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The    RAVE    Survey

• Spectroscopic high latitude survey of the MW 

9 < I < 13 

• GAIA spectral range and resolution 

Ca triplet region (8400-8800Å), Reff=7500 

• 6dF at the 1.2m UKST in Australia 

100-120 fibres 

38 sqdeg FoV 

• Scheduled operation: 4/2003 – 4/2013 

7 nights per lunation up to 8/2005 

25 nights per lunation since 8/2005 

• 574,630 spectra for 483,330 stars 

catalogue of 40000 active stars
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as a mission in the German national space program DLR) 

astrometry of some 40M stars 

complete to V=10.5 (0.3mas, 0.5mas/a) 

but no RVs

•target of opportunity: bright time of 6dF (6dFGRS in dark 
time) → Ca triplet

•RAVE 1st light in April 2003 (pre 2MASS, pre GCS) 
there may be more in the data than just RVs

•DIVA was cancelled in 2004 owing to lack of global DLR 
funding
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λ range: 8410-8795Å (Gaia wavelength range) 
Resolution R=7500 at 8600Å; Dispersion = 0.4Å/pix

            Spectra 

From the RAVE  spectra 
we obtain: 

• radial velocities 

• stellar parameters  
(effective temperature,  
gravity and metallicity) 

• chemical abundances  

• RAVE + photometry  
→ distances



RAVE:      4th public data release 

• Intermediate resolution (R~7500) 
• 425 561 stars,  
• 482 430 spectra  

 (DR3: 77 461 stars) 

• 9 < I < 12 mag 

Database: 
✓ Radial velocities 
✓ Spectral morphological flags  
✓  Teff, logg, [M/H]  
✓ Mg, Al, Si, Ti, Ni, Fe  
✓ Line-of-sight Distances 
✓  Photometry:  

    DENIS, USNOB, 2MASS, APASS 
✓ Proper motions:  
     UCAC4, PPMX, PPMXL, Tycho-2, SPM4 

Kordopatis et al. 2013
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RAVE         selection function: DR4 footprint
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2 T. Pi✏ et al.

Figure 1. The survey footprint we adopted for our study (black
line) in Galactic coordinates. The green dots show all RAVE tar-
gets. In this study we only consider stars within the footprint.

426 945 individual stars. Roughly 10 per cent of these stars
have been observed more than once.

The spectra were taken in the Ca ii-triplet region (8410
– 8795 Å) with an e↵ective spectral resolution of R = 7000.
The strong Calcium absorption lines allow a robust deter-
mination of the line-of-sight velocities via the Doppler e↵ect
even with low S/N (&10 per pixel). The region further coin-
cides with the wavelength window which is being observed
by the spectrograph of the Gaia satellite (e.g. Prusti 2012).
In order to provide an unbiased velocity sample the survey
selection function was kept as simple as possible and based
only on photometry. We will discuss the detailed selection
function below.

In addition to the very precise line-of-sight velocities,
v
los

, with typical uncertainties of around 2 km s�1 (median
uncertainty), several other stellar properties could be de-
rived from the spectra. The astrophysical parameters, ef-
fective temperature (T

e↵

), surface gravity (log g), an overall
metallicity ([Fe/H]) (Zwitter et al. 2008; Siebert et al. 2011;
Kordopatis et al. 2013b) and a limited range of individual
elemental abundances (Boeche et al. 2011) were multiply es-
timated from the spectra using di↵erent analysis techniques.

Binney et al. (2014b) used these estimates to derive
spectro-photometric distance estimates for a large fraction
of the stars in the survey. Matijevič et al. (2012) performed
a morphological classification of the spectra that allows to
identify spectroscopic binaries and other peculiar stars in
the sample. All targets in the DR4 were also cross-matched
with other data bases to be augmented with additional infor-
mation like apparent magnitudes in other filter pass-bands
and proper motions. If not stated otherwise, throughout this
work we adopt the parallax1 estimates, $, provided by Bin-
ney et al. (2014b) and the proper motions from the UCAC4
catalogue (Zacharias et al. 2013).

2.1 Survey footprint

RAVE generally avoided regions on the sky with large ex-
tinction, mainly close to the Galactic disc and the Bulge re-

1 According to Binney et al. (2014b) the parallax estimates are
more robust than the direct distance estimates.

gion. Exceptions were a number of calibration fields around
|b| = 0� and several targeted observations of open clusters in
the plane and close to the horizon. In addition, there are a
few fields in higher extinction regions north of the Galactic
centre that originate from an interim input catalogue. We
exclude all these fields as the target selection in these fields
di↵er from the general selection procedure and/or the anal-
ysis results are less reliable due to the high reddening. Fig. 1
shows the adopted survey footprint that is also described in
Kordopatis et al. (2013b). For the rest of the study we will
only consider stars within the footprint. This excludes about
5000 of all stars targeted by RAVE.

2.2 Sample selection

To construct our main RAVE sample which we will use to
evaluate RAVE’s selection function we first remove all re-
peat observations and keep for each star only the observa-
tion with the highest S/N. Then, in concordance with the
recommendations by Kordopatis et al. (2013b) we remove
bad measurements from the catalogue by selecting all stars
that have

• S/N � 20,
• |correctionRV| < 10 km s�1,
• �(v

los

) < 8 km s�1,
• correlationCoeff > 10 (Tonry & Davis (1979) corre-

lation coe�cient).

The last four of these criteria were chosen, because their
violation hints to a problem in the observed spectrum. We
further explicitly impose the J � Ks > 0.5 colour criterion
below |b| = 25� because it was not enforced in a few fields.
With the additional constraints from the survey footprint
shown in Fig. 1 this leaves us with ⇠ 358 000 stars or ⇠
84 per cent of the RAVE stars. This sample is then used
to assess the completeness S

select

as described in the next
section.

3 THE SELECTION FUNCTION

3.1 Target selection and completeness

The RAVE survey was designed to have a very simple selec-
tion function. In order to minimise any biases in kinematics
or chemistry the initial target selection was based only on
the apparent I-band magnitude (9 < I < 12) and angu-
lar position of the stars. Later in the course of the survey
the angular footprint of the survey was expanded to include
also regions close to the Galactic disk and bulge (Galactic
latitude |b| < 25�). In these new regions a colour criterion
J � Ks � 0.5 was imposed to select for cool giant stars
(Kordopatis et al. 2013b).

Another fact to consider is that the input catalogue
was divided into bins in I-magnitude to optimise exposure
times and avoid extensive fibre cross-talk. The stars from
the brighter bins where preferentially observed. This results
in jumps and breaks in the overall I-magnitude distribution
of the observed stars as illustrated in Figure 2.

We can thus assume that the probability, S, of a star
being observed by the RAVE survey is

S / S
select

(l, b, I, J �Ks), (1)

c� 2014 RAS, MNRAS 000, 1–9
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DR4 radial velocities
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Benchmark stars (Jofre et al 2014)

•Jofre et al. 2014 ~ 30 stars observed with ESPADON 
(R ~ 65 000) and NARVAL (R ~ 80 000) to be the 
standards for Gaia-ESO and Gaia: 

Distances and angular diameter of the stars known.

15

Most	  of	  the	  RAVE	  stars

uncalibrated

calibrated



DR4 stellar parameters



DR4 distances
4 J. Binney et al.

Figure 1. Histograms of the difference between the Hipparcos parallaxes and the expectation of the parallax from the spectrophotometry.

Figure 2. Histograms of the difference between the Hipparcos parallaxes and expectation of the parallax from the spectrophotometry
when the extinction is assumed to be zero.

to be brought closer to match the observed magnitudes. The
overall effect is to increase the spectrophotometric parallaxes
by ∼ 0.15σ, so those of the hot dwarfs are now on average
too large by ∼ 0.27σ, while those of the cool dwarfs are too
large by ∼ 0.08σ.

Fig. 3 compares the distribution in the fractional er-
rors in Hipparcos parallaxes (shown in red) with the corre-
sponding errors for our parallaxes. For hot dwarfs our error
distribution is materially narrower, with nearly all values
of σπ/ ⟨ϖ⟩ falling in the range (0.18, 0.38) with a median
value of 0.26. The errors in the parallaxes of cool dwarfs are
rarely larger than 0.38 ⟨ϖ⟩, and there is a significant popu-
lation of stars for which they are smaller than 0.2 ⟨ϖ⟩. The
competitiveness of the spectrophotometric parallaxes vis a
vis Hipparcos parallaxes increases along the sequence cool
dwarfs to hot dwarfs to giants in parallel with the increase
in the luminosities and thus typical distances of these stars.

4 KINEMATIC DISTANCE CORRECTIONS

Schönrich et al. (2012; hereafter SBA) describe kinematic
corrections for systematic errors in distances. The correc-
tions are based on the assumption that one knows roughly
how the velocity ellipsoid is oriented at each point in the
Galaxy, and that the only mean-streaming motion is az-
imuthal circulation at a speed v(R, z) = Θg(R,z), where
Θ is an unspecified constant and g(R, z) is a function one
chooses. We adopt

g =
√

1− z2/R2, (10)

which has an appropriate form, but the results are very in-
sentive to the choice of g: essentially unchanged results are
obtained with g = 1. We assume that there is systematic

rotation at 200 kms−1 and the principal axes of the veloc-
ity ellipsoid have lengths σi = (40, 40/

√
2, 30) kms−1. The

azimuthal direction is assumed to be a principal axis of the
velocity ellipsoid, while the latter’s longest axis is tilted with
respect to the plane by angle β = a0z/R, where a0 is a pa-
rameter.

The corrections exploit correlations between the local
Cartesian velocity components U, V,W that are introduced
by distance errors: prior knowledge about the velocity ellip-
soid is used to estimate the correlations that are introduced
by rotation of the velocity ellipsoid’s principal axes. After
distance errors, the dominant source of correlations is ob-
servational errors in the proper motions, so the corrections
require knowledge of the magnitude of these errors. One de-
rives the factor 1+f by which all distances must be expanded
(or contracted if f < 0) for all measured correlations to be
accounted for by a combination of observational errors and
rotation of the principal axes of the velocity ellipsoid.

SBA give two formulae for corrections, one involving
“targeting” U and one using W as a target. Because the lat-
ter is independent of azimuthal streaming, it is the simpler
and more reliable. Their equations (19) and (38) give the
W and U correction factors, respectively, after the raw co-
variances have been corrected for observational errors using
their equations (22) and (25).

From the RAVE data we have extracted correction fac-
tors for four classes of star: giants (log g < 3.5), red clump
stars (1.7 < log g < 2.4, 0.55 ≤ J − K ≤ 0.8), hot dwarfs
(log g > 3.5, Teff > 6000) and cool dwarfs.

The code used to determine the corrections was tested
as follows. For each star in a class, the measured U, V,W
velocities are replaced by values chosen from the triaxial
Gaussian velocity ellipsoid described above. Most results
were obtained with a0 = 0.8, but excellent results are ob-

c⃝ 2012 RAS, MNRAS 000, 1–12



RAVE      DR4 vs Gaia 
RAVE DR4 
• R~7500 
• 425 561 stars,  
• 482 430 spectra  

 (DR3: 77 461 stars) 

• 9 < I< 12 mag 

Database: 
✓ Radial velocities 
✓ Spectral morphological flags  
✓  Teff, logg, [M/H]  
✓ Mg, Al, Si, Ti, Ni, Fe  
✓ Line-of-sight Distances 
✓  Photometry:  

    DENIS, USNOB, 2MASS, APASS 
✓ Proper motions:  
     UCAC4, PPMX, PPMXL, Tycho-2, SPM4 
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Gaia:  
 R~11 500 for bright targets 
 R~7 000  for faintest targets 
 Same λ coverage (CaII triplet) 
 ~107 -- 108 targets with spectra
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Gaia:  
 R~11 500 for bright targets 
 R~7 000  for faintest targets 
 Same λ coverage (CaII triplet) 
 ~107 -- 108 targets with spectra

→ same accuracy 
→ coming from CU 
→ same precision 
→ similar 
→ Parallaxes! 
→ blue/red photometer 

→ high precision!



RAVE     ’s Galactic 3D velocity errors

Combination of:  
Distance errors (<30%) 

+Errors in RV  
(95% of the stars ΔVrad < 4 km s-1) 

+Errors in proper motions 
(~3 mas yr-1 )

Error	  in	  velocity	  (km/s)
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Combination of:  
Distance errors (<30%) (<10%) 
+Errors in RV  
(95% of the stars ΔVrad < 4 km s-1) 
+Errors in proper motions 
(~3 mas yr-1 ) 50 μas yr-1

Gaia: 80 % of the stars with ΔV < 5 km s-1  
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Towards RAVE      DR5

•new new data, but considerable number of 
„problematic“ fields could be recovered 

•Revised temperature priors based on optical 
photometry (APASS) 

•error handling, new abundances pipeline 

•Revised calibration at the metal-rich end using 
GaiaESO benchmark stars (Joffre et al, 2014), HARPS 
(Adibekyan et al 2013) and FEROS (Worley et al 2012) 

•the Cannon … 

•currently being explored: log g  and ages from Kepler 
Astroseismology

21



DR4 vs DR5 calibration
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DR4 vs DR5 calibration
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RAVE      + astroseismology
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Campaign             Rave Targets.       Giants 
K2-Campaign 0           397                  168 
K2-Campaign 1           522                  166 
K2-Campaign 2           520                  384



RAVE +   + astroseismology

24

•Oscillations in RAVE 
Red Giants have already 
been detected in K-2 
campaign 0. 

•Final light-curves and 
data for K2-campaign 1 
will be available in 
January 2015.

Valentini et al., in prep.



Some recent 
Applications
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Velocity Maps
Galactocentric radial velocity

Galactocentric azimuthal velocity

Galactocentric vertical velocity
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Velocity Maps
Galactocentric radial velocity

Galactocentric azimuthal velocity

Galactocentric vertical velocity
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+

Compression-rarefaction pattern    

(Williams+ 2013)

Mild radial gradient in VR 

(Siebert+ 2011)



Galactic bar & Moving groups
Antoja+	  2014

Identification of the Hercules stream at different radii 
Saddle point position ≈ ƒ(pattern speed, orientation of the bar). 

Bar’s pattern speed: 
51 < Ωb < 56 km s -1 kpc-1  for 10o < Φb <45o

28
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Escape speed of the Milky Way at the Solar Circle

• Leonard & Tremaine (1990):  

consider distribution function f(E) 

f → 0 as E → Φ(rvir) ⇒ n(v) ∝ (vesc-v)k 

• Consequently for line of sight:  
           n(v‖) ∝ (vesc - v‖)k+1 

• Dependence verified via  
cosmological simulations 

• Measure distribution n(v‖)  
for high velocity stars with  
RAVE on counterrotating  
orbits 

• Piffl et al (2014a): 
  493km/s < vesc < 587km/s 
  1.1×1012M⊙ < M200 < 2.1×1012M⊙



Dark mass in the solar neighborhood (Piffl et al 2014)

•Mass Model: 
three exponential disks 

flattened bulge 

NFW dark matter halo 

•Binney 2012 model for kinematics (incl. stellar halo) 

•Model fit to vertical RAVE data

30
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Figure 7. The full black curve shows the vertical density profile of the disc predicted by the df for ρdm,⊙ = 0.012M⊙ pc−3; the mostly
overlying dashed black curve shows the corresponding density profile in the mass model. The other dashed black lines show the profiles
of the thin and thick discs in the mass model. The dotted curves show the corresponding predictions of the df for both discs and the
stellar halo (which has no explicit counterpart in the mass model). The red and blue error bars show the vertical profile measured by
Jurić et al. (2008) for stars with r − i ∈ [0.7, 0.8] (“a”, red symbols) and with r − i ∈ [0.15, 0.2] (“b”, blue symbols), while green error
bars show the profile measured by Gilmore & Reid (1983).

Table 2. Best-fit parameters.

Model potential parameters

Σ0,thin 570.7 M⊙ pc−2

Σ0,thick 251.0 M⊙ pc−2

Rd 2.68 kpc
zd,thin 0.20 kpc
zd,thick 0.70 kpc
Σ0,gas 94.5 M⊙ pc−2

Rd,gas 5.36 kpc
ρ0,dm 0.01816 M⊙ pc−3

r0,dm 14.4 kpc

df parameters

σr,thin 33.9 km s−1

σz,thin 24.9 km s−1

Rσ,r,thin 9.0 kpc
Rσ,z,thin 9.0 kpc
σr,thick 50.5 km s−1

σz,thick 48.7 km s−1

Rσ,r,thick 12.9 kpc
Rσ,z,thick 4.1 kpc
Fthick 0.460
Fhalo 0.026

which show the star-count data from J08, is excellent both
below and above the Galactic plane. The dashed grey lines
in Fig. 7 show the densities contributed by the thin and
thick stellar discs of the mass model, while the dotted black
curves show the densities yielded by the df for the thin and
thick discs and the stellar halo. At z = 0 the dashed curves
from the mass model are unrealistically cusped on account
of our assumption of naive double-exponential discs. Other-

Figure 6. Red dots: Reduced χ2 distance between the vertical
stellar mass profile predicted by the df and the observational
profiles by Jurić et al. (2008) as a function of the local density
of a spherical dark-matter halo. Green dots show the reduced χ2

distance from the density profile of Gilmore & Reid (1983). The
red and green dashed lines are parabolas fitted to the red/green
dots.

wise the agreement between the densities provided for the
thick disc between the mass model and the df is perfect. The
agreement between the curves for the thin disc is nearly per-
fect within ∼ 1.5 scale heights of the plane, but at greater
heights, where the thick disc strongly dominates, the df pro-
vides slightly lower density than the mass model. This dis-
crepancy implies that the df breaks the total stellar profile
into thin- and thick-disc contributions in a slightly different
way to the mass model. Since a real physical distinction be-
tween these components can only be made on the basis of

c⃝ 2014 RAS, MNRAS 000, 1–17



Results

•46% of the radial force at R0 provided by baryons 

•Bienamyé et al (2014): RAVE stars towards Galactic Pole, red 
clump distances:  ρDM(R=R0,z=0) = 0.0143M⊙pc-3

31
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wise the agreement between the densities provided for the
thick disc between the mass model and the df is perfect. The
agreement between the curves for the thin disc is nearly per-
fect within ∼ 1.5 scale heights of the plane, but at greater
heights, where the thick disc strongly dominates, the df pro-
vides slightly lower density than the mass model. This dis-
crepancy implies that the df breaks the total stellar profile
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Figure 8. Best-fitting value for the local dark-matter density
ρdm,⊙ as a function of the assumed flatting q of the dark-matter
halo. A value of q = 1 implies a spherical halo, while smaller
values lead to oblate configurations. The dashed black line shows
a power-law fitted by eye to the points.

age or chemistry (e.g. Binney & Merrifield 1998), the minor
difference between the two thin-disc curves in Fig. 7 should
not be considered significant at this stage.

The green error bars in Fig. 7 show the stellar densities
inferred by Gilmore & Reid (1983) for stars with absolute
visual magnitude MV between 4 and 5 with an assumed
vertical metallicity gradient of −0.3 dex/ kpc−1 (in their Ta-
ble 2). The green dots in Fig. 6 show the χ2 values we obtain
when we adopt the Gilmore–Reid data points. They indicate
a deeper minimum in χ2 occurring at a smaller dark-halo
density: ρdm,⊙ = 0.01200M⊙ pc−3.

4.1 Systematic uncertainties

The results presented above are based on a very sophis-
ticated model that involves a number of assumptions and
approximations. Deviations of the truth from these assump-
tions and approximations will introduce systematic errors
into our results. We can assess the size of such systematic
errors much more easily in some cases than in others. We
have not assessed the errors arising from:

• the functional form of the mass model;
• the functional form of the df;
• the age-velocity dispersion relation in the thin disc;
• the adopted value of L0 in disc df: variation will affect

the normalisation of stellar halo;
• the power-law slope and quasi-isotropy of the stellar

halo – we will investigate this in a future paper;
• the solar motion w.r.t. the LSR.

We have investigated the sensitivity of our results to:

• R0, which controls the circular speed: a value of R0 =
8kpc reduces ρdm,⊙ by 5%.

• The contribution of the gas disc disc to the local bary-
onic surface density. If we assume 33% instead of our stan-
dard value of 25%, we find slightly different structural pa-
rameters for the stellar discs, but our best-fit value for ρdm,⊙
remains unchanged.

• Rσ,i for the thin disc: using Rσ,i = 6kpc reduces ρdm,⊙
by < 2%.

• The fact that r0,dm changes with ρdm,⊙ on account of
the halo constraints: setting r0,dm = 20 kpc increases ρdm,⊙
by 2%.

• Equal scale radii for thin and thick disc: setting
Rd,thick/Rd,thin = 0.6 (resulting in Rd,thick ≃ 2 kpc and
Rd,thin ≃ 3.5 kpc similar to Bovy et al. (2012)), increases
ρdm,⊙ by 4%.

• Flattening the dark halo: a flatter dark halo increases
ρdm,⊙ significantly. See Fig. 8.

• Systematic uncertainties in the distance scale of J08: if
this distance scale is increased by a factor α, ρdm,⊙ proves to
be almost proportional to α, with a 20% increase in α caus-
ing ρdm,⊙ to increase by 8%. A different value for the binary
fraction has a very similar, but smaller, effect to a general
change of the distance scale, and is hence also covered in
this uncertainty.

The two most critical systematic uncertainties are
therefore the axis ratio q of the dark halo and the distance
scale used to construct the observational vertical stellar den-
sity profile. Simply adding in quadrature the uncertainties
other than halo flattening listed above leads to a combined
systematic uncertainty of ∼ 10%. Combining this with the
uncertainty associated with dark-halo flattening we arrive
at our result

ρdm,⊙ =

{
(0.48× q−α) GeV cm−3 ± 10%

(0.0126× q−α) M⊙ pc−3 ± 10%
(22)

with α = 0.89 and q the axis ratio of the dark halo.
Note, there is an additional potential source of uncer-

tainty that we have not included in our estimate: Schönrich
& Bergemann (2013) find hints that the common practice
of assuming uncorrelated errors in the stellar parameters
when deriving distance estimates is not a good approxima-
tion and leads to over-confident results. Hence the parallax
uncertainties reported by Binney et al. (2014b) might be
under-estimated. To test the possible influence we doubled
the individual parallax uncertainties (a worst case scenario)
and repeated the fit. The best-fitting value for ρdm,⊙ in-
creased by ∼ 7%. A similar uncertainty is shared by all
studies that use distances inferred from stellar parameters.

4.2 Flattening-independent results

The inverse dependence of ρdm,⊙ on q implies that for simi-
lar scale radii r0,dm the mass of the dark matter halo within
an oblate volume with axis ratio q is approximately inde-
pendent of q. This is confirmed by Fig. 9 (upper panel) that
shows the cumulative mass distribution as a function of el-
liptical radius.

The invariance of the dark matter mass profile can be
qualitatively understood by the following consideration: flat-
tening the dark halo at fixed local density reduces its mass
and its contribution to the radial force, KR. But – due to its
still large thickness – its contribution to the vertical force
Kz at low z remains almost constant or slightly grows. To
restore the value of the circular speed at the Sun we have
to either increase the mass of the halo or that of the disc.
However, filling the gap with disc material increases Kz and
consequently compresses the vertical mass profile predicted
by the df. Thus the only possibility is to increase the mass
of the halo and decrease the mass of the disc in order to

c⃝ 2014 RAS, MNRAS 000, 1–17

MDM(< R0) = (6.0± 0.9)⇥ 1010 M�

⌃DM(< 0.9kpc) = (69± 10)M� pc�2

Mvir = (1.3± 0.1)⇥ 1012 M�

%DM = 0.0126⇥ q�0.89M� pc�3 ± 10%
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Figure 7. Contour plot showing the [↵/Fe] - metallicity for RAVE including
where the HiVel stars (red squares) fall in this space. The dotted black line
represents the standard Galactic trend in this space. Most of our HiVel stars
are, within the errors consistent with the halo population with [M/H] less
than -1.0 dex and noticeable ↵-enrichment.

Feltzing & Chiba 2013). These studies show a relationship between
the metallicity and [↵/Fe] that is described in section 2.1.

For comparison, we plot our HiVel stars in this space relative
to the full RAVE sample along with the expected Galactic trend
(see Figure 7). The expected uncertainty in both [M/H] and [↵/Fe]
is ⇠ ± 0.2 dex (Kordopatis et al. 2013a). Further, we can see from
Figure 8 that our HiVel star sample is slightly ↵-enriched, with a
mean ↵-abundance of [↵/Fe]HiV el = +0.24 dex, compared to the
RAVE mother sample, with a mean ↵-abundance of [↵/Fe]RAV E

= +0.14 dex. This result is, within the errors, chemically consis-
tent with the halo population. The large dispersion (on the order of
0.25 dex) in the [↵/Fe] is likely a result of the uncertainty of the
individual [↵/Fe] estimates, but may also represent an ↵-poor and
↵-enriched population in our HiVel sample. The large uncertainty
in the [↵/Fe] estimates, particularly at low metallicity, is a result of
insufficient spectral information on the abundance of ↵-elements
in the part of the spectrum covered by RAVE (Kordopatis et al.
2013a).

Combining the kinematic and chemical properties, we plot
the 2-dimensional density of the GRV as a function of metallicity
for the RAVE sample and our HiVel stars (red squares) in Figure
9. Viewing the results in this space allows us to identify clearly
one star, J221759.1-051149, that has an extremely high GRV (⇠
–360 km s�1), but paradoxically is metal-rich ([M/H] = – 0.18 ±
0.08 dex). This star is an outlier compared to the rest of the metal-
poor HiVel stars of our sample. If we make a simplistic assumption
that the (inner) Galactic stellar halo metallicity distribution func-
tion can be modeled as a Gaussian with a mean of [M/H] = –1.50
dex and �[M/H] = 0.50 (Chiba & Beers 2000), the probability of
drawing a star of that metallicity is 0.4 per cent (2.64�). Assum-
ing higher mean and dispersion values, (-1.20, 0.54, see Kordopatis
et al. 2013b) the probability of drawing a star of that metallicity
is 2.9 per cent (1.89�). In either case, the probability of drawing a
star of this metallicity from the Galactic halo population is small
(< 4 per cent Carollo et al. 2007, 2010; Kordopatis et al. 2013b;
An et al. 2013). This star provides us with a unique opportunity to

Figure 8. [↵/Fe] distribution for the RAVE catalogue (black) and the HiVel
sample (blue). The HiVel sample is slightly more ↵-enriched compared to
the RAVE mother sample but the dispersions are comparable.
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Figure 9. 2D density plot of the GRV and [M/H] for the RAVE sample.
The horizontal lines indicate the adopted kinematic minimum kinematic
GRV needed to be classified as a HiVel candidate (i.e. absolute GRV >

275 km s�1). It is interesting to note that there are three HiVel stars with
relatively high metallicities ([M/H] larger than -0.5 dex). The open triangles
are the two stars for which we have high-resolution data.

explore metal-rich halo stars. As such, the next section is devoted
to exploring this object in more detail.

It is worth mentioning there are two additional stars that have
[M/H] larger than –0.50 dex which are classified as HiVel stars.
J152905.9-365544 is a giant star which has a GRV = – 276 ±
1.5 km s�1 with a metallicity of [M/H] = –0.21 ± 0.1 dex and
[↵/Fe] ⇠ +0.16 ± 0.2 dex. On the Toomre diagram (Figure 4), this
star sits just above the thick disk region. An orbital integration of
this star was performed and showed that this star has an e ⇠ 0.5
with Zmax ⇠ 3 ± 1 kpc. Using the same probabilistic kinematic
classification from Bensby, Feltzing & Lundström (2003) this star
would be categorized as a thick disk star. Given the kinematic and
chemical properties of this star, we expect it is a thick disk contam-
inate. The second star, J193647.0-590741, has an estimated metal-
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Figure 4. Toomre diagram for the HiVel sample. All velocities are relative
to the LSR. The 2 black dashed rings show roughly the boundaries of the
thin disk and thick disk at a constant velocity of 70 km s�1, 180 km s�1

respectively (Venn et al. 2004). We can see that most of our HiVel stars
belong to the halo kinematically. The green solid line represents a constant
galactic-rest frame velocity, and thus shifted relative to the other velocities,
of 500 km s�1 and is the boundary at which a star becomes a HVS candi-
date. We find one HVS candidate with a total Galactic rest frame velocity
larger than 800 km s�1 (more than 1-� above the escape speed). There
are two stars, namely J161055-112009 and J154401.1-16245, which have
velocities above HVS limit.

highly elliptical orbits reaching out to a maximum distances from
the Galactic plane, Zmax, larger than 10 kpc with eccentricities of
e & 0.5. Adopting larger boundaries in the Toomre diagram that
kinematically separate the thin-disk, thick disk and halo would re-
sult in a slight contamination by the thick disk.

We further studied the kinematics of our sample by compar-
ing the e and Zmax (Figure 5). The power of the e-Zmax plane is
the ability to sort out stars of similar orbits, because e describes the
shape of the orbit and Zmax describes the amplitude of the vertical
oscillations (e.g. Boeche et al. 2013). The e-Zmax plane combined
with metallicity allows us to characterize the orbits of our HiVel
stars while also considering the chemical distribution. Our HiVel
sample has median e of 0.73 and median Zmax of 13 kpc, which is
kinematically consistent with the halo population. There are a few
stars with Zmax . 3 kpc and eccentricities below 0.6. These stars
could be interpreted as thick-disk contaminants especially given
their relatively high (> –0.90 dex) metallicities (Boeche et al. 2013;
Kordopatis et al. 2013b,c).

3.2 Chemical Distribution of High-Velocity Stars

The kinematics of our HiVel sample (Section 3.1) indicate these
stars are drawn from the halo population and thus they should
also have a chemical fingerprint that is consistent with the halo.
In Figure 6 we compare the normalized metallicity distribution of
the RAVE and HiVel samples. It is clear that the mean metallicity
of the RAVE sample ([M/H]RAVE = –0.22 dex) is significantly
higher than mean metallicity of the HiVel sample ([M/H]HiVel ⇠
–1.2 dex). The mean metallicity of our HiVel sample is slightly
higher but consistent within the errors with the inner Galactic halo,
which is thought to have a mean metallicity around –1.60 dex (Car-
ollo et al. 2007, 2010). The inner Galactic halo is also thought to

Figure 5. Eccentricity, e, as a function of the maximum Galactic plane
height obtained by our HiVel stars during a 1 Gyr orbital integration. The
color of each star represents it metallicity, [M/H]. The solid horizontal line
represents the edge Zmax of the thick disk, Z = 3 kpc (Carollo et al. 2010).
The error bar to the left represents the median uncertainty in both parame-
ters. The other three error bars in e and Zmax are shown for the stars with
the largest errors on distances. This plot excludes HVS candidates. The high
Zmax and e for most of the HiVel stars indicate they are consistent with the
Galactic halo.
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Figure 6. [M/H] distribution for the RAVE catalogue (black) and the HiVel
sample (blue). The HiVel stars in our sample are significantly more metal-
poor compared to the RAVE mother sample. The peak of the metallicity
distribution of HiVel stars is –1.18 dex and is consistent with the Galactic
halo. The error bars are computed assuming Poisson noise.

have measurable ↵-enhancement (Nissen & Schuster 2010; Hay-
wood et al. 2013; Boeche et al. 2013).

The distribution in [↵/Fe] space will provide information on
the birthplace of the stars. Many recent surveys have shown that
the different components of the Galaxy can be partially sepa-
rated in [↵/Fe] - metallicity space (Nissen & Schuster 1997; Ful-
bright 2002; Stephens & Boesgaard 2002; Nissen & Schuster 2010;
Ruchti et al. 2010; Nissen & Schuster 2012; Haywood et al. 2013;
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Figure 4. Toomre diagram for the HiVel sample. All velocities are relative
to the LSR. The 2 black dashed rings show roughly the boundaries of the
thin disk and thick disk at a constant velocity of 70 km s�1, 180 km s�1

respectively (Venn et al. 2004). We can see that most of our HiVel stars
belong to the halo kinematically. The green solid line represents a constant
galactic-rest frame velocity, and thus shifted relative to the other velocities,
of 500 km s�1 and is the boundary at which a star becomes a HVS candi-
date. We find one HVS candidate with a total Galactic rest frame velocity
larger than 800 km s�1 (more than 1-� above the escape speed). There
are two stars, namely J161055-112009 and J154401.1-16245, which have
velocities above HVS limit.

highly elliptical orbits reaching out to a maximum distances from
the Galactic plane, Zmax, larger than 10 kpc with eccentricities of
e & 0.5. Adopting larger boundaries in the Toomre diagram that
kinematically separate the thin-disk, thick disk and halo would re-
sult in a slight contamination by the thick disk.

We further studied the kinematics of our sample by compar-
ing the e and Zmax (Figure 5). The power of the e-Zmax plane is
the ability to sort out stars of similar orbits, because e describes the
shape of the orbit and Zmax describes the amplitude of the vertical
oscillations (e.g. Boeche et al. 2013). The e-Zmax plane combined
with metallicity allows us to characterize the orbits of our HiVel
stars while also considering the chemical distribution. Our HiVel
sample has median e of 0.73 and median Zmax of 13 kpc, which is
kinematically consistent with the halo population. There are a few
stars with Zmax . 3 kpc and eccentricities below 0.6. These stars
could be interpreted as thick-disk contaminants especially given
their relatively high (> –0.90 dex) metallicities (Boeche et al. 2013;
Kordopatis et al. 2013b,c).

3.2 Chemical Distribution of High-Velocity Stars

The kinematics of our HiVel sample (Section 3.1) indicate these
stars are drawn from the halo population and thus they should
also have a chemical fingerprint that is consistent with the halo.
In Figure 6 we compare the normalized metallicity distribution of
the RAVE and HiVel samples. It is clear that the mean metallicity
of the RAVE sample ([M/H]RAVE = –0.22 dex) is significantly
higher than mean metallicity of the HiVel sample ([M/H]HiVel ⇠
–1.2 dex). The mean metallicity of our HiVel sample is slightly
higher but consistent within the errors with the inner Galactic halo,
which is thought to have a mean metallicity around –1.60 dex (Car-
ollo et al. 2007, 2010). The inner Galactic halo is also thought to
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Figure 5. Eccentricity, e, as a function of the maximum Galactic plane
height obtained by our HiVel stars during a 1 Gyr orbital integration. The
color of each star represents it metallicity, [M/H]. The solid horizontal line
represents the edge Zmax of the thick disk, Z = 3 kpc (Carollo et al. 2010).
The error bar to the left represents the median uncertainty in both parame-
ters. The other three error bars in e and Zmax are shown for the stars with
the largest errors on distances. This plot excludes HVS candidates. The high
Zmax and e for most of the HiVel stars indicate they are consistent with the
Galactic halo.

Figure 6. [M/H] distribution for the RAVE catalogue (black) and the HiVel
sample (blue). The HiVel stars in our sample are significantly more metal-
poor compared to the RAVE mother sample. The peak of the metallicity
distribution of HiVel stars is –1.18 dex and is consistent with the Galactic
halo. The error bars are computed assuming Poisson noise.

have measurable ↵-enhancement (Nissen & Schuster 2010; Hay-
wood et al. 2013; Boeche et al. 2013).

The distribution in [↵/Fe] space will provide information on
the birthplace of the stars. Many recent surveys have shown that
the different components of the Galaxy can be partially sepa-
rated in [↵/Fe] - metallicity space (Nissen & Schuster 1997; Ful-
bright 2002; Stephens & Boesgaard 2002; Nissen & Schuster 2010;
Ruchti et al. 2010; Nissen & Schuster 2012; Haywood et al. 2013;
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Figure 2. Contours of the Te↵ - log g for stars in the RAVE sample with
the HiVel stars (red squares) shown as being primarily giant stars.
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Figure 3. The position of our HiVel stars relative to the Galaxy. For refer-
ence the Sun (yellow circle) is at (R, Z) = (8.28, 0) kpc.

with a thousand realizations, randomly varying the uncertainties of
all of the observables and recalculating the position and velocity
vectors and studying the final distribution, similar to the approach
used by Gratton et al. (2003) and Boeche et al. (2013). We excluded
two stars with uncertainties in the total space velocity larger than
200 km s�1 as it would be difficult to constrain their total space
motions.

To obtain the orbital parameters for our HiVel sample, we in-
tegrated the orbit of a test particle through an assumed Galactic
potential (�) which is a sum of the potential of a logarithmic halo
(�halo(r)), Miyamoto-Nagai disk (�disk(R, z)), and a Hernquist
bulge (�Bulge(r)). We made use of the same parameter choices as
Johnston, Spergel & Hernquist (1995).

�halo(r) =
v20
2

ln (r2 + d2), (2)

where v0 is a characteristic velocity of 186 km s�1 with a scale
length, d, of 12.0 kpc.

�disk(R, z) = � GMdiskq
R2 +

�
a+

p
z2 + b2

�2 , (3)

where the mass of the disk, Mdisk (assumed to be 1011 M�), a
and b are scale lengths set to 6.5 kpc, and 0.26 kpc, respectively.

�Bulge(r) = �GMBulge

r + c
, (4)

where MBulge is the mass of the bulge and is set to 3.4⇥1010M�
and c is a scale-length set to 0.7 kpc. In the above definitions r =p

x2 + y2 + z2 and R =
p

x2 + y2. Using this potential, we con-
firmed the circular speed, vcirc, at the solar radius of 8.28 kpc to
be vcirc = 224 km s�1 and an orbital period for the local standard
of rest (LSR) at this radius of 220 Myr consistent with Schönrich
(2012). We also verified that energy and angular momentum is con-
served in all orbital integrations to at least one part in a million or
better.

To better understand the kinematics of our stars, we estimated
the maximum distance above the Galactic plane (denoted Zmax)
and the eccentricity from the orbital integration. We define the ec-
centricity as a function of the apogalactic distance, rap, and the
perigalactic distance, rper , such that e = (rap�rper)/(rap+rper).
Uncertainties in the orbital integrations were estimated in a similar
Monte Carlo approach as above (the initial conditions were varied
to within their uncertainties) with 100 orbital integrations. We find
the uncertainty in the eccentricity is less than 0.15.

3 RESULTS: METAL-POOR HIGH-VELOCITY STARS,
EJECTED DISK STARS AND HYPERVELOCITY
STARS

In this section we discuss the kinematic (section 3.1) and chemical
(section 3.2) distributions of our HiVel star sample. By combin-
ing the results of these two sections we discuss the discovery of a
metal-rich halo star that likely originated in the Galactic disk and
put forward two HVS candidates.

3.1 Kinematics of High-Velocity Stars

We first studied the kinematics of our HiVel sample using a Toomre
diagram (Figure 4), which quantifies different Galactic components
using the velocity vector. It is important to note that the velocities
in the Toomre diagram are relative to the LSR and thus the HVS
boundary (green line, Figure 4), which must be converted to a non-
rotating reference frame, was shifted by V = –220 km s�1. From
inspection, there are two stars which sit above the HVS boundary
(green line, Figure 4). There are also two stars which sit just below
the boundary but whose 1-� velocities put them above the HVS
boundary and require further follow up (more accurate estimates
of the distance and proper motion) to determine if these stars are
true HVSs. There is one star that has disk-like kinematics and is
likely with the high-velocity tail of the thin disk or disk-like con-
taminants. Using the rough boundaries that kinematically separate
the thin-disk, thick disk and halo of Venn et al. (2004) for exam-
ple, we found that most of our HiVel stars exist in the halo-region
of the Toomre diagram which means these stars are likely be on
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Hyper velocity stars in 

Follow-up Hires spectroscopy of two HVS candidates and 
comparison to Venn et al (2004) 

•J154401.1-162451 is chemically consistent with the halo field 
population or a massive dwarf galaxy  

•J221759.1-051149 is chemically consistent with the Galactic thick 
disk ⇒ must be ejected
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Figure 10. The observed high-resolution ACRES spectrum of the giant star J221759.1-051149 (black line) and J154401.1-162451 (blue line) in the Mg I
triplet region. In both cases these spectra were used to determine the chemical abundances which are shown in Table 1 and Table 2.
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Figure 11. (a) The abundance patterns of the ↵-elements as a function of metallicity including [Mg/Fe], [Ca/Fe] and [Ti/Fe] from top to bottom, respectively
for J221759.1-051149 (black star) and J154401.1-162451 (black circle). (b) The abundance patterns of neutron-capture elements as a function of metallicity
including [Ba II/Fe], [La II/Fe], and [Eu/Fe] from top to bottom respectively. The small coloured circles represent abundances of thin disk (red), thick disk
(green) and halo (blue) stars from Venn et al. (2004). For comparison, the grey squares show an example of a dwarf galaxy (Fornax) from Letarte et al. (2010).
J221759.1-051149 is chemically consistent in the ↵-elements and most neutron-capture elements with the Galactic thick disk. On the other hand J154401.1-
162451 is chemically consistent with the halo field population or dwarf galaxies. The error bars on the side represent the mean error of the abundances from
the literature.

of this target. Orbital integration of this HVS candidate indicated
that it does not originate in the Galactic Centre. If confirmed, this
HVS candidate would add to an increasing list of candidate HVS
that do not seem to originate in the Galactic Centre (e.g. Palladino
et al. 2014) and thus need an alternative production mechanism.

The second star, J154401.1-162451, has a VGRF of 523
± 40km s�1. This star has a velocity that is just at the es-
cape speed. We have followed up J154401.1-162451 with high-
resolution echelle spectra from the ARCES instrument in order ob-
tain detailed abundances. The spectrum of J154401.1-162451 in the
Mg I triplet region can be found in Figure 10. The stellar param-
eters of the star was determined using the high-resolution spectra

and indicate that J154401.1-162451 has a Te↵ = 4458 ± 120 K; log
g = 1.44 ± 0.2 dex; [Fe/H] = -1.24 ± 0.15 dex; ⇠ = 1.77 ± 0.06
km s�1 which is consistent with the RAVE parameters. Further-
more, we have confirmed the very high heliocentric RV (–406.7
± 0.80 km s�1) observed by RAVE for this star. Using the stel-
lar parameters, we have determined the abundance of several ↵
and neutron-capture elements. Table 2 contains the high-resolution
abundance analysis for J154401.1-162451 including the species,
number of lines used, log of the absolute abundance, the uncer-
tainty (which was estimated as the standard deviation of the abun-
dance determined from each individual line), and the solar-scaled
abundance ratio. The [↵/Fe] for this star was determined by com-
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[Fe/H]=	  -‐1.00	  dex	  
[Fe/H]=	  -‐0.80	  dex	  
[Fe/H]=	  -‐0.45	  dex	  
[Fe/H]=	  -‐0.30	  dex	  
[Fe/H]=	  -‐0.17	  dex	  
[Fe/H]=	  -‐0.04	  dex



Signatures for a violent origin?

1 - Normal disc evolution:  
Stars migrate and gain random energy (kinematically hotter)

[Fe/H]=	  -‐1.00	  dex	  
[Fe/H]=	  -‐0.80	  dex	  
[Fe/H]=	  -‐0.45	  dex	  
[Fe/H]=	  -‐0.30	  dex	  
[Fe/H]=	  -‐0.17	  dex	  
[Fe/H]=	  -‐0.04	  dex
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[Fe/H]=	  -‐1.00	  dex	  
[Fe/H]=	  -‐0.80	  dex	  
[Fe/H]=	  -‐0.45	  dex	  
[Fe/H]=	  -‐0.30	  dex	  
[Fe/H]=	  -‐0.17	  dex	  
[Fe/H]=	  -‐0.04	  dex

2- Massive merger at [Mg/Fe]~0.3 dex: 
Stars gain a vertical velocity dispersion  and cannot migrate as efficiently as before 
because they spend less time on the plane

Signatures for a violent origin?
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Signatures for a violent origin?

[Fe/H]=	  -‐1.00	  dex	  
[Fe/H]=	  -‐0.80	  dex	  
[Fe/H]=	  -‐0.45	  dex	  
[Fe/H]=	  -‐0.30	  dex	  
[Fe/H]=	  -‐0.17	  dex	  
[Fe/H]=	  -‐0.04	  dex

3- Older stars from small guiding radii migrate 
Stars with smaller guiding radii migrate to the Solar neighbourhood, having  
cooler kinematics than the locally born stars
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Recalibration of the metal-rich end
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DR4: [M/H] 
DR4: [Fe/H] 
DR5: [M/H]

Kordopatis et al., 2015



Recalibration of the metal-rich end
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Super-Solar m
etallicity 

sam
ple

DR4: [M/H] 
DR4: [Fe/H] 
DR5: [M/H]

Kordopatis et al., 2015



Metallicity distribution function
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Stars richer than locally  
born OC stars

Kordopatis et al., 2015



Super-Solar metallicity stars

41

Stars mainly located 
close to the plane. 

But also:  
Fair amount of stars 
with  0.4 < z < 1 kpc 

+ +

++

Kordopatis et al., 2015



Metal rich stars in RAVE 

•Super Metal-rich giants in RAVE have a “flat” MDF from 
0.1 < [M/H]< 0.35 dex 

•no dwarfs above 0.25 dex 

•Stars formed well inside R0  
(bar/bulge region?) 

•Located up to ~1 kpc from  
the plane 

•Same distribution inner and  
outer Galaxy 

•Circular orbits: 
Stars scattered through co-rotational  
resonances with the spiral arms 

Spirals in the MW are strong, with large spiral structure
42



Summary 

•RAVE survey: more than 574,000 spectra taken 
Radial velocities (1km/s) 

Stellar parameters 

Distances 

Abundances 

•Local escape speed: low Milky Way DM halo mass confirmed 

•Clear correlation between chemical and kinematical signatures in 
the disk(s) 

•Detection of large-scale asymmetries of the velocity field in the 
solar neighborhood 

Apparent asymmetry above vs below the plan (wave?) 

•Metal-rich end from stars that were radially migrated from the 
inner disk 

•Next major step: Gaia & 4MOST
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