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the Milky Way as seen 

by  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Systematic spectroscopic surveys 2014
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λ range: 8410-8795Å (Gaia) 
Resolution R=7500 at 8600Å;

          : 574,630 spectra for 483,330 stars

From the RAVE  spectra we 
obtain: 

• radial velocities 

• stellar parameters  

• chemical abundances  

• RAVE + photometry 

• distances



Signatures of Accretion with RAVE

•The Wobbly Galaxy (Willams et al 2013) 

•Accretion events 
Aquarius stream (Williams et al 2011) 

Tidal debris from Globular Clusters  
(Kunder et al 2014, Anguiano et al, 2014) 

relation between velocity dispersion and abundances 
(Minchev et al 2014) 

•Mass of the Milky Way (Piffl et al 2014a, 2014b) 

•What comes next?
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Dissecting the Milky Way

• cut into 250pc wide rings in R, 500pc thick slices in Z 

• use only samples with adequate sample size 

• a few restrictions on the velocities and their errors

6



Radial Streaming Velocity

7 Williams et al., 2013



Radial Streaming Velocity
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14 M. E. K Williams et al.
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Figure 11. The trends in average Vφ (top), VR (middle) and VZ (bottom) as functions of position in the (R, Z) plane for RC stars
with RAVE catalog proper motions (left) and SPM4 proper motions (right). The plotted data are box-car averages over 200 pc× 200 pc
wide boxes in (R, Z) with 100 pc increments in the co-ordinates of the box’s centre.

The present analysis is consistent with the value of δVR/δR
reported by S11 in that −3 kms−1/kpc is roughly the aver-
age of the gradient δVR/δR ≃ −7 kms−1/kpc given by the
RAVE proper motions at Z < 0 and the vanishing gradient
at Z > 0.

If the dominant gradient in VR is essentially in the
vertical direction and an even function of Z as the SPM4
proper motions imply, the suspicion arises that it is an ar-
tifact generated by the clear, and expected, gradient of the

same type that we see in Vφ. The gradient could be then
seen to be caused by systematics in the proper motions cre-
ating a correlation between the measured value of VR and
Vφ (see e.g. Schönrich, Binney & Asplund 2012). In Section
8 we re-explore the line-of-sight detection of the VR, which is
a proper-motion-free approach to observing the radial gradi-
ent, which however corroborates the existence of a gradient
and North-South differences.

Schönrich 2012 found a larger value of U⊙ = 14 kms−1

Williams et al., 2013



Real effect or a systematic artifact of the data?

•Proper motion errors 

•Distance errors (e.g. misidentified RC stars; RC 
normalization, systematics …) 

•Local Standard of Rest velocities 

•Comparison to other surveys
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Real effect or a systematic artifact of the data?

•Proper motion errors 
Systematic differences between UCAC3 and SPM4 

Signal less pronounced in SPM4 

In order to explain asymmetries by p.m. systematics  

•90<RA<270:  ΔμRA= -2 (mas/yr) × dist (kpc) 

•RA<90 or RA>270: μRA= +1 (mas/yr) × dist (kpc) 

Asymmetry is also visible in radial (p.m. independent) 
analysis
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Real effect or a systematic artifact of the data?

•Proper motion errors 

•Distance errors (e.g. misidentified RC stars; RC 
normalization) 

Signal visible also with other distance estimators (Zwitter et al 
2011, Burnett et al, 2011, Binney 2013)  

Systematic overestimation of distances by 25-50% would be 
required  

Structures in VR and in particular in Vφ are incompatible with 
distance errors required for the VZ behavior  

Misidentification of red clump stars: 

•MC simulations: contamination ≈ 40% by first ascent giants 

•adds noise, however no systematic shift 

Similar structures found with SEGUE (?) and LAMOST



Vertical Velocities with Binney-distances
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Wobbly Galaxy with LAMOST

13
Carlin et al. 2013



Wobbly Galaxy with SDSS
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Widrow et al et al. 2012



Real effect or a systematic artifact of the data?

•Proper motion errors 

•Distance errors (e.g. misidentified RC stars; RC 
normalization) 

•Local Standard of Rest velocities 
Schönrich (2012): somewhat larger value for  
U⊙  of 14 km/s than from GCS 

Effect on asymmetry: only result in an overall shift

15
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Radial and vertical flows induced by galactic spiral arms

17 Faure et al. 2014



Aquarius stream update

18

Williams et al. 2011



Tidal debris from Globular Clusters

19

Kunder et al, 
2014, see Poster 
Angiano et al, 
2014



Chemo-kinematic signature of MW formation 

•More metal poor and alpha enriched (i.e. 
older stars) are expected to have higher 
velocity dispersions in the MW disk 
owing to heating 

•RAVE data show that the most metal-
poor, alpha-enhanced stars display a 
surprising reversal of this trend (red lines) 

•Similar signature also identified in 
SEGUE dwarfs 

•Minchev et al (2014) can explain these 
trends with a model that brings cold, old 
stars from the inner Milky Way to the 
Solar neighborhood by merger induced 
stellar radial migration

RAVE 

SEGUE 

Fig. 4.— Similar to Figures 1 and 2, but for the SEGUE G-dwarf sample. The color-coded curves
present subpopulations grouped by common median metallicity with resulting mean values [Fe/H] =
−1.0,−0.81,−0.45,−0.28,−0.1, +0.06 dex (very close to RAVE and model). While we constrain our sample
to the same Galactocentric distance range as in Fig. 1 and 2 (7 < r < 9 kpc), here we consider a maximum
vertical height above and below the disc plane |z| = 1 kpc instead of 0.6 kpc, because of the lack of stars with
|z| < 0.5 kpc in SEGUE.

grating outward due to internal instabilities alone
are expected to heat the disc (Loebman et al. 2011;
Schönrich and Binney 2009, even if only weakly –
Minchev et al. 2012b). The opposite behavior we
find here must be related to the presence of merg-
ers in our simulation. Indeed, Fig. 3 shows that
metal-poor stars with [Mg/Fe] > 0.4 dex (which
cause the decline in velocity dispersion for the
model - red curves in Fig. 2) arrive from progres-
sively smaller galactic radii, while having approxi-
mately the same age. Similarly to the most metal-
poor stars, the inversion in the σz-[Mg/Fe] relation
for the other [Fe/H] subpopulation can be related
to mergers of diminishing strength perturbing the
Milky Way disc throughout its lifetime. Within
this interpretation, the properties of these events
can be recovered in a differential study. For ex-
ample, satellite-to-disc-mass ratios and orbital pa-
rameters can be related to the mean velocity dis-
persions of metallicity bins and the inversion in the
velocity dispersion profiles as functions of [Mg/Fe],
for each velocity component.

2.4. Comparison to SEGUE G-dwarfs

The results we obtained here with RAVE data
should be seen in other ongoing/near-future Galac-
tic surveys. We check this by studying the cur-
rently available SEGUE G-dwarf sample described
by Lee et al. (2011), by considering stars with

SN > 30. Due to the lack of individual chemi-
cal element measurements in SEGUE, we use their
[α/Fe], which is the average of several α-elements.
Because of the low number of stars at |z| < 0.5 kpc
in SEGUE, a maximum distance above and below
the disc plane of |z| = 1 kpc is used (instead of
|z| = 0.6 kpc). This results in a sample compris-
ing ∼ 10300 stars. Fig. 4 presents the same infor-
mation as Figures 1 and 2, but for SEGUE. We
recover the expected strong decline in the verti-
cal and radial velocity dispersions, σz and σr, for
the most metal-poor samples. While no reversal is
found in the dispersion of the azimuthal velocity
component, σφ, for the total sample, the expected
trend is seen for the intermediate metallicity sub-
populations (blue and orange curves) and hinted
in the most metal-poor bin (maroon). This as-
sures that our findings are not pertinent to RAVE
data only, but should be a general result.

2.5. Mean angular momentum

Stars with guiding radii away from the solar cir-
cle may appear in the local sample due to their
eccentric orbits. Because of the larger disc sur-
face density inside the solar circle, a local sam-
ple is dominated by stars with angular momenta
lower than that of a star on a circular orbit at
the solar radius. This ”asymmetric drift” effect
affects the rotational velocity (and, thus, the an-

5

Minchev et al. 2014



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⊙



How to compare simulations and survey data?

•Without the assumption of equilibrium any DF in 
(x,v) is consistent with a potential Φ 

•Equilibrium probably a reasonable assumption for 
MW, good starting point  

•we know there are non-equilibrium features (spiral 
arms, warps, tidal streams, wobbling disk)  
⟹ should show up as differences to equilibrium 
model 

•describe simulations and observations as pdf and 
see to what extent pdfs are consistent with each 
other

22



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

23
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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

•45% 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

24
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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).
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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
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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%



What comes next?
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This is not an image,  
it is a stacked data cube!

Crowded Field 3D Spectroscopy with MUSE: Globular Cluster NGC 6266

26 1

>5000 stellar spectra in single exp. 
good enough for RV measurement 

highest spectroscopic multiplex  
ever achieved!

S. Kamann / data from MUSE Commissioning 2014



Summary 

•We have exquisite data sets for near field cosmology 
(CGS, RAVE, SEGUE, APOGEE), many are public 

•RAVE survey: more than 574,000 spectra taken 

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

Apparent asymmetry above vs below the plan (wave?) 

number of merger signatures even in the local suburb 

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

•How to compare advanced (simulation) models to data? 
we are already data rich and model poor! 

•Next major step: Gaia & 4MOST; MUSE
27


