown character-
istics that should be extracted from the spectra. A prob-
able way to solve this ‘problem’ (which will be demon-
strated in forthcoming studies) is to proceed iteratively.
The stars are analysed from the brightest to the faintest:
i.e., their background is modelled and subtracted and
their radial velocities are derived. The full process (back-
ground modelling/subtraction/radial velocity derivation
of all sources) is repeated until convergence. At the
first iteration, the background of a given star is modelled
knowing the radial velocities of the sources brighter than
this star (which have already been analysed), but not of
the fainter stars. At the first iteration, these ‘faint’ per-
turbers can be represented by an average continuum (this
do not require to know the radial velocity). From the sec-
ond iteration, an estimate of the radial velocities of all
sources/perturbers has been obtained and their spectral
features can be ‘properly’ placed in the composite back-
ground.

Zwitter (2003) has performed a first assessment of the
impact of crowding on the radial velocity performance.
Up to ∼ 20 000 stars deg−2 with V ≤ 17, the crowding
has only a minor impact on the performance.
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Table 3. RVS radial velocity precisions, as a function of magnitude, for a single transit and at the end of the mission.

Single transit precisions (km s−1) End of mission precisions (km s−1)
Type [Fe/H] [α/Fe] V = 11 V = 13 V = 14.5 V = 15.5 V = 14 V = 16 V = 17 V = 18
K1 III −1.5 +0.4 ≤1 2.3 7.3 21.5 ≤ 1 2.7 6.7 24.7
K1 III 0.0 0.0 ≤1 1.5 4.5 10.7 ≤ 1 1.6 4.2 12.0
G5 V 0.0 0.0 ≤1 2.9 9.2 −− ≤ 1 3.4 9.4 −−

A0 V 0.0 0.0 11.5 −− −− −− 10.8 −− −− −−

4.3. Other Stellar and Interstellar Parameters

In addition to the radial velocities, the RVS spectra also
contain information on rotational velocities, atmospheric
parameters, individual abundances, interstellar reddening
and many other stellar diagnostics (e.g., mass loss). Ta-
ble 4 reviews the limiting magnitude and the number of
stars for which these stellar parameters will be provided
by the RVS. The methods foreseen to derive the rota-
tional velocities and the atmospheric parameters as well
as the performance expected are described in dedicated
articles in this volume: rotational velocities (Gomboc &
Katz 2005), atmospheric parameters (Recio-Blanco et al.
2005; Zwitter et al. 2005).

Table 4. Limiting magnitudes and number of stars for
which the RVS will provide radial velocities, rotational
velocities, atmospheric parameters and individual abun-
dances.

Vlim Nstars

Radial velocities 17–18 100–150 ×106

Rotational velocities 15–16 25–50 ×106

Atmospheric parameters 14–15 10–25 ×106

Abundances (e.g., Si, Mg) 12–13 2–5 ×106

5. EXPECTED SCIENTIFIC HARVEST

The RVS expected scientific harvest spans a large domain
from Galactic structure to stellar physics. A detailed re-
view is given in Wilkinson et al. (2005) as well as by the
many articles which are devoted to the Gaia science case
in the present proceedings. This section presents a few
examples of RVS expected scientific yields.

The RVS will determine the radial velocities of K giants
with precisions better than ∼10 km s−1 up to ∼20 kpc.
Combined with the astrometric data, these velocities will
be used to identify relics of past accretions of satellite
galaxies and to constrain the mechanisms of formation of
the Milky Way halo (Helmi & de Zeeuw 2000). The RVS
will also probe the kinematics of a part of the outer halo
with, e.g., stars at the tip of the red giant branch (RGB),
with asymptotic giant branch stars (AGB) and with CH-
type carbon stars, which will be observable up to ∼50–
75 kpc. This large, complete and unbiased sample of re-
mote tracers will allow to refine significantly the estimate
of the mass of the Milky Way halo (Wilkinson & Evans

1999; Wilkinson 2005). The RVS spectra will also pro-
vide information on the kinematics of the spiral arms and
of the young stellar population of the disc. Precisions bet-
ter than ∼5 km s−1 will be obtained for B5V stars up to
∼2.5 kpc and for Cepheids up to the edge of the disc.

The RVS will provide individual abundances (e.g., Mg,
Si, Ti) for ∼2–5 × 106 stars down to V ' 12–13. This
will allow the study of the chemical history of dwarf stars
within a radius of a hundred to a few hundreds parsecs,
e.g., ∼ 300 pc for a G5 dwarf, and of giant stars up to
several kiloparsecs, e.g., ∼ 2.5 kpc for a K1 giant (see
also Nissen 2005). The RVS will also contribute to the
search of extremely metal-poor stars (Spite 2005). It will
be able to identify stars with [Ca/H]< − 4.0 dex up to
several kiloparsecs.

The RVS will observe about 106 spectroscopic binaries
and about 105 eclipsing binaries. Of these 105 eclipsing
binaries, about 25% will be double-lined spectroscopic
binaries (SB2), for which it will be possible to derive the
masses of the two components (Söderhjelm 2005). Multi-
epoch radial velocities will also be very useful to monitor
the radial velocity pulsations of variable stars. For exam-
ple, radial velocities of classical Cepheids will be derived
with precisions per epoch of ∼5 km s−1 from about ten
to several tens of kiloparsecs (according to the Cepheid
period/intrinsic luminosity).

6. ON-GROUND CALIBRATION AND ANALYSIS
OF THE SPECTRA

During the 5 years of the mission, Gaia will collect
about ∼1012 astrometric measures, ∼2×1012 photomet-
ric measures and ∼1.5×1010 spectra. The huge number
of stars observed by Gaia (one billion for astrometry and
photometry and 100 to 150 millions for spectroscopy)
will span ‘all’ stages of stellar evolution and will include
most types of variable, peculiar, cataclysmic, binary and
multiple systems. The huge amount of data and their het-
erogeneity require the development of new, optimised,
robust and fully automated calibration and analysis algo-
rithms.

The implementation of the Gaia data archiving, calibra-
tion and analysis system is one of the challenges of the
mission. Since 2000, a prototype is developed in the
context of the Gaia Data Access and Analysis Study,
GDAAS (Torra 2005). The prototype is used to define
and test the numerical data model, the data input/output
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processes, the calibration of the satellite attitude, the cal-
ibration and analysis of the astrometric data (Lindegren
2001; Figueras 2005) as well as several data analysis al-
gorithms (Ansari 2005).

6.1. Calibrations

The RVS, as the other Gaia instruments, will be oper-
ated in relatively ‘unusual’ conditions: it will continu-
ously scan the sky during 5 years, it will observe 100–
150×106 stars at ∼93 different epochs (on average) and
it will be thermally, mechanically and optically extremely
stable. These factors should all together allow the RVS to
iteratively auto-calibrate itself.

Among the millions of stars observed by the RVS, there
will be a subset of stars which will be astrometrically,
photometrically and spectroscopically very stable during
the 5 years of observation. Those stars will be monitored,
by the three instruments, all along the mission. Changes
in their measured properties will trace the evolution of the
instrumental characteristics. Therefore, using the Gaia
observations of these stable reference stars it should be
possible to self-calibrate the RVS. The RVS calibration
philosophy is based on the pioneering work of Lindegren
(2001) for the calibration of the astrometric instrument.

The RVS self-calibration will comprise three phases:
(i) the characterisation of the stars (e.g., radial veloc-
ity), (ii) the identification and selection of stable refer-
ence sources and (iii) the calibrations of the instrument
(e.g., spectral dispersion law) using the self-selected ref-
erence stars. The three steps will be iterated until conver-
gence.

6.2. Data analysis

The RVS observations will be very heterogeneous. They
will include ‘all’ spectral types and luminosity classes,
most types of variable, peculiar, cataclysmic and multi-
ple systems. They will present very different signal to
noise ratios and very different levels of contamination by
neighbouring sources (see Section 4.2). The number of
epochs of observation will vary with the location of the
sources on the sky. The merits and drawbacks of existing
analysis techniques will be assessed as a function of the
different observing conditions in order to determine the
best suited to each case. When needed new methods will
be developed.

Astrometry, photometry and spectroscopy will all three
provide constraints on stellar surface gravities. Photom-
etry and spectroscopy will also carry information on ef-
fective temperatures, metallicities, alpha elements abun-
dances and interstellar reddening. In these cases, new
methods will be developed to combine ‘optimally’ the in-
formation from the different Gaia instruments.
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