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Gaia: Astrometry at microarcsecond precision

The history of the Milky Way

SKA Pathfinders: 

The history of star formation and AGN in the Universe

HI at cosmological distances

Precision cosmology

eROSITA

This history of X-ray-selected AGN and clusters in Universe

Precision cosmology

New survey frontiers from 
new survey instruments
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New survey frontiers from 
new survey instruments

All of these are, by themselves, incomplete!

Gaia: no radial velocities at V>17 mag (only 15% of 
stars), no abundances at V>12 mag (only 0.1% of stars)

LOFAR + ASKAP+MeerKAT continuum surveys: just 
continuum, no redshifts

Apertif + ASKAP+MeerKAT HI surveys: just neutral gas 
kinematics, limited (SDSS) or no stellar info

eROSITA: just X-ray fluxes
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Galactic archaeology 
surveys: exploiting Gaia’s 
scientific return
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Galactic archaeology: How 
did our Galaxy form?

The Galactic halo:

how was it formed? accreted or in-situ?

what is the total mass of the Milky Way?

what is the shape of the Milky Way’s gravitational 
potential?

how much substructure does the halo have?

where are the most metal-poor stars in the Milky Way, 
and what are their properties?
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Galactic archaeology: How 
did our Galaxy form?

The Galactic disk(s):

how many disks are there really? what are their 
relationships with the bulge, the halo, and each 
other?

did they form through accretion or secular processes 
– is radial migration important?

what is the metallicity gradient in the disk(s)?
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Galactic archaeology: How 
did our Galaxy form?

The Galactic bulge and bar:

when and how did the bulge form?

how is the bar related to the disk(s) and the bulge?
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The need for full-sky 
Galactic surveys

No single instrument on the ground can survey all of 
the Galactic populations

The Galaxy is asymmetric when seen from the ground

Southern Hemisphere facilities — like 4MOST — are 
excellently positioned to get the Galactic bulge, bar, and 
inner disk, as well as some of the Galactic halo

Northern Hemisphere facilities — like WEAVE — get the 
outer disk and (more of) the halo
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The Galactic halo

The halo records the formation history of the MW
at large distances, mixing timescales are long: ancient 
substructure readily discernible with all-sky surveys

outer halo (>20 kpc): streams detected as 
overdensities
inner halo (10-20 kpc): need chemodynamics

SDSS DR8: D>20 kpcSDSS DR8: D<10 kpc
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The Galactic halo

The halo is intrinsically asymmetric due to its formation 
process

need to observe both (equatorial) hemispheres to get full 
picture of halo formation!
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The Galactic disks
Disk formation and evolution appears to be a complex 
interplay of multiple processes, such as

smooth baryon accretion

secular evolution of clumpy, turbulent gas disks

sporadic satellite accretion

spiral-driven radial stellar migration

bar-halo and bar-spiral angular momentum coupling
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The Galactic disks
The Galactic disks are not (severely) asymmetric, but the 
formation processes likely vary with radius

The inner disk — best seen from the South — is likely 
dominated by in-situ star formation and secular processes

The outer disk — best seen from the North — is likely a 
combination of accreted populations on top of in-situ star 
formation, with secular processes playing a complicated role

for example, may be easier to trace radial migration in 
outer disk (Roskar et al. 2008, 2010)
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The Galactic bulge and bar
The bulge may be symmetric, 
but it appears that the bar is 
complex, with a distinct X-shape

How does this come about? 
What are the populations of 
these components – their 
compositions and kinematics?  
How did they form?

As already discussed, this is 
best tackled from the South

1498 MCWILLIAM & ZOCCALI Vol. 724

Figure 8. Distances of the two RCs as a function of latitude (i.e., in the X–Z
plane), computed using 47 Tuc RC MK corrected for Zoccali et al. (2008)
mean [Fe/H] values, based on Teramo group theoretical RC MK predictions
(Pietrinferni et al. 2004). A dominant, nearly symmetric, X-shape morphology
is obvious. The “GC” point marks the geometric Galactic center distance
determined by Ghez et al. (2008), at 8.0 ± 0.6 kpc. The X-shape appears
centered at 7.3 ± 0.3 kpc; thus, to within the measurement uncertainties, the
X-shape center agrees to within the uncertainties with the Galactic center
distance. However, better agreement would occur if the bulge is 2–3 Gyr younger
than 47 Tuc.
(A color version of this figure is available in the online journal.)

|b| = 10.◦25 to 5.◦5, which is much greater than the observed
metallicity gradient of Zoccali et al. (2008). We therefore
abandon this possibility.

Recently, Zoccali (2010), Hill et al. (2010), and Babusiaux
et al. (2010) claimed that the bulge metallicity gradient of
Zoccali et al. (2008) is an artifact, due to a changing ratio of
two populations of bulge stars with different metallicities and
kinematics. The larger velocity dispersion bulge stars have lower
mean metallicities (e.g., Minniti 1996), and reside further from
the Galactic plane than the higher metallicity population. We
note that the range of [Fe/H] from Zoccali et al. (2008) is such
that almost all of the helium-burning stars in both populations
go through the RC phase. Our use of the mean metallicities
is appropriate to determine average distances as a function of
longitude and latitude, but it is probable that the two populations
do not share the same morphology.

We note that there must also be a third population, the inner
halo, as evidenced by the bulge RR Lyrae stars; this popu-
lation possesses a spherical, rather than bar-like, morphology
(Majaess 2010). However, the inner halo does not affect our
results because most of its stars would not appear on the RC
and because the peak of the halo metallicity function, near
[Fe/H] = −1.6 dex, was not detected in the study of Zoccali
et al. (2008).

Thus, our picture of the 2MASS bulge now suggests a latitu-
dinal narrowing of the two RC populations toward the Galactic
center, with roughly constant distances in the longitudinal direc-
tion at high latitudes, together with an asymmetry in longitude.
This suggests a three-dimensional X-structure.

We estimate the minimum fraction of RC stars in the peaks
in Figure 3 by subtracting the RGB background below the
RC peaks, through interpolation of the RGB above and be-
low the RC region. The minimum counts between the two RGB
background-subtracted RC peaks provides a means to estimate
the minimum contribution of the peaks to the total RC popu-
lation. Either the minimum is due to the overlapping wings of
the peak profiles, or a smooth RC population, due to the bar,
underlying the RC peaks.

Between 20% and 100% of the bulge RC at (l, b) = (+1,−8)
is in either the foreground or background peaks. At (l, b) =
(−1,−9), the minimum extends practically to the background,
so the entire population appears to be either background or
foreground at this latitude, with no detectable bar at intermediate
distances. For latitudes with |b| < 6 (cf. Figure 7), it is difficult
to determine whether the foreground/background components
are a few percent or 100% of the population. Detailed modeling
will be required for more precise estimates.

The narrowing of the distance between the foreground and
background RC populations suggests that the bar is significantly
shorter than the distance between the two RCs at |b| = 8. It is
also possible that the X-shape dominates over the bar even close
to the Galactic plane; however, the BRAVA velocity dispersion
does indicate a bar component, even at b = −8.

4. OTHER DIFFERENCES BETWEEN THE
TWO POPULATIONS

Here, we investigate published evidence relevant to differ-
ences between the bright and faint RC populations.

4.1. Proper Motions

If our bright and faint RC bulge populations are on opposite
sides of the Galactic center, then their different distances
can be revealed by proper motion studies. Mao & Paczyński
(2002) predicted a proper motion difference between bright and
faint RC bulge sub-populations near 1.6 mas yr−1 for Baade’s
Window, assuming that they correspond to the near and far
halves of the Galactic bar.

Sumi et al. (2004) measured proper motions of 47,000 bulge
stars from OGLE survey data (at l, b = +1,−3.6), with a
baseline of four years. They found a proper motion difference
of 1.5 ± 0.06 mas yr−1 between bright and faint RC sub-
populations, in good agreement with the expectations of Mao
& Paczyński (2002). Our analysis of the Sumi et al. (2003) data
shows that the proper motion difference is reduced to 1.0 ±
0.06 mas yr−1 if the bright end of the bright RC population
box is reduced to resemble our bright RC sub-population limits.
This result indicates that the bright and faint RC populations are,
indeed, separated in distance as we assume here for our fields at
higher latitudes.

An additional proper motion test can be obtained from the
photographic data of Vieira et al. (2007, henceforth V07) for
the Plaut field at (l, b) = 0,−8, with a baseline of 21 yr. From
328 bright RC and 365 faint RC stars in the V07 data, with
2MASS photometry, we find only a 1σ difference between the
mean proper motions of bright and faint RCs, in the longitude
direction, at 0.19 ± 0.19 mas yr−1. In the Galactic latitude
direction, the proper motion difference is 0.51 ± 0.18 mas yr−1,
or about 3σ , with the faint RC mean proper motion smaller than
the bright RC’s.

Our analysis of the V07 data also shows a 3.4σ difference
in the proper motion dispersions of the bright and faint RC

Fig. 4.— Density maps showing the structures traced by the RC in the (X, b) plane. Each panel corresponds
to a different longitude (see labels), with l = 0◦ in the central, middle one. A cross marks the Galactic
Center (assuming R0 = 8 kpc), with the Sun far in the left side, outside the figure, at (X,Z) = (0, 0).
Individual lines of sight, at different latitudes, correspond to horizontal color strips, merged together to form
the panels. The color scale has been normalized so that the histogram peak in each horizontal strip has
density=1. Note that the region close to the Galactic plane, for which we have no data, has been compressed
here, and shown as a single, horizontal black strip. Thin white lines are lines of constant Z coordinate. The
X-shape is clearly visible for longitudes |l| ≤ 1◦ (middle row panels).

from the Galactic plane. In the next section we
will investigate whether this is a real feature or an
artifact of our data analysis. Let us concentrate,
here, on the 3D shape of the Galactic bulge in a
qualitative way.

The panel at b = −4◦ also shows the Galactic
bar, as traced by Rattenbury et al. (2007) using
OGLE II data for stars at a similar latitude. In
the work of Rattenbury et al. the derived bar was
arbitrarily shifted in distance so that its center
would be at 8 kpc. The angle between the struc-
ture we find and the line of sight is clearly the
same as that of the Rattebury’s bar. The center
of structure, at b = −4◦, is ∼ 7 kpc away from the

Sun (see below).

In Fig. 4, each panel shows a vertical section of
the density map, parallel to l = 0◦ axis, at a given
longitude. The X − b plane passing from l = 0◦

is in the central, middle panel. The Sun would be
at (X, b) = (0, 0◦), outside each panel, on the left.
Lines of sight at different latitudes are shown as
horizontal color strips, in each panel. Again, the
line of sight at (l, b) = (0◦,+4◦) is missing due to
high extinction. Thin white lines in each panel are
lines of constant height above/below the plane (Z
linear coordinate).

The color map has been normalized so that
the peak density along each line of sight gets the

5

M
cW

illiam
 & Zoccali (2010)

Saito et al. (2011)
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Chemical labeling vs 
kinematics in the Milky Way

Of course, all of these questions should be answered 
using all of the tools at our disposal

Dynamics inferred from kinematics: phase-space 
information at the ~2 km s-1 level

Chemical composition of the populations: 
abundances at the [X/H]~±0.1 dex level
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Chemical labeling vs 
kinematics in the Milky Way

Dynamics inferred from kinematics: phase-space information at 
the ~2 km s-1 level

R≥5000 + Gaia parallaxes and proper motions

V>17: need 4MOST and WEAVE

Chemical compositions: abundances at the [X/H]~±0.1 dex level

R≥20000

V>12: need 4MOST and WEAVE (and HERMES at bright 
end)



Galactic archaeology survey 
strategy: WEAVE

log(N) Area (deg2) R Depth

Halo

Disks

Chemical 
labeling
Open 

clusters

6 6500 5000 V≤20

6.7 2000 5000 V≤20

4.7 (halo)

5.7 (disk)

2500
2000 20000 V≤17

4.7 150 20000 V≤17

Total survey time: 4 years 
@ 7 hours/night 



WEAVE’s additional Galactic 
Archaeology science cases

Hunting the rarest stellar 
phases

Dating Galactic 
populations with white 
dwarfs

Pulsating variable stars

Massive (blue) stars in 
the MW and Local Group

IMF of low-mass stars 
and sub-stellar objects

Chemodynamics of MW 
dwarf satellites

Ultra-faint dwarfs



WEAVE
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Preliminary specifications of the mIFU 

Multiplex: 30 mIFUs 

FOV: 9x9 arcsec Æ ~ 7x7 fibres 

 

Possible arrangement : 
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Preliminary specifications of the mIFU 

Multiplex: 30 mIFUs 

FOV: 9x9 arcsec Æ ~ 7x7 fibres 

 

Possible arrangement : 
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WEAVE characteristics
Telescope, diameter WHT, 4.2m

Field of view 2º

Number of fibers 1000

Fiber size 1.3”

Number of small IFUs, size ~25, 9”x12” (1.3” spaxels)

LIFU size ~2‘x1.5’ (2.6” spaxels)

Low-resolution mode resolution 4300–7200
Low-resolution mode wavelength 

coverage (Å) 3660–9840

High-resolution mode resolution 18560–21375
High-resolution mode wavelength 

coverage (Å)
4040–4650, 4730–5450

5950–6850
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WEAVE throughput
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50.00%$
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370$ 470$ 570$ 670$ 770$ 870$ 970$

FIBRE$SYSTEM$

SPECTROGRAPH$

DETECTOR$

TELESCOPE$

TOTAL$



WEAVE organization
PI: Gavin Dalton (Oxford/RAL)

Deputy PI: Dave Carter 
(LJMU)

Project Scientist & Dutch PI: 
SCT (Kapteyn)

French PI: Piercarlo Bonifacio

Spain PI: J. Alfonso Aguirre 
Lopez

Project Manager: DC Abrams 
(ING)

Systems Engineer: Mike 
McIntosh (UKATC)

Instrument Scientist: Chris 
Evans (UKATC)

Contributions from RAL, 
UKATC, LJMU, NOVA, GEPI, 
ING, Cambridge

Financial contributions 
(expected) from UK, NL, E, F
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WEAVE status
Full WEAVE PDR in 2013 Q1 (March)

Prime focus corrector optics PDR successful on 4 
November 2012

Funding in progress

Positive funding outlook in NL, UK, E (+ ING and in-
kind contributions from F)

NL: secured M€2, M€1,4 requested and under 
review
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Conclusions

A complete understanding of our own Galaxy requires 
full-sky coverage of its kinematics and chemical 
composition

The requires moderate resolution wide-field 
spectroscopic facilities in both hemispheres
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Conclusions

4MOST on ESO’s VISTA telescope in the South and 
WEAVE on the WHT in the North are ideal for such full-
sky surveys

Complementary surveys on nearly identical 
instrumentation 

multiplex and field size only significant differences!
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Other survey 
complementarities

SKA pathfinder follow-up surveys

HI-driven galaxy evolution surveys

stellar and ionized gas content at cosmological 
distances

Continuum surveys

AGN and SF evolution

Finding the rarest objects: e.g., z~6–7 AGN and 
radio-selected galaxy clusters
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Other survey 
complementarities

Full-sky eROSITA follow-up

Finding the rarest objects: high-z AGN and the 
richest clusters at z<1

Full-sky cosmology surveys


