
NIHAO-UHD: High-resolution 
Simulations of Milky Way mass galaxies

Andrea V. Macciò, Melissa Ness, Aura Obreja, Aaron A. Dutton, Hans-Walter Rix
Tobias Buck

IAU S334 Potsdam 13th of July 



NIHAO-UHD: High-resolution 
Simulations of Milky Way mass galaxies

Andrea V. Macciò, Melissa Ness, Aura Obreja, Aaron A. Dutton, Hans-Walter Rix
Tobias Buck

IAU S334 Potsdam 13th of July 



09.10.17IAU S334 Potsdam

measurements in the literature, which typically consist of
single-exponential fits to a mix of MAPs.

Bovy et al. (2012c) were the first to dissect the MW disk into
narrow abundance bins and while they also fit single-
exponential models to ( )S R , their results can be more easily
compared to the current measurements. For comparison, we
have carried out single-exponential fits to the APOGEE data

( )S R (see Table 1), but the different radial coverage makes
this a qualitative exercise rather than a quantitative one. On
this level, our results are consistent with those of Bovy et al.
(2012c) for the low-[ ]a Fe MAPs. When fit with a single-
exponential ( )S R , low-[ ]Fe H MAPs have a flat profile, solar-
[ ]Fe H MAPs have a scale length of = oh 3.0 0.1 kpcR , and
high-[ ]Fe H MAPs have = oh 1.67 0.03 kpcR , similar to the
results in Figure 5 of Bovy et al. (2012c). It is clear, however,
that we significantly refine the results of Bovy et al. (2012c)
for the low-[ ]a Fe MAPs here by determining the shape
of ( )S R .

We find that the vertical profile of the low-[ ]a Fe MAPs
consists of a single exponential, but with a scale height that is
flaring outward with an approximately exponential profile.
Bovy et al. (2012c) assumed a constant hZ(R), because
(unpublished) investigations using the SEGUE G-dwarf data
set demonstrated that all but the most extreme flaring models
were consistent with the data, and ( ) =h RZ constant was the
simplest possible assumption. The inability to determine the
flaring of low-[ ]a Fe MAPs by Bovy et al. (2012c) was due to
the limited radial coverage (spanning only about ±2 kpc) and
the lack of low latitude lines of sight in SEGUE. We have not
attempted to refit the SEGUE G-dwarf data using the best-fit
flaring model from this paper, but the slow exponential flaring
of = - o- -R 0.12 0.01 kpcflare

1 1 is such that it is most likely
consistent with the SEGUE G-dwarf data.
The measurements of the scale heights in this paper are much

more uncertain than those of Bovy et al. (2012c), because most
of the APOGEE lines of sight are concentrated near the plane.

Figure 11. Radial surface profile of MAPs. For display purposes, MAPs along the well-populated low- and high-[ ]a Fe sequences are shown in the bottom and top
panel, respectively, but the trends are the same for all MAPs. For the low-[ ]a Fe sequence these are the MAPs with [ ]a = +Fe 0.05 up to [ ] = -Fe H 0.4 and
[ ]a =Fe 0.0 at higher [ ]Fe H . For the high-[ ]a Fe sequence these are the MAPs with [ ]a = +Fe 0.20 for [ ] ( )= - -Fe H 0.5, 0.4 , [ ]a = +Fe 0.15 for
[ ] ( )= - -Fe H 0.3, 0.2 , and [ ]a = +Fe 0.10 for [ ] = -Fe H 0.1. The colored bands give the 95% uncertainty region. The radial profiles of high-[ ]a Fe MAPs are
given by single exponentials with a common scale length of o2.2 0.2 kpc. The metal-poor low-[ ]a Fe MAPs peak in the outer disk ( 2R 10 kpcpeak ) and are spread
over a wide range of radii, with a relatively shallow outer scale length of about 3 kpc. The metal-rich low-[ ]a Fe MAPs are very centrally concentrated
( 1R 8 kpcpeak ), with outer scale lengths of only »1.25 kpc. The inner, rising scale length is universally »3 kpc, in all MAPs where it can be constrained.
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effect and reflects that the bulge is oriented at about 27° with
respect to the line of sight (Wegg & Gerhard 2013), with the
nearest side at positive longitudes. The X-shape is also visible,
though with more artifacts, in the official AllWISE data release
imaging.6 The W3 and W4 bands largely trace dust rather than
stellar light and therefore do not reveal the X-shaped profile.

3. THE CONTRAST ENHANCED UNWISE IMAGE
OF THE BULGE

Figure 2 presents a contrast enhanced and zoomed-in version
of Figure 1. This better reveals the X-shape light profile of the
bulge and its extent across ℓ b,( ) in theWISE image. This figure
was produced with a median subtraction across each row to
suppress the contribution from the disk. The arms in the image
extend to longitudes of ℓ∣ ∣ ≈ 10° and latitudes of b∣ ∣  10°;
(though note again that the arms on the near side are larger than
those on the far side due to projection). This extent on the sky

corresponds to a length of about 2.4 kpc for each arm, for a
distance to the bulge center of 8.3 kpc from the Sun and a bar
angle of 27°.

4. THE RESIDUALS OF THE UNWISE IMAGE
OF THE BULGE

Finally, we fit and subtract a simple exponential disk model
to make the bulge structure more clear. We zoom in to the
central region of the galaxy, compute theW W1 2– color of each
pixel, and mask the top and bottom 5% in order to suppress the
influence of the most dusty regions on the fit. We then fit a
simple exponential disk model, where the ellipse shape
parameters are shared between the W1 and W2 bands, and
each pixel is given equal weight. The model fit parameters we
get are a half-light radius on the major axis of about 1.9 kpc and
an axis ratio of 0.38, yielding a vertical half-light radius of
about 720 pc. Figure 3 shows these results. The projection
effect is again clear in these residual maps, which reflects that
the bulge is oriented with respect to the line of sight, with the
nearest side at positive longitudes.

Figure 1. WISE image for W1 and W2 in Galactic coordinates. An arcsinh stretch is used to allow the full dynamic range to be shown.

Figure 2. Same as Figure 1, but zoomed in and with the median of each row of the image subtracted to provide a better contrast, which reveals the X-shape
morphology in better detail.

6 Explanatory Supplement to the AllWISE Data Release Products, http://
wise2.ipac.caltech.edu/docs/release/allwise/expsup/
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[ ]Fe H MAPs have a scale length of = oh 3.0 0.1 kpcR , and
high-[ ]Fe H MAPs have = oh 1.67 0.03 kpcR , similar to the
results in Figure 5 of Bovy et al. (2012c). It is clear, however,
that we significantly refine the results of Bovy et al. (2012c)
for the low-[ ]a Fe MAPs here by determining the shape
of ( )S R .

We find that the vertical profile of the low-[ ]a Fe MAPs
consists of a single exponential, but with a scale height that is
flaring outward with an approximately exponential profile.
Bovy et al. (2012c) assumed a constant hZ(R), because
(unpublished) investigations using the SEGUE G-dwarf data
set demonstrated that all but the most extreme flaring models
were consistent with the data, and ( ) =h RZ constant was the
simplest possible assumption. The inability to determine the
flaring of low-[ ]a Fe MAPs by Bovy et al. (2012c) was due to
the limited radial coverage (spanning only about ±2 kpc) and
the lack of low latitude lines of sight in SEGUE. We have not
attempted to refit the SEGUE G-dwarf data using the best-fit
flaring model from this paper, but the slow exponential flaring
of = - o- -R 0.12 0.01 kpcflare

1 1 is such that it is most likely
consistent with the SEGUE G-dwarf data.
The measurements of the scale heights in this paper are much

more uncertain than those of Bovy et al. (2012c), because most
of the APOGEE lines of sight are concentrated near the plane.

Figure 11. Radial surface profile of MAPs. For display purposes, MAPs along the well-populated low- and high-[ ]a Fe sequences are shown in the bottom and top
panel, respectively, but the trends are the same for all MAPs. For the low-[ ]a Fe sequence these are the MAPs with [ ]a = +Fe 0.05 up to [ ] = -Fe H 0.4 and
[ ]a =Fe 0.0 at higher [ ]Fe H . For the high-[ ]a Fe sequence these are the MAPs with [ ]a = +Fe 0.20 for [ ] ( )= - -Fe H 0.5, 0.4 , [ ]a = +Fe 0.15 for
[ ] ( )= - -Fe H 0.3, 0.2 , and [ ]a = +Fe 0.10 for [ ] = -Fe H 0.1. The colored bands give the 95% uncertainty region. The radial profiles of high-[ ]a Fe MAPs are
given by single exponentials with a common scale length of o2.2 0.2 kpc. The metal-poor low-[ ]a Fe MAPs peak in the outer disk ( 2R 10 kpcpeak ) and are spread
over a wide range of radii, with a relatively shallow outer scale length of about 3 kpc. The metal-rich low-[ ]a Fe MAPs are very centrally concentrated
( 1R 8 kpcpeak ), with outer scale lengths of only »1.25 kpc. The inner, rising scale length is universally »3 kpc, in all MAPs where it can be constrained.
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those on the far side due to projection). This extent on the sky
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pixel, and mask the top and bottom 5% in order to suppress the
influence of the most dusty regions on the fit. We then fit a
simple exponential disk model, where the ellipse shape
parameters are shared between the W1 and W2 bands, and
each pixel is given equal weight. The model fit parameters we
get are a half-light radius on the major axis of about 1.9 kpc and
an axis ratio of 0.38, yielding a vertical half-light radius of
about 720 pc. Figure 3 shows these results. The projection
effect is again clear in these residual maps, which reflects that
the bulge is oriented with respect to the line of sight, with the
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Figure 1. WISE image for W1 and W2 in Galactic coordinates. An arcsinh stretch is used to allow the full dynamic range to be shown.

Figure 2. Same as Figure 1, but zoomed in and with the median of each row of the image subtracted to provide a better contrast, which reveals the X-shape
morphology in better detail.

6 Explanatory Supplement to the AllWISE Data Release Products, http://
wise2.ipac.caltech.edu/docs/release/allwise/expsup/

2

The Astronomical Journal, 152:14 (4pp), 2016 July Ness & Lang

Why doing high-resolution cosmological 
simulations?

• structure of the disc

• the Galactic center 

• structure of satellites

Questions from  
observation

• realistic environment

• realistic growth history

Why cosmological  
simulations

• resolve disc scale-height

• resolve the satellites

• resolve the Galactic center

Why high resolution 
 simulations

2Tobias Buck

Bovy+2016
Ness+16

simulation



09.10.17IAU S334 Potsdam

measurements in the literature, which typically consist of
single-exponential fits to a mix of MAPs.

Bovy et al. (2012c) were the first to dissect the MW disk into
narrow abundance bins and while they also fit single-
exponential models to ( )S R , their results can be more easily
compared to the current measurements. For comparison, we
have carried out single-exponential fits to the APOGEE data

( )S R (see Table 1), but the different radial coverage makes
this a qualitative exercise rather than a quantitative one. On
this level, our results are consistent with those of Bovy et al.
(2012c) for the low-[ ]a Fe MAPs. When fit with a single-
exponential ( )S R , low-[ ]Fe H MAPs have a flat profile, solar-
[ ]Fe H MAPs have a scale length of = oh 3.0 0.1 kpcR , and
high-[ ]Fe H MAPs have = oh 1.67 0.03 kpcR , similar to the
results in Figure 5 of Bovy et al. (2012c). It is clear, however,
that we significantly refine the results of Bovy et al. (2012c)
for the low-[ ]a Fe MAPs here by determining the shape
of ( )S R .

We find that the vertical profile of the low-[ ]a Fe MAPs
consists of a single exponential, but with a scale height that is
flaring outward with an approximately exponential profile.
Bovy et al. (2012c) assumed a constant hZ(R), because
(unpublished) investigations using the SEGUE G-dwarf data
set demonstrated that all but the most extreme flaring models
were consistent with the data, and ( ) =h RZ constant was the
simplest possible assumption. The inability to determine the
flaring of low-[ ]a Fe MAPs by Bovy et al. (2012c) was due to
the limited radial coverage (spanning only about ±2 kpc) and
the lack of low latitude lines of sight in SEGUE. We have not
attempted to refit the SEGUE G-dwarf data using the best-fit
flaring model from this paper, but the slow exponential flaring
of = - o- -R 0.12 0.01 kpcflare

1 1 is such that it is most likely
consistent with the SEGUE G-dwarf data.
The measurements of the scale heights in this paper are much

more uncertain than those of Bovy et al. (2012c), because most
of the APOGEE lines of sight are concentrated near the plane.

Figure 11. Radial surface profile of MAPs. For display purposes, MAPs along the well-populated low- and high-[ ]a Fe sequences are shown in the bottom and top
panel, respectively, but the trends are the same for all MAPs. For the low-[ ]a Fe sequence these are the MAPs with [ ]a = +Fe 0.05 up to [ ] = -Fe H 0.4 and
[ ]a =Fe 0.0 at higher [ ]Fe H . For the high-[ ]a Fe sequence these are the MAPs with [ ]a = +Fe 0.20 for [ ] ( )= - -Fe H 0.5, 0.4 , [ ]a = +Fe 0.15 for
[ ] ( )= - -Fe H 0.3, 0.2 , and [ ]a = +Fe 0.10 for [ ] = -Fe H 0.1. The colored bands give the 95% uncertainty region. The radial profiles of high-[ ]a Fe MAPs are
given by single exponentials with a common scale length of o2.2 0.2 kpc. The metal-poor low-[ ]a Fe MAPs peak in the outer disk ( 2R 10 kpcpeak ) and are spread
over a wide range of radii, with a relatively shallow outer scale length of about 3 kpc. The metal-rich low-[ ]a Fe MAPs are very centrally concentrated
( 1R 8 kpcpeak ), with outer scale lengths of only »1.25 kpc. The inner, rising scale length is universally »3 kpc, in all MAPs where it can be constrained.

14

The Astrophysical Journal, 823:30 (20pp), 2016 May 20 Bovy et al.

effect and reflects that the bulge is oriented at about 27° with
respect to the line of sight (Wegg & Gerhard 2013), with the
nearest side at positive longitudes. The X-shape is also visible,
though with more artifacts, in the official AllWISE data release
imaging.6 The W3 and W4 bands largely trace dust rather than
stellar light and therefore do not reveal the X-shaped profile.

3. THE CONTRAST ENHANCED UNWISE IMAGE
OF THE BULGE

Figure 2 presents a contrast enhanced and zoomed-in version
of Figure 1. This better reveals the X-shape light profile of the
bulge and its extent across ℓ b,( ) in theWISE image. This figure
was produced with a median subtraction across each row to
suppress the contribution from the disk. The arms in the image
extend to longitudes of ℓ∣ ∣ ≈ 10° and latitudes of b∣ ∣  10°;
(though note again that the arms on the near side are larger than
those on the far side due to projection). This extent on the sky

corresponds to a length of about 2.4 kpc for each arm, for a
distance to the bulge center of 8.3 kpc from the Sun and a bar
angle of 27°.

4. THE RESIDUALS OF THE UNWISE IMAGE
OF THE BULGE

Finally, we fit and subtract a simple exponential disk model
to make the bulge structure more clear. We zoom in to the
central region of the galaxy, compute theW W1 2– color of each
pixel, and mask the top and bottom 5% in order to suppress the
influence of the most dusty regions on the fit. We then fit a
simple exponential disk model, where the ellipse shape
parameters are shared between the W1 and W2 bands, and
each pixel is given equal weight. The model fit parameters we
get are a half-light radius on the major axis of about 1.9 kpc and
an axis ratio of 0.38, yielding a vertical half-light radius of
about 720 pc. Figure 3 shows these results. The projection
effect is again clear in these residual maps, which reflects that
the bulge is oriented with respect to the line of sight, with the
nearest side at positive longitudes.

Figure 1. WISE image for W1 and W2 in Galactic coordinates. An arcsinh stretch is used to allow the full dynamic range to be shown.

Figure 2. Same as Figure 1, but zoomed in and with the median of each row of the image subtracted to provide a better contrast, which reveals the X-shape
morphology in better detail.

6 Explanatory Supplement to the AllWISE Data Release Products, http://
wise2.ipac.caltech.edu/docs/release/allwise/expsup/

2

The Astronomical Journal, 152:14 (4pp), 2016 July Ness & Lang

Why doing high-resolution cosmological 
simulations?

• structure of the disc

• the Galactic center 

• structure of satellites

Questions from  
observation

• realistic environment

• realistic growth history

Why cosmological  
simulations

• resolve disc scale-height

• resolve the satellites

• resolve the Galactic center

Why high resolution 
 simulations

2Tobias Buck

Bovy+2016
Ness+16

simulation



09.10.17

Simulation Recipe

smoothed particle 
hydrodynamics 

GASOLINE2.1

gas cooling  
via hydrogen, helium and various metal lines 

and Compton cooling  
 gas heating  

via Photoionisation from the UV background

self consistent star 
formation from cold 

dense gas

early stellar feedback  
and SN feedback 
(energy + metals)

1 2

3 4

IAU S334 PotsdamTobias Buck

Shen+2010

Stinson+2006 Stinson+2013

3

Wadsley+2004, Keller+2014



Tobias Buck 09.10.17
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direct WISE imaging

effect and reflects that the bulge is oriented at about 27° with
respect to the line of sight (Wegg & Gerhard 2013), with the
nearest side at positive longitudes. The X-shape is also visible,
though with more artifacts, in the official AllWISE data release
imaging.6 The W3 and W4 bands largely trace dust rather than
stellar light and therefore do not reveal the X-shaped profile.

3. THE CONTRAST ENHANCED UNWISE IMAGE
OF THE BULGE

Figure 2 presents a contrast enhanced and zoomed-in version
of Figure 1. This better reveals the X-shape light profile of the
bulge and its extent across ℓ b,( ) in theWISE image. This figure
was produced with a median subtraction across each row to
suppress the contribution from the disk. The arms in the image
extend to longitudes of ℓ∣ ∣ ≈ 10° and latitudes of b∣ ∣  10°;
(though note again that the arms on the near side are larger than
those on the far side due to projection). This extent on the sky

corresponds to a length of about 2.4 kpc for each arm, for a
distance to the bulge center of 8.3 kpc from the Sun and a bar
angle of 27°.

4. THE RESIDUALS OF THE UNWISE IMAGE
OF THE BULGE

Finally, we fit and subtract a simple exponential disk model
to make the bulge structure more clear. We zoom in to the
central region of the galaxy, compute theW W1 2– color of each
pixel, and mask the top and bottom 5% in order to suppress the
influence of the most dusty regions on the fit. We then fit a
simple exponential disk model, where the ellipse shape
parameters are shared between the W1 and W2 bands, and
each pixel is given equal weight. The model fit parameters we
get are a half-light radius on the major axis of about 1.9 kpc and
an axis ratio of 0.38, yielding a vertical half-light radius of
about 720 pc. Figure 3 shows these results. The projection
effect is again clear in these residual maps, which reflects that
the bulge is oriented with respect to the line of sight, with the
nearest side at positive longitudes.

Figure 1. WISE image for W1 and W2 in Galactic coordinates. An arcsinh stretch is used to allow the full dynamic range to be shown.

Figure 2. Same as Figure 1, but zoomed in and with the median of each row of the image subtracted to provide a better contrast, which reveals the X-shape
morphology in better detail.

6 Explanatory Supplement to the AllWISE Data Release Products, http://
wise2.ipac.caltech.edu/docs/release/allwise/expsup/
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replacement process (see text) intended to reduce contamination from dust or extended sources like star clusters.
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Table 1.Metallicity distribution of the 14,150 stars with |RG| ! 3.5 kpc.

Number of stars [Fe/H] range

16 stars [Fe/H] ! −2.0
84 stars −2.0 < [Fe/H] ! −1.5
522 stars −1.5 ! [Fe/H] < −1.0
4219 stars −1.0 < [Fe/H] ! −0.5
6914 stars −0.5 < [Fe/H] ! 0
2392 stars [Fe/H] > 0

Figure 7. Radial distribution of ARGOS stars: In each panel, the x axis is
the cylindrical distance RG from the Galactic centre. Negative radii are for
stars on the far side of the bulge and the vertical line represents the loca-
tion of the Galactic center. Each star is plotted in the upper panel and the
generalised and normalised histogram of the radial distribution is shown in
the lower panel. The number of stars as a percentage in each [Fe/H] bin
is indicated in the legend. The histograms are shown for all stars and for
stars in bins of metallicity. The colours in the upper panels correspond to
the colour coding in the lower panels. The [Fe/H] values are colour-coded
from red (metal-rich) to blue (metal-poor). Note the changing line of sight
distribution with metallicity and the dip near RG = 0 for some of the metal-
licity bins. The dip near RG = 0 comes from the distribution of survey field
centres; only the three fields on the minor axis contribute to the distribution
near RG = 0. The kernel size for the generalised histograms is σ = 1.5 kpc,
the largest estimated distance error.

Galaxy, we take stars with cylindrical Galactocentric |RG| ! 3.5
kpc to be part of the inner Galaxy. This sample includes about
14, 150 of the original 25, 500 stars. The metallicity distribution
of these inner stars is summarised in Table 1. They are a mixture of
all of the populations present in the inner Galaxy: the metal-poor
halo, the thick disk, the thin disk around the bulge, and the bulge
itself.

2.2 The line of sight distribution of giants in the inner Galaxy

Our sample includes giants all along the lines of sight with dis-
tances up to∼ 55 kpc from the Sun on the far side of the bulge. The
observed distribution of stars over distance is affected by our se-
lection criteria, observational strategy and the stellar metallicities.
Figure 7 shows the distribution of radii RG for our entire sample
of 25,500 stars. This figure does not reflect the underlying density
distribution. Negative radii are for stars on the far side of the bulge,
and the Sun is located at RG = 8 kpc. The observed stellar density
distribution is shown as the smooth curves (generalised histograms
with kernel σ = 1.5 kpc), for (i) all stars and (ii) stars in intervals
of [Fe/H] to compare the relative density distribution of different

RG (kpc) Number of stars

0 – 2 5100
2 – 4 12200
4 – 6 5150
6 – 8 2100
> 10 900
> 15 450
> 25 100
> 35 30
! 3.5 14,150 (55% of total)
! 4.5 19,650 (75% of total)
|y| ! 3.5 17,350 (65% of total)

Table 2. The number of stars in different intervals of radius RG (about
25, 500 stars). In the last line, y is a Cartesian coordinate along the Sun-
center line, with origin at the Galactic center.

metallicity groups to the total distribution of stars. In total, 60%
more stars are observed per kpc along the line of sight on the near
side of the bulge than on the far side. However, the line-of-sight dis-
tribution is metallicity dependent. The majority of observed giants
are located about 4 to 10 kpc from the Sun, with the peak about 3
kpc in front of the bulge. Robin et al. (2012) estimates a peak in the
thin disk number density at∼ 2.3 kpc from the centre of the Galaxy
which may contribute to the larger number of metal rich stars seen
at low Galactic latitudes on the near side of the bulge. The more
metal-poor stars are less biased towards the near side of the Galac-
tic center, with only 15% fewer stars observed in this range on the
far side of the bulge. We preferentially sample the more metal-poor
stars at larger distances because they are bluer, brighter and located
at higher galactic latitudes.

Figure 7 shows a minimum or inflection in the stellar number
density around RG = 0. This is due to the location of our fields;
stars with |RG| < 1.0 kpc come only from our three fields at lon-
gitude l = 0◦ and at latitudes b between 4 and 11◦. This central
feature is much less prominent for the more metal-rich stars, indi-
cating that the more metal-rich stars are more concentrated to the
inner regions of the bulge. The upper panel of Figure 7 shows that
most stars with |RG| < 0.75 kpc have [Fe/H] > −1.0: only two
stars from our sample in this region have [Fe/H] < −1.0. We will
return to these properties of the inner region when we examine the
metallicity distribution function (MDF) as a function of radius RG

(Figures 12 and 13).
Although the lower limit of metallicity for our stars depends

on radius (higher for |RG| < 0.75 kpc), the upper limit of the
[Fe/H] distribution is similar at about [Fe/H] = 0.4 for all radii
up to about |RG| = 5 kpc, with only a few stars above this level.
Table 2 shows the distribution of the number of stars (giants) with
RG for stars seen out in the halo on the far side of the bulge.

The most metal-poor stars in our sample, with [Fe/H]< −2.0,
are located in the inner Galaxy but not in the innermost region. Of
the 27 stars with [Fe/H] < −2.0, 18 lie between |RG| = 0.9 and
4.5 kpc. In the inner region, our most metal-poor star has [Fe/H]
= −2.6 and lies atRG= −3.8 kpc on the far side of the bulge. Our
most metal rich star with [Fe/H] = 0.68 is at RG = 2.0 kpc on the
near side of the bulge. Although we find a few stars at metallicities
[Fe/H]∼ 0.6, which are among the highest [Fe/H] values for bulge
stars reported in the literature, we note that our χ2 abundance scale
is externally calibrated only for 0.1 > [Fe/H] > −2.1. Outside the
range, the abundance scale comes directly from the grid of model
spectra.
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is indicated in the legend. The histograms are shown for all stars and for
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the colour coding in the lower panels. The [Fe/H] values are colour-coded
from red (metal-rich) to blue (metal-poor). Note the changing line of sight
distribution with metallicity and the dip near RG = 0 for some of the metal-
licity bins. The dip near RG = 0 comes from the distribution of survey field
centres; only the three fields on the minor axis contribute to the distribution
near RG = 0. The kernel size for the generalised histograms is σ = 1.5 kpc,
the largest estimated distance error.

Galaxy, we take stars with cylindrical Galactocentric |RG| ! 3.5
kpc to be part of the inner Galaxy. This sample includes about
14, 150 of the original 25, 500 stars. The metallicity distribution
of these inner stars is summarised in Table 1. They are a mixture of
all of the populations present in the inner Galaxy: the metal-poor
halo, the thick disk, the thin disk around the bulge, and the bulge
itself.

2.2 The line of sight distribution of giants in the inner Galaxy

Our sample includes giants all along the lines of sight with dis-
tances up to∼ 55 kpc from the Sun on the far side of the bulge. The
observed distribution of stars over distance is affected by our se-
lection criteria, observational strategy and the stellar metallicities.
Figure 7 shows the distribution of radii RG for our entire sample
of 25,500 stars. This figure does not reflect the underlying density
distribution. Negative radii are for stars on the far side of the bulge,
and the Sun is located at RG = 8 kpc. The observed stellar density
distribution is shown as the smooth curves (generalised histograms
with kernel σ = 1.5 kpc), for (i) all stars and (ii) stars in intervals
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are located about 4 to 10 kpc from the Sun, with the peak about 3
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thin disk number density at∼ 2.3 kpc from the centre of the Galaxy
which may contribute to the larger number of metal rich stars seen
at low Galactic latitudes on the near side of the bulge. The more
metal-poor stars are less biased towards the near side of the Galac-
tic center, with only 15% fewer stars observed in this range on the
far side of the bulge. We preferentially sample the more metal-poor
stars at larger distances because they are bluer, brighter and located
at higher galactic latitudes.

Figure 7 shows a minimum or inflection in the stellar number
density around RG = 0. This is due to the location of our fields;
stars with |RG| < 1.0 kpc come only from our three fields at lon-
gitude l = 0◦ and at latitudes b between 4 and 11◦. This central
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cating that the more metal-rich stars are more concentrated to the
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up to about |RG| = 5 kpc, with only a few stars above this level.
Table 2 shows the distribution of the number of stars (giants) with
RG for stars seen out in the halo on the far side of the bulge.

The most metal-poor stars in our sample, with [Fe/H]< −2.0,
are located in the inner Galaxy but not in the innermost region. Of
the 27 stars with [Fe/H] < −2.0, 18 lie between |RG| = 0.9 and
4.5 kpc. In the inner region, our most metal-poor star has [Fe/H]
= −2.6 and lies atRG= −3.8 kpc on the far side of the bulge. Our
most metal rich star with [Fe/H] = 0.68 is at RG = 2.0 kpc on the
near side of the bulge. Although we find a few stars at metallicities
[Fe/H]∼ 0.6, which are among the highest [Fe/H] values for bulge
stars reported in the literature, we note that our χ2 abundance scale
is externally calibrated only for 0.1 > [Fe/H] > −2.1. Outside the
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Table 1.Metallicity distribution of the 14,150 stars with |RG| ! 3.5 kpc.

Number of stars [Fe/H] range

16 stars [Fe/H] ! −2.0
84 stars −2.0 < [Fe/H] ! −1.5
522 stars −1.5 ! [Fe/H] < −1.0
4219 stars −1.0 < [Fe/H] ! −0.5
6914 stars −0.5 < [Fe/H] ! 0
2392 stars [Fe/H] > 0

Figure 7. Radial distribution of ARGOS stars: In each panel, the x axis is
the cylindrical distance RG from the Galactic centre. Negative radii are for
stars on the far side of the bulge and the vertical line represents the loca-
tion of the Galactic center. Each star is plotted in the upper panel and the
generalised and normalised histogram of the radial distribution is shown in
the lower panel. The number of stars as a percentage in each [Fe/H] bin
is indicated in the legend. The histograms are shown for all stars and for
stars in bins of metallicity. The colours in the upper panels correspond to
the colour coding in the lower panels. The [Fe/H] values are colour-coded
from red (metal-rich) to blue (metal-poor). Note the changing line of sight
distribution with metallicity and the dip near RG = 0 for some of the metal-
licity bins. The dip near RG = 0 comes from the distribution of survey field
centres; only the three fields on the minor axis contribute to the distribution
near RG = 0. The kernel size for the generalised histograms is σ = 1.5 kpc,
the largest estimated distance error.

Galaxy, we take stars with cylindrical Galactocentric |RG| ! 3.5
kpc to be part of the inner Galaxy. This sample includes about
14, 150 of the original 25, 500 stars. The metallicity distribution
of these inner stars is summarised in Table 1. They are a mixture of
all of the populations present in the inner Galaxy: the metal-poor
halo, the thick disk, the thin disk around the bulge, and the bulge
itself.

2.2 The line of sight distribution of giants in the inner Galaxy

Our sample includes giants all along the lines of sight with dis-
tances up to∼ 55 kpc from the Sun on the far side of the bulge. The
observed distribution of stars over distance is affected by our se-
lection criteria, observational strategy and the stellar metallicities.
Figure 7 shows the distribution of radii RG for our entire sample
of 25,500 stars. This figure does not reflect the underlying density
distribution. Negative radii are for stars on the far side of the bulge,
and the Sun is located at RG = 8 kpc. The observed stellar density
distribution is shown as the smooth curves (generalised histograms
with kernel σ = 1.5 kpc), for (i) all stars and (ii) stars in intervals
of [Fe/H] to compare the relative density distribution of different

RG (kpc) Number of stars

0 – 2 5100
2 – 4 12200
4 – 6 5150
6 – 8 2100
> 10 900
> 15 450
> 25 100
> 35 30
! 3.5 14,150 (55% of total)
! 4.5 19,650 (75% of total)
|y| ! 3.5 17,350 (65% of total)

Table 2. The number of stars in different intervals of radius RG (about
25, 500 stars). In the last line, y is a Cartesian coordinate along the Sun-
center line, with origin at the Galactic center.

metallicity groups to the total distribution of stars. In total, 60%
more stars are observed per kpc along the line of sight on the near
side of the bulge than on the far side. However, the line-of-sight dis-
tribution is metallicity dependent. The majority of observed giants
are located about 4 to 10 kpc from the Sun, with the peak about 3
kpc in front of the bulge. Robin et al. (2012) estimates a peak in the
thin disk number density at∼ 2.3 kpc from the centre of the Galaxy
which may contribute to the larger number of metal rich stars seen
at low Galactic latitudes on the near side of the bulge. The more
metal-poor stars are less biased towards the near side of the Galac-
tic center, with only 15% fewer stars observed in this range on the
far side of the bulge. We preferentially sample the more metal-poor
stars at larger distances because they are bluer, brighter and located
at higher galactic latitudes.

Figure 7 shows a minimum or inflection in the stellar number
density around RG = 0. This is due to the location of our fields;
stars with |RG| < 1.0 kpc come only from our three fields at lon-
gitude l = 0◦ and at latitudes b between 4 and 11◦. This central
feature is much less prominent for the more metal-rich stars, indi-
cating that the more metal-rich stars are more concentrated to the
inner regions of the bulge. The upper panel of Figure 7 shows that
most stars with |RG| < 0.75 kpc have [Fe/H] > −1.0: only two
stars from our sample in this region have [Fe/H] < −1.0. We will
return to these properties of the inner region when we examine the
metallicity distribution function (MDF) as a function of radius RG

(Figures 12 and 13).
Although the lower limit of metallicity for our stars depends

on radius (higher for |RG| < 0.75 kpc), the upper limit of the
[Fe/H] distribution is similar at about [Fe/H] = 0.4 for all radii
up to about |RG| = 5 kpc, with only a few stars above this level.
Table 2 shows the distribution of the number of stars (giants) with
RG for stars seen out in the halo on the far side of the bulge.

The most metal-poor stars in our sample, with [Fe/H]< −2.0,
are located in the inner Galaxy but not in the innermost region. Of
the 27 stars with [Fe/H] < −2.0, 18 lie between |RG| = 0.9 and
4.5 kpc. In the inner region, our most metal-poor star has [Fe/H]
= −2.6 and lies atRG= −3.8 kpc on the far side of the bulge. Our
most metal rich star with [Fe/H] = 0.68 is at RG = 2.0 kpc on the
near side of the bulge. Although we find a few stars at metallicities
[Fe/H]∼ 0.6, which are among the highest [Fe/H] values for bulge
stars reported in the literature, we note that our χ2 abundance scale
is externally calibrated only for 0.1 > [Fe/H] > −2.1. Outside the
range, the abundance scale comes directly from the grid of model
spectra.
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Table 1.Metallicity distribution of the 14,150 stars with |RG| ! 3.5 kpc.

Number of stars [Fe/H] range

16 stars [Fe/H] ! −2.0
84 stars −2.0 < [Fe/H] ! −1.5
522 stars −1.5 ! [Fe/H] < −1.0
4219 stars −1.0 < [Fe/H] ! −0.5
6914 stars −0.5 < [Fe/H] ! 0
2392 stars [Fe/H] > 0

Figure 7. Radial distribution of ARGOS stars: In each panel, the x axis is
the cylindrical distance RG from the Galactic centre. Negative radii are for
stars on the far side of the bulge and the vertical line represents the loca-
tion of the Galactic center. Each star is plotted in the upper panel and the
generalised and normalised histogram of the radial distribution is shown in
the lower panel. The number of stars as a percentage in each [Fe/H] bin
is indicated in the legend. The histograms are shown for all stars and for
stars in bins of metallicity. The colours in the upper panels correspond to
the colour coding in the lower panels. The [Fe/H] values are colour-coded
from red (metal-rich) to blue (metal-poor). Note the changing line of sight
distribution with metallicity and the dip near RG = 0 for some of the metal-
licity bins. The dip near RG = 0 comes from the distribution of survey field
centres; only the three fields on the minor axis contribute to the distribution
near RG = 0. The kernel size for the generalised histograms is σ = 1.5 kpc,
the largest estimated distance error.

Galaxy, we take stars with cylindrical Galactocentric |RG| ! 3.5
kpc to be part of the inner Galaxy. This sample includes about
14, 150 of the original 25, 500 stars. The metallicity distribution
of these inner stars is summarised in Table 1. They are a mixture of
all of the populations present in the inner Galaxy: the metal-poor
halo, the thick disk, the thin disk around the bulge, and the bulge
itself.

2.2 The line of sight distribution of giants in the inner Galaxy

Our sample includes giants all along the lines of sight with dis-
tances up to∼ 55 kpc from the Sun on the far side of the bulge. The
observed distribution of stars over distance is affected by our se-
lection criteria, observational strategy and the stellar metallicities.
Figure 7 shows the distribution of radii RG for our entire sample
of 25,500 stars. This figure does not reflect the underlying density
distribution. Negative radii are for stars on the far side of the bulge,
and the Sun is located at RG = 8 kpc. The observed stellar density
distribution is shown as the smooth curves (generalised histograms
with kernel σ = 1.5 kpc), for (i) all stars and (ii) stars in intervals
of [Fe/H] to compare the relative density distribution of different

RG (kpc) Number of stars

0 – 2 5100
2 – 4 12200
4 – 6 5150
6 – 8 2100
> 10 900
> 15 450
> 25 100
> 35 30
! 3.5 14,150 (55% of total)
! 4.5 19,650 (75% of total)
|y| ! 3.5 17,350 (65% of total)

Table 2. The number of stars in different intervals of radius RG (about
25, 500 stars). In the last line, y is a Cartesian coordinate along the Sun-
center line, with origin at the Galactic center.

metallicity groups to the total distribution of stars. In total, 60%
more stars are observed per kpc along the line of sight on the near
side of the bulge than on the far side. However, the line-of-sight dis-
tribution is metallicity dependent. The majority of observed giants
are located about 4 to 10 kpc from the Sun, with the peak about 3
kpc in front of the bulge. Robin et al. (2012) estimates a peak in the
thin disk number density at∼ 2.3 kpc from the centre of the Galaxy
which may contribute to the larger number of metal rich stars seen
at low Galactic latitudes on the near side of the bulge. The more
metal-poor stars are less biased towards the near side of the Galac-
tic center, with only 15% fewer stars observed in this range on the
far side of the bulge. We preferentially sample the more metal-poor
stars at larger distances because they are bluer, brighter and located
at higher galactic latitudes.

Figure 7 shows a minimum or inflection in the stellar number
density around RG = 0. This is due to the location of our fields;
stars with |RG| < 1.0 kpc come only from our three fields at lon-
gitude l = 0◦ and at latitudes b between 4 and 11◦. This central
feature is much less prominent for the more metal-rich stars, indi-
cating that the more metal-rich stars are more concentrated to the
inner regions of the bulge. The upper panel of Figure 7 shows that
most stars with |RG| < 0.75 kpc have [Fe/H] > −1.0: only two
stars from our sample in this region have [Fe/H] < −1.0. We will
return to these properties of the inner region when we examine the
metallicity distribution function (MDF) as a function of radius RG

(Figures 12 and 13).
Although the lower limit of metallicity for our stars depends

on radius (higher for |RG| < 0.75 kpc), the upper limit of the
[Fe/H] distribution is similar at about [Fe/H] = 0.4 for all radii
up to about |RG| = 5 kpc, with only a few stars above this level.
Table 2 shows the distribution of the number of stars (giants) with
RG for stars seen out in the halo on the far side of the bulge.

The most metal-poor stars in our sample, with [Fe/H]< −2.0,
are located in the inner Galaxy but not in the innermost region. Of
the 27 stars with [Fe/H] < −2.0, 18 lie between |RG| = 0.9 and
4.5 kpc. In the inner region, our most metal-poor star has [Fe/H]
= −2.6 and lies atRG= −3.8 kpc on the far side of the bulge. Our
most metal rich star with [Fe/H] = 0.68 is at RG = 2.0 kpc on the
near side of the bulge. Although we find a few stars at metallicities
[Fe/H]∼ 0.6, which are among the highest [Fe/H] values for bulge
stars reported in the literature, we note that our χ2 abundance scale
is externally calibrated only for 0.1 > [Fe/H] > −2.1. Outside the
range, the abundance scale comes directly from the grid of model
spectra.
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Table 1.Metallicity distribution of the 14,150 stars with |RG| ! 3.5 kpc.

Number of stars [Fe/H] range

16 stars [Fe/H] ! −2.0
84 stars −2.0 < [Fe/H] ! −1.5
522 stars −1.5 ! [Fe/H] < −1.0
4219 stars −1.0 < [Fe/H] ! −0.5
6914 stars −0.5 < [Fe/H] ! 0
2392 stars [Fe/H] > 0

Figure 7. Radial distribution of ARGOS stars: In each panel, the x axis is
the cylindrical distance RG from the Galactic centre. Negative radii are for
stars on the far side of the bulge and the vertical line represents the loca-
tion of the Galactic center. Each star is plotted in the upper panel and the
generalised and normalised histogram of the radial distribution is shown in
the lower panel. The number of stars as a percentage in each [Fe/H] bin
is indicated in the legend. The histograms are shown for all stars and for
stars in bins of metallicity. The colours in the upper panels correspond to
the colour coding in the lower panels. The [Fe/H] values are colour-coded
from red (metal-rich) to blue (metal-poor). Note the changing line of sight
distribution with metallicity and the dip near RG = 0 for some of the metal-
licity bins. The dip near RG = 0 comes from the distribution of survey field
centres; only the three fields on the minor axis contribute to the distribution
near RG = 0. The kernel size for the generalised histograms is σ = 1.5 kpc,
the largest estimated distance error.

Galaxy, we take stars with cylindrical Galactocentric |RG| ! 3.5
kpc to be part of the inner Galaxy. This sample includes about
14, 150 of the original 25, 500 stars. The metallicity distribution
of these inner stars is summarised in Table 1. They are a mixture of
all of the populations present in the inner Galaxy: the metal-poor
halo, the thick disk, the thin disk around the bulge, and the bulge
itself.

2.2 The line of sight distribution of giants in the inner Galaxy

Our sample includes giants all along the lines of sight with dis-
tances up to∼ 55 kpc from the Sun on the far side of the bulge. The
observed distribution of stars over distance is affected by our se-
lection criteria, observational strategy and the stellar metallicities.
Figure 7 shows the distribution of radii RG for our entire sample
of 25,500 stars. This figure does not reflect the underlying density
distribution. Negative radii are for stars on the far side of the bulge,
and the Sun is located at RG = 8 kpc. The observed stellar density
distribution is shown as the smooth curves (generalised histograms
with kernel σ = 1.5 kpc), for (i) all stars and (ii) stars in intervals
of [Fe/H] to compare the relative density distribution of different

RG (kpc) Number of stars

0 – 2 5100
2 – 4 12200
4 – 6 5150
6 – 8 2100
> 10 900
> 15 450
> 25 100
> 35 30
! 3.5 14,150 (55% of total)
! 4.5 19,650 (75% of total)
|y| ! 3.5 17,350 (65% of total)

Table 2. The number of stars in different intervals of radius RG (about
25, 500 stars). In the last line, y is a Cartesian coordinate along the Sun-
center line, with origin at the Galactic center.

metallicity groups to the total distribution of stars. In total, 60%
more stars are observed per kpc along the line of sight on the near
side of the bulge than on the far side. However, the line-of-sight dis-
tribution is metallicity dependent. The majority of observed giants
are located about 4 to 10 kpc from the Sun, with the peak about 3
kpc in front of the bulge. Robin et al. (2012) estimates a peak in the
thin disk number density at∼ 2.3 kpc from the centre of the Galaxy
which may contribute to the larger number of metal rich stars seen
at low Galactic latitudes on the near side of the bulge. The more
metal-poor stars are less biased towards the near side of the Galac-
tic center, with only 15% fewer stars observed in this range on the
far side of the bulge. We preferentially sample the more metal-poor
stars at larger distances because they are bluer, brighter and located
at higher galactic latitudes.

Figure 7 shows a minimum or inflection in the stellar number
density around RG = 0. This is due to the location of our fields;
stars with |RG| < 1.0 kpc come only from our three fields at lon-
gitude l = 0◦ and at latitudes b between 4 and 11◦. This central
feature is much less prominent for the more metal-rich stars, indi-
cating that the more metal-rich stars are more concentrated to the
inner regions of the bulge. The upper panel of Figure 7 shows that
most stars with |RG| < 0.75 kpc have [Fe/H] > −1.0: only two
stars from our sample in this region have [Fe/H] < −1.0. We will
return to these properties of the inner region when we examine the
metallicity distribution function (MDF) as a function of radius RG

(Figures 12 and 13).
Although the lower limit of metallicity for our stars depends

on radius (higher for |RG| < 0.75 kpc), the upper limit of the
[Fe/H] distribution is similar at about [Fe/H] = 0.4 for all radii
up to about |RG| = 5 kpc, with only a few stars above this level.
Table 2 shows the distribution of the number of stars (giants) with
RG for stars seen out in the halo on the far side of the bulge.

The most metal-poor stars in our sample, with [Fe/H]< −2.0,
are located in the inner Galaxy but not in the innermost region. Of
the 27 stars with [Fe/H] < −2.0, 18 lie between |RG| = 0.9 and
4.5 kpc. In the inner region, our most metal-poor star has [Fe/H]
= −2.6 and lies atRG= −3.8 kpc on the far side of the bulge. Our
most metal rich star with [Fe/H] = 0.68 is at RG = 2.0 kpc on the
near side of the bulge. Although we find a few stars at metallicities
[Fe/H]∼ 0.6, which are among the highest [Fe/H] values for bulge
stars reported in the literature, we note that our χ2 abundance scale
is externally calibrated only for 0.1 > [Fe/H] > −2.1. Outside the
range, the abundance scale comes directly from the grid of model
spectra.
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Table 1.Metallicity distribution of the 14,150 stars with |RG| ! 3.5 kpc.

Number of stars [Fe/H] range

16 stars [Fe/H] ! −2.0
84 stars −2.0 < [Fe/H] ! −1.5
522 stars −1.5 ! [Fe/H] < −1.0
4219 stars −1.0 < [Fe/H] ! −0.5
6914 stars −0.5 < [Fe/H] ! 0
2392 stars [Fe/H] > 0

Figure 7. Radial distribution of ARGOS stars: In each panel, the x axis is
the cylindrical distance RG from the Galactic centre. Negative radii are for
stars on the far side of the bulge and the vertical line represents the loca-
tion of the Galactic center. Each star is plotted in the upper panel and the
generalised and normalised histogram of the radial distribution is shown in
the lower panel. The number of stars as a percentage in each [Fe/H] bin
is indicated in the legend. The histograms are shown for all stars and for
stars in bins of metallicity. The colours in the upper panels correspond to
the colour coding in the lower panels. The [Fe/H] values are colour-coded
from red (metal-rich) to blue (metal-poor). Note the changing line of sight
distribution with metallicity and the dip near RG = 0 for some of the metal-
licity bins. The dip near RG = 0 comes from the distribution of survey field
centres; only the three fields on the minor axis contribute to the distribution
near RG = 0. The kernel size for the generalised histograms is σ = 1.5 kpc,
the largest estimated distance error.

Galaxy, we take stars with cylindrical Galactocentric |RG| ! 3.5
kpc to be part of the inner Galaxy. This sample includes about
14, 150 of the original 25, 500 stars. The metallicity distribution
of these inner stars is summarised in Table 1. They are a mixture of
all of the populations present in the inner Galaxy: the metal-poor
halo, the thick disk, the thin disk around the bulge, and the bulge
itself.

2.2 The line of sight distribution of giants in the inner Galaxy

Our sample includes giants all along the lines of sight with dis-
tances up to∼ 55 kpc from the Sun on the far side of the bulge. The
observed distribution of stars over distance is affected by our se-
lection criteria, observational strategy and the stellar metallicities.
Figure 7 shows the distribution of radii RG for our entire sample
of 25,500 stars. This figure does not reflect the underlying density
distribution. Negative radii are for stars on the far side of the bulge,
and the Sun is located at RG = 8 kpc. The observed stellar density
distribution is shown as the smooth curves (generalised histograms
with kernel σ = 1.5 kpc), for (i) all stars and (ii) stars in intervals
of [Fe/H] to compare the relative density distribution of different

RG (kpc) Number of stars

0 – 2 5100
2 – 4 12200
4 – 6 5150
6 – 8 2100
> 10 900
> 15 450
> 25 100
> 35 30
! 3.5 14,150 (55% of total)
! 4.5 19,650 (75% of total)
|y| ! 3.5 17,350 (65% of total)

Table 2. The number of stars in different intervals of radius RG (about
25, 500 stars). In the last line, y is a Cartesian coordinate along the Sun-
center line, with origin at the Galactic center.

metallicity groups to the total distribution of stars. In total, 60%
more stars are observed per kpc along the line of sight on the near
side of the bulge than on the far side. However, the line-of-sight dis-
tribution is metallicity dependent. The majority of observed giants
are located about 4 to 10 kpc from the Sun, with the peak about 3
kpc in front of the bulge. Robin et al. (2012) estimates a peak in the
thin disk number density at∼ 2.3 kpc from the centre of the Galaxy
which may contribute to the larger number of metal rich stars seen
at low Galactic latitudes on the near side of the bulge. The more
metal-poor stars are less biased towards the near side of the Galac-
tic center, with only 15% fewer stars observed in this range on the
far side of the bulge. We preferentially sample the more metal-poor
stars at larger distances because they are bluer, brighter and located
at higher galactic latitudes.

Figure 7 shows a minimum or inflection in the stellar number
density around RG = 0. This is due to the location of our fields;
stars with |RG| < 1.0 kpc come only from our three fields at lon-
gitude l = 0◦ and at latitudes b between 4 and 11◦. This central
feature is much less prominent for the more metal-rich stars, indi-
cating that the more metal-rich stars are more concentrated to the
inner regions of the bulge. The upper panel of Figure 7 shows that
most stars with |RG| < 0.75 kpc have [Fe/H] > −1.0: only two
stars from our sample in this region have [Fe/H] < −1.0. We will
return to these properties of the inner region when we examine the
metallicity distribution function (MDF) as a function of radius RG

(Figures 12 and 13).
Although the lower limit of metallicity for our stars depends

on radius (higher for |RG| < 0.75 kpc), the upper limit of the
[Fe/H] distribution is similar at about [Fe/H] = 0.4 for all radii
up to about |RG| = 5 kpc, with only a few stars above this level.
Table 2 shows the distribution of the number of stars (giants) with
RG for stars seen out in the halo on the far side of the bulge.

The most metal-poor stars in our sample, with [Fe/H]< −2.0,
are located in the inner Galaxy but not in the innermost region. Of
the 27 stars with [Fe/H] < −2.0, 18 lie between |RG| = 0.9 and
4.5 kpc. In the inner region, our most metal-poor star has [Fe/H]
= −2.6 and lies atRG= −3.8 kpc on the far side of the bulge. Our
most metal rich star with [Fe/H] = 0.68 is at RG = 2.0 kpc on the
near side of the bulge. Although we find a few stars at metallicities
[Fe/H]∼ 0.6, which are among the highest [Fe/H] values for bulge
stars reported in the literature, we note that our χ2 abundance scale
is externally calibrated only for 0.1 > [Fe/H] > −2.1. Outside the
range, the abundance scale comes directly from the grid of model
spectra.
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Table 1.Metallicity distribution of the 14,150 stars with |RG| ! 3.5 kpc.

Number of stars [Fe/H] range

16 stars [Fe/H] ! −2.0
84 stars −2.0 < [Fe/H] ! −1.5
522 stars −1.5 ! [Fe/H] < −1.0
4219 stars −1.0 < [Fe/H] ! −0.5
6914 stars −0.5 < [Fe/H] ! 0
2392 stars [Fe/H] > 0

Figure 7. Radial distribution of ARGOS stars: In each panel, the x axis is
the cylindrical distance RG from the Galactic centre. Negative radii are for
stars on the far side of the bulge and the vertical line represents the loca-
tion of the Galactic center. Each star is plotted in the upper panel and the
generalised and normalised histogram of the radial distribution is shown in
the lower panel. The number of stars as a percentage in each [Fe/H] bin
is indicated in the legend. The histograms are shown for all stars and for
stars in bins of metallicity. The colours in the upper panels correspond to
the colour coding in the lower panels. The [Fe/H] values are colour-coded
from red (metal-rich) to blue (metal-poor). Note the changing line of sight
distribution with metallicity and the dip near RG = 0 for some of the metal-
licity bins. The dip near RG = 0 comes from the distribution of survey field
centres; only the three fields on the minor axis contribute to the distribution
near RG = 0. The kernel size for the generalised histograms is σ = 1.5 kpc,
the largest estimated distance error.

Galaxy, we take stars with cylindrical Galactocentric |RG| ! 3.5
kpc to be part of the inner Galaxy. This sample includes about
14, 150 of the original 25, 500 stars. The metallicity distribution
of these inner stars is summarised in Table 1. They are a mixture of
all of the populations present in the inner Galaxy: the metal-poor
halo, the thick disk, the thin disk around the bulge, and the bulge
itself.

2.2 The line of sight distribution of giants in the inner Galaxy

Our sample includes giants all along the lines of sight with dis-
tances up to∼ 55 kpc from the Sun on the far side of the bulge. The
observed distribution of stars over distance is affected by our se-
lection criteria, observational strategy and the stellar metallicities.
Figure 7 shows the distribution of radii RG for our entire sample
of 25,500 stars. This figure does not reflect the underlying density
distribution. Negative radii are for stars on the far side of the bulge,
and the Sun is located at RG = 8 kpc. The observed stellar density
distribution is shown as the smooth curves (generalised histograms
with kernel σ = 1.5 kpc), for (i) all stars and (ii) stars in intervals
of [Fe/H] to compare the relative density distribution of different

RG (kpc) Number of stars

0 – 2 5100
2 – 4 12200
4 – 6 5150
6 – 8 2100
> 10 900
> 15 450
> 25 100
> 35 30
! 3.5 14,150 (55% of total)
! 4.5 19,650 (75% of total)
|y| ! 3.5 17,350 (65% of total)

Table 2. The number of stars in different intervals of radius RG (about
25, 500 stars). In the last line, y is a Cartesian coordinate along the Sun-
center line, with origin at the Galactic center.

metallicity groups to the total distribution of stars. In total, 60%
more stars are observed per kpc along the line of sight on the near
side of the bulge than on the far side. However, the line-of-sight dis-
tribution is metallicity dependent. The majority of observed giants
are located about 4 to 10 kpc from the Sun, with the peak about 3
kpc in front of the bulge. Robin et al. (2012) estimates a peak in the
thin disk number density at∼ 2.3 kpc from the centre of the Galaxy
which may contribute to the larger number of metal rich stars seen
at low Galactic latitudes on the near side of the bulge. The more
metal-poor stars are less biased towards the near side of the Galac-
tic center, with only 15% fewer stars observed in this range on the
far side of the bulge. We preferentially sample the more metal-poor
stars at larger distances because they are bluer, brighter and located
at higher galactic latitudes.

Figure 7 shows a minimum or inflection in the stellar number
density around RG = 0. This is due to the location of our fields;
stars with |RG| < 1.0 kpc come only from our three fields at lon-
gitude l = 0◦ and at latitudes b between 4 and 11◦. This central
feature is much less prominent for the more metal-rich stars, indi-
cating that the more metal-rich stars are more concentrated to the
inner regions of the bulge. The upper panel of Figure 7 shows that
most stars with |RG| < 0.75 kpc have [Fe/H] > −1.0: only two
stars from our sample in this region have [Fe/H] < −1.0. We will
return to these properties of the inner region when we examine the
metallicity distribution function (MDF) as a function of radius RG

(Figures 12 and 13).
Although the lower limit of metallicity for our stars depends

on radius (higher for |RG| < 0.75 kpc), the upper limit of the
[Fe/H] distribution is similar at about [Fe/H] = 0.4 for all radii
up to about |RG| = 5 kpc, with only a few stars above this level.
Table 2 shows the distribution of the number of stars (giants) with
RG for stars seen out in the halo on the far side of the bulge.

The most metal-poor stars in our sample, with [Fe/H]< −2.0,
are located in the inner Galaxy but not in the innermost region. Of
the 27 stars with [Fe/H] < −2.0, 18 lie between |RG| = 0.9 and
4.5 kpc. In the inner region, our most metal-poor star has [Fe/H]
= −2.6 and lies atRG= −3.8 kpc on the far side of the bulge. Our
most metal rich star with [Fe/H] = 0.68 is at RG = 2.0 kpc on the
near side of the bulge. Although we find a few stars at metallicities
[Fe/H]∼ 0.6, which are among the highest [Fe/H] values for bulge
stars reported in the literature, we note that our χ2 abundance scale
is externally calibrated only for 0.1 > [Fe/H] > −2.1. Outside the
range, the abundance scale comes directly from the grid of model
spectra.
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Table 1.Metallicity distribution of the 14,150 stars with |RG| ! 3.5 kpc.

Number of stars [Fe/H] range

16 stars [Fe/H] ! −2.0
84 stars −2.0 < [Fe/H] ! −1.5
522 stars −1.5 ! [Fe/H] < −1.0
4219 stars −1.0 < [Fe/H] ! −0.5
6914 stars −0.5 < [Fe/H] ! 0
2392 stars [Fe/H] > 0

Figure 7. Radial distribution of ARGOS stars: In each panel, the x axis is
the cylindrical distance RG from the Galactic centre. Negative radii are for
stars on the far side of the bulge and the vertical line represents the loca-
tion of the Galactic center. Each star is plotted in the upper panel and the
generalised and normalised histogram of the radial distribution is shown in
the lower panel. The number of stars as a percentage in each [Fe/H] bin
is indicated in the legend. The histograms are shown for all stars and for
stars in bins of metallicity. The colours in the upper panels correspond to
the colour coding in the lower panels. The [Fe/H] values are colour-coded
from red (metal-rich) to blue (metal-poor). Note the changing line of sight
distribution with metallicity and the dip near RG = 0 for some of the metal-
licity bins. The dip near RG = 0 comes from the distribution of survey field
centres; only the three fields on the minor axis contribute to the distribution
near RG = 0. The kernel size for the generalised histograms is σ = 1.5 kpc,
the largest estimated distance error.

Galaxy, we take stars with cylindrical Galactocentric |RG| ! 3.5
kpc to be part of the inner Galaxy. This sample includes about
14, 150 of the original 25, 500 stars. The metallicity distribution
of these inner stars is summarised in Table 1. They are a mixture of
all of the populations present in the inner Galaxy: the metal-poor
halo, the thick disk, the thin disk around the bulge, and the bulge
itself.

2.2 The line of sight distribution of giants in the inner Galaxy

Our sample includes giants all along the lines of sight with dis-
tances up to∼ 55 kpc from the Sun on the far side of the bulge. The
observed distribution of stars over distance is affected by our se-
lection criteria, observational strategy and the stellar metallicities.
Figure 7 shows the distribution of radii RG for our entire sample
of 25,500 stars. This figure does not reflect the underlying density
distribution. Negative radii are for stars on the far side of the bulge,
and the Sun is located at RG = 8 kpc. The observed stellar density
distribution is shown as the smooth curves (generalised histograms
with kernel σ = 1.5 kpc), for (i) all stars and (ii) stars in intervals
of [Fe/H] to compare the relative density distribution of different

RG (kpc) Number of stars

0 – 2 5100
2 – 4 12200
4 – 6 5150
6 – 8 2100
> 10 900
> 15 450
> 25 100
> 35 30
! 3.5 14,150 (55% of total)
! 4.5 19,650 (75% of total)
|y| ! 3.5 17,350 (65% of total)

Table 2. The number of stars in different intervals of radius RG (about
25, 500 stars). In the last line, y is a Cartesian coordinate along the Sun-
center line, with origin at the Galactic center.

metallicity groups to the total distribution of stars. In total, 60%
more stars are observed per kpc along the line of sight on the near
side of the bulge than on the far side. However, the line-of-sight dis-
tribution is metallicity dependent. The majority of observed giants
are located about 4 to 10 kpc from the Sun, with the peak about 3
kpc in front of the bulge. Robin et al. (2012) estimates a peak in the
thin disk number density at∼ 2.3 kpc from the centre of the Galaxy
which may contribute to the larger number of metal rich stars seen
at low Galactic latitudes on the near side of the bulge. The more
metal-poor stars are less biased towards the near side of the Galac-
tic center, with only 15% fewer stars observed in this range on the
far side of the bulge. We preferentially sample the more metal-poor
stars at larger distances because they are bluer, brighter and located
at higher galactic latitudes.

Figure 7 shows a minimum or inflection in the stellar number
density around RG = 0. This is due to the location of our fields;
stars with |RG| < 1.0 kpc come only from our three fields at lon-
gitude l = 0◦ and at latitudes b between 4 and 11◦. This central
feature is much less prominent for the more metal-rich stars, indi-
cating that the more metal-rich stars are more concentrated to the
inner regions of the bulge. The upper panel of Figure 7 shows that
most stars with |RG| < 0.75 kpc have [Fe/H] > −1.0: only two
stars from our sample in this region have [Fe/H] < −1.0. We will
return to these properties of the inner region when we examine the
metallicity distribution function (MDF) as a function of radius RG

(Figures 12 and 13).
Although the lower limit of metallicity for our stars depends

on radius (higher for |RG| < 0.75 kpc), the upper limit of the
[Fe/H] distribution is similar at about [Fe/H] = 0.4 for all radii
up to about |RG| = 5 kpc, with only a few stars above this level.
Table 2 shows the distribution of the number of stars (giants) with
RG for stars seen out in the halo on the far side of the bulge.

The most metal-poor stars in our sample, with [Fe/H]< −2.0,
are located in the inner Galaxy but not in the innermost region. Of
the 27 stars with [Fe/H] < −2.0, 18 lie between |RG| = 0.9 and
4.5 kpc. In the inner region, our most metal-poor star has [Fe/H]
= −2.6 and lies atRG= −3.8 kpc on the far side of the bulge. Our
most metal rich star with [Fe/H] = 0.68 is at RG = 2.0 kpc on the
near side of the bulge. Although we find a few stars at metallicities
[Fe/H]∼ 0.6, which are among the highest [Fe/H] values for bulge
stars reported in the literature, we note that our χ2 abundance scale
is externally calibrated only for 0.1 > [Fe/H] > −2.1. Outside the
range, the abundance scale comes directly from the grid of model
spectra.
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Buck+2017 in prep.
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Metallicities of the Bulge Populations

846 M. Ness et al.

Figure 13. MDF decompositions for different radial intervals at b = −5◦.
The number of stars in panels (a)–(i) are 300, 1100, 2300, 2000, 600, 200,
120, 100 and 70, respectively.

Figure 14. MDF decompositions for different radial intervals at b = −10◦.
The number of stars in panels (a)–(i) are 180, 850, 2450, 1700, 250, 150,
200, 120 and 50, respectively.
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the bulge components show distinct metallicity sub-components

Ness+2013 Ness+2013

Buck+2017 in prep.
spherical bulge



Tobias Buck 09.10.17

spherical bulge

IAU S334 Potsdam

Present Day Position of the Bulge 
Components

Buck+2017 in prep.
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Present Day Position of the Bulge 
Components

Buck+2017 in prep.
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Birth Position of the Bulge Components

equal birth positions  
but very different  
present day positions! 

secular evolution 
by the bar scatters 
stars to vastly  
different orbits! 

see also Poster 20  
(Fragkoudi et al.)

Buck+2017 in prep.
14
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Conclusions to Go
NIHAO-UHD: 

• reproduces key features of the MW  
• contribute new insights into the formation 

and evolution of the MW 

• the simulated bulge has a complex sub-
structure shaped by secular evolution

15

If you like to see your favourite Milky Way plot for my 
galaxies… write me:    buck@mpia.de



Extra Material
Ut wisi enim ad minim veniam, quis nostrud exerci tation ullamcorper suscipit 
lobortis nisl ut aliquip ex ea commodo consequat. Duis autem vel eum iriure 

dolor in hendrerit in vulputate velit esse molestie consequat, vel illum

16
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Morphology of the Bulge Components
classical bulge components: more spherically symmetric

peanut bulge components: boxy/peanut morphology
Buck+2017 sub.

Buck+2017 sub.
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The Galactic Center in Simulations

Ness+2016

The Kinematics
rotation profile

dispersion profile
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Kinematics of the Bulge Components
decomposition of the metallicity distribution function by 

usage of 5 component gaussian mixture model
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Kinematics of the Bulge Components
decomposition of the metallicity distribution function by 

usage of 5 component gaussian mixture model
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Ages of the Bulge Components 
decomposition of the metallicity distribution function by 

usage of 5 component gaussian mixture model
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Kinematic Maps in l,b 
decomposition of the metallicity distribution function by 

usage of 5 component gaussian mixture model
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Metallicity Maps in l,b 
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Kinematic Maps in l,b - classical bulge 
decomposition of the metallicity distribution function by 

usage of 5 component gaussian mixture model
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Kinematic Maps in l,b - peanut bulge 
decomposition of the metallicity distribution function by 

usage of 5 component gaussian mixture model
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Environmental Effects on  
Satellites and Dwarfs


