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TOBIAS BUCKFORMATION OF MILKY WAY-LIKE GALAXIES IN COSMOLOGICAL CONTEXT

THE STRUCTURE OF THE NEXT ~40 MINUTES:

▸ Some selective (personally biased) observational Facts about the Milky Way


▸ Simulated Fiction about Milky-Way’s formation history


▸ Future Challenges: How to build better models?



TOBIAS BUCKFORMATION OF MILKY WAY-LIKE GALAXIES IN COSMOLOGICAL CONTEXT

THE STRUCTURE OF THE NEXT ~40 MINUTES:

▸ Observational Facts about the Milky Way: Buder, Yuxi, Eilers, Sestito? chemical 
bimodality…, Obreja 2022


▸ Simulated Fiction about Milky-Way’s formation history: all my own work… 
NIHAO-UHD and results, Buck+2019 SF threshold, Buck+2020 impact of CRs, 
Buck+2021 new elements


▸ Future Challenges: How to build better models? statistical model of density 
structures, AI for simulations, junior group
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Figure 7

The Missing Satellites Problem: Predicted ⇤CDM substructure (left) vs. known Milky Way
satellites (right). The image on the left shows the ⇤CDM dark matter distribution within a sphere
of radius 250 kpc around the center of a Milky-Way size dark matter halo (simulation by V.
Robles and T. Kelley in collaboration with the authors). The image on the right (by M. Pawlowski
in collaboration with the authors) shows the current census of Milky Way satellite galaxies, with
galaxies discovered since 2015 in red. The Galactic disk is represented by a circle of radius 15 kpc
at the center and the outer sphere has a radius of 250 kpc. The 11 brightest (classical) Milky Way
satellites are labeled by name. Sizes of the symbols are not to scale but are rather proportional to
the log of each satellite galaxy’s stellar mass. Currently, there are ⇠ 50 satellite galaxies of the
Milky Way compared to thousands of predicted subhalos with Mpeak & 107 M�.

see, e.g., Rees & Ostriker 1977). According to Figure 6, these physical e↵ects are likely to

become dominant in the regime of ultra-faint galaxies M? . 105M�.

The question then becomes: can we simply adopt the abundance-matching relation

derived from field galaxies to “solve” the Missing Satellites Problem down to the scale of

the classical MW satellites (i.e., Mvir ' 1010M� $ M? ' 106M�)? Figure 8 (modified from

Garrison-Kimmel et al. 2017a) shows that the answer is likely “yes.” Shown in magenta is

the cumulative count of Milky Way satellite galaxies within 300 kpc of the Galaxy plotted

down to the stellar mass completeness limit within that volume. The shaded band shows the

68% range predicted stellar mass functions from the dark-matter-only ELVIS simulations

(Garrison-Kimmel et al. 2014) combined with the AM relation shown in Figure 6 with zero

scatter. The agreement is not perfect, but there is no over-prediction. The dashed lines show

how the predicted satellite stellar mass functions would change for di↵erent assumed (field

galaxy) faint-end slopes in the calculating the AM relation. An important avenue going

forward will be to push these comparisons down to the ultra-faint regime, where strong

baryonic feedback e↵ects are expected to begin shutting down galaxy formation altogether.

2.2. Cusp, Cores, and Excess Mass

As discussed in Section 1, ⇤CDM simulations that include only dark matter predict that

dark matter halos should have density profiles that rise steeply at small radius ⇢(r) / r
�� ,

with � ' 0.8� 1.4 over the radii of interest for small galaxies (Navarro et al. 2010). This is
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MILKY WAY SURVEYS
CAUSAL GENERATIVE MODELS IN ASTRONOMY

Gaia 4MOST SDSS-V

MAIN DATA PRODUCT: ~107 STELLAR SPECTRA



TOBIAS BUCKFORMATION OF MILKY WAY-LIKE GALAXIES IN COSMOLOGICAL CONTEXT

HOW MUCH OF MW’S STELLAR DISK DO WE ACTUALLY RESOLVE RIGHT NOW?

Galah survey footprint



TOBIAS BUCKFORMATION OF MILKY WAY-LIKE GALAXIES IN COSMOLOGICAL CONTEXT

MILKY WAY AS A RESOLVED MODEL GALAXY: 

Sun

▸ Milky Way’s formation history is 
encoded in its structure


▸ Stellar properties like age and chemical 
composition correlate with stellar orbits


▸ Stellar orbits in turn are set by global 
properties like gravitational potential 
(dark matter, gas and stars), size and 
shape


▸ Need to understand Milky Way in 
cosmological context
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 MW BULGE: MORPHOLOGY AND KINEMATICS - ONGOING DISCUSSIONS

image credit: Walter+2008

NASA/JPL Caltech 
R. Hurt g2.79e12

24 000 lyr

Sun

Buck+2018a, Buck+2019b, Hilmi,Minchev,Buck+2020

Milky Way Simulation
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Figure 3. The observed [↵/Fe] vs. [Fe/H] distribution for the solar neighborhood (7 < R < 9 kpc, 0 < |z| < 0.5 kpc). The left panel is
down-sampled and shows only 20% of the observed data points in the solar circle. The right panel shows the entire sample in the solar
neighborhood, with contours denoting 1, 2, 3� of the overall densities. There are two sequences in the distribution of stars in the [↵/Fe] vs.
[Fe/H] plane, one at solar-[↵/Fe] abundances, and one at high-[↵/Fe] abundances that eventually merges with the solar-[↵/Fe] sequence at
[Fe/H] ⇠ 0.2.

Figure 4. The stellar distribution of stars in the [↵/Fe] vs. [Fe/H] plane as a function of R and |z|. Top: The observed [↵/Fe] vs. [Fe/H]
distribution for stars with 1.0 < |z| < 2.0 kpc. Middle: The observed [↵/Fe] vs. [Fe/H] distribution for stars with 0.5 < |z| < 1.0 kpc.
Bottom: The observed [↵/Fe] vs. [Fe/H] distribution for stars with 0.0 < |z| < 0.5 kpc. The grey line on each panel is the same, showing
the similarity of the shape of the high-[↵/Fe] sequence with R. The extended solar-[↵/Fe] sequence observed in the solar neighborhood is
not present in the inner disk (R < 5 kpc), where a single sequence starting at high-[↵/Fe] and low metallicity and ending at solar-[↵/Fe]
and high metallicity fits our observations. In the outer disk (R > 11 kpc), there are very few high-[↵/Fe] stars.

ilar at all observed locations, as noted above the number
of stars along the high-[↵/Fe] sequence begins to decrease
dramatically for R > 11 kpc: there are almost no stars
along the high-[↵/Fe] sequence in the very outer disk
(13 < R < 15 kpc).
To summarize our results for the distribution of stars

in the [↵/Fe] vs. [Fe/H] plane:

• There are two distinct sequences in the solar neigh-
borhood, one at high-[↵/Fe] , and one at solar-
[↵/Fe] , which appear to merge at [Fe/H] ⇠ +0.2.
At sub-solar metallicities there is a distinct gap be-
tween these two sequences.

• The abundance pattern for the inner Galaxy can
be described as a single sequence, starting at low-
metallicity and high-[↵/Fe] and ending at approxi-
mately solar-[↵/Fe] and [Fe/H] = +0.5. The most
metal-rich stars are confined to the midplane.

• The high-[↵/Fe] sequence appears similar at all lo-
cations in the Galaxy where it is observed (3 <

R < 13 kpc).

• Stars with high-[↵/Fe] ratios and the most metal-
rich stars ([Fe/H] > 0.2) have spatial densities that
are qualitatively consistent with short radial scale-
lengths or a truncation at larger radii and have low
number density in the outer disk.

• The relative fraction of stars between the low- and
high-[↵/Fe] sequences varies with disk height and
radius.

3.2. Metallicity Distribution Functions

With three years of observations, there are su�cient
numbers of stars in each Galactic zone to measure MDFs
in a number of radial bins and at di↵erent heights above
the plane. We present the MDFs in radial bins of 2 kpc

Hayden+2015

Buck 2020a
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see also: Nidever et al. 2014, Hayden et al. 2015, Martig et al. 2016, Ness et al. 2016,2019, Bensby et al. 2017 Mackereth et al. 2019,     
Bovy et al. 2019, 

Universal properties of the high- and low-↵ disk 9

Figure 6. The age distribution of the APO-CAN stars in APOGEE DR16 in mono spatial bins inspired by Figure 4 in Hayden
et al. (2015). The radius increases moving to the right, and the Galactic height increases moving towards the top. The high-↵
disk dominates as the Galactic height increases, and the low-↵ disk dominates at larger Galactic radius. The low-↵ stars at
large Galactic height in the outer disk is the signature of the flaring young disk.

larger than the errors on the [Fe/H] and [↵/Fe]). The
metallicity, [Fe/H] increases toward the right and [↵/Fe]
increases upwards. The bin sizes are 0.04 dex in [↵/Fe]
and 0.14 dex in [Fe/H]. Each individual cell shows the
spatial distribution of stars in the R-z plane. The blue
dashed lines show the z=0 plane and the radius location
of the sun.
Across the matrix of chemical cells, we see di↵erent

portions of the stellar disk, that together, comprise the
full disk stellar distribution. Globally, the chemical cell
projection shows a chemical population of spatially and
temporally distinct disks, that looks to be consistent
with an inside-out and upside-down formation process
(Bird et al. 2013). Note, we do not take into account
the selection function. Nonetheless, the age gradient of
older to younger stars from the inner to outer region and
spatial flattening across cells of mean decreasing age is
indicative of these processes.
Figure 7 shows that the transition from the young to

old stars is marked and rapid across the chemical plane,
in that the transformation happens within a small range
of [Fe/H]-[↵/Fe], across chemical cells. Outside of these
clear and most dramatic changes across chemical cells,
there are subtle spatial and temporal variations along
both rows of [Fe/H] and columns of [↵/Fe]. We see using
the chemical cells, that away from where there are strong
age gradients across cells, most cells do not show age
gradients within them.
Along fixed rows in ([Fe/H]) the disks are far more

similar than across columns of [↵/Fe]. Most notably,
moving along rows reveals subtle age gradients and shift-
ing radial distribution of the stars. Along fixed columns
in [↵/Fe], there are strong changes in the mean age of
populations and more dramatic spatial changes. Look-

ing along say the forth column from left, the bottom
row shows young stars concentrated to the outer disk
and distributed around the mid-plane, and old stars con-
centrated to the inner Galaxy and di↵usely distributed
around the plane at top.
The matrix of the chemical cells reveals an inversion

of the age gradient along [Fe/H] moving from highest
to lowest [↵/Fe]. Looking along the top five rows, for
the chemical cells with highest ↵-enhancement, there is
a mean decrease in age as [Fe/H] increases. Correspond-
ingly, along these rows, the stars are less di↵usely dis-
tributed around the plane spatially, and as metallicity
increases the mean radius of the stars increases. Note
that in chemical cell projection, along the bottom rows,
the age gradient inverts; the stars become older moving
to increasing [Fe/H]. However, they also are on average
nearer to the Galactic center, which is the reverse spatial
trend to high [↵/Fe] stars. This is indicative of the ini-
tial negative [Fe/H] gradient in the low-alpha disk. The
flattening distribution of stars around the mid-plane as
they become younger across the chemical cells, and at
fixed [↵/Fe], is indicative of an upside-down formation
of an ensemble of disks represented within the chemical
cells. The oldest stars in the disk at the high [Fe/H]
and low [↵/Fe] have presumably migrated from the in-
ner disk, which would explain this age gradient inversion
and change in spatial trend compared to the high-↵ rows
of stars.
We repeated this analysis using the ages included in

the APOGEE DR16 release, derived using a neural net-
work (Mackereth et al. 2019). We found a small but
important di↵erence in doing this: the most metal-poor
high-↵ stars are younger than the more metal-rich high-
↵ stars using the ages provided in Mackereth et al.

Yuxi+2021



TOBIAS BUCKFORMATION OF MILKY WAY-LIKE GALAXIES IN COSMOLOGICAL CONTEXT

MILKY WAY’S AGE-ABUNDANCE STRUCTURE FROM STELLAR SPECTRA
Spitoni et al.: Galactic Archaelogy with asteroseismic ages 5

Fig. 2. The observed density of stars in the [↵/Fe] vs. [Fe/H]
space for the APOKASC stars by VSA18, compared with our
chemical evolution model (black solid line) in the solar neigh-
bourhood. Filled red circles indicate the abundance ratios of the
chemical evolution model at the given age. The area of each bin
is fixed at the value of (0.083 dex)⇥(0.02 dex).

ages computed with asteroseismology in terms of the [↵/Fe]
versus [Fe/H] abundance ratios. We recall that with ↵, here
we mean the sum of the abundances of Mg and Si. We have
adopted the photospheric values of Asplund et al. (2005) as our
solar reference to be consistent with the APOGEE data release
(Garcı́a Pérez et al. 2016).

We tested several values for the input parameters of the
chemical evolution model, and retained the combination that
provided the best fit on chemistry and age to the observations
reported by VSA18. The parameters included in this model are
the following: the first infall is characterized by a current total
surface mass density of 8 M� pc�2 (⌃tot1(tG) in eq. 5) and an in-
fall time-scale of ⌧D1=0.1 Gyr. The second infall corresponds
to a current total surface mass density of 64 M� pc�2 (⌃tot2(tG)
in eq. 6) with an infall time-scale of ⌧D2=8 Gyr, and occurs
after a delay of tmax = 4.3 Gyr. The star formation e�ciency
(SFE) is fixed at the value of ⌫ =1.3 Gyr�1. The total surface
density for the low-↵ sequence is in agreement with the range
of 54 and 74 M� pc�2 for the thin disc given by Nesti & Salucci
(2013, and references therein). For the thick disc surface mass
density, the value suggested by Nesti & Salucci (2013) is ⇠ one
tenth of that for the thin disc. In our model we assumed values
consistent with this ratio (ratio of total mass surface densities
of high-↵ and low-↵ is 0.125).

In Fig. 1 we compare our best chemical evolution model
with the VSA18 data in the [↵/Fe] vs. [Fe/H] plane, where an

excellent agreement between the two is clearly seen. This level
of agreement is only achieved if the second episode of gas infall
(related to the low-↵ sequence) begins when the model curve of
the first infall already covers the region populated by some of
the stars from the low-↵ sequence. For this reason, we assume
a slightly larger total surface mass density for the high-↵ com-
ponent (8 M� pc�2 than the 6.5 M� pc�2 adopted by Grisoni
et al. (2017)), and require a delay time of tmax = 4.3 Gyr for the
start of the second episode of gas infall. The sum of the high-
↵ and low-↵ surface mass densities in our model is, however,
very similar to the one of thick and thin disc components of
Grisoni et al. (2017). In Fig. 1 we also show a model with the
same parameters as in our fiducial one but with a delay time of
tmax = 1.3 Gyr, hence similar to the one adopted in the ”classi-
cal” two infall models (i.e. Chiappini et al. 1997; Spitoni et al.
2009; Grisoni et al. 2017). It is clear that the high-↵ stars are not
reproduced. Here we can conclude that the usual delay adopted
by the classical two infall model does not properly apply to the
new VSA18 stellar sample. In Fig. 2 we present the ↵ versus
[Fe/H] plane color coded by density of stars, and labeled the
ages of the stars created during the chemical evolution model
curve. The densest regions are, as expected, also the regions
where our model spends most of the time during its evolution
(for roughly 10 Gyr the Galactic disc model is confined to the
low-↵ evolutionary sequence).

Di↵erent time-scales of accretion are motivated by the fact
that at early times the Galaxy assembled very fast and e�-
ciently, while at later times the formation of the Milky Way
proceeded on much longer time-scales as a consequence of dis-
sipative collapse e↵ects (Larson 1976; Cole et al. 2000).

In the title of this Section we defined our “two-infall”
model as a “revised” one. The novelty of our model compared
to the classical “two-infall” model by Chiappini et al. (1997),
Spitoni et al. (2016, 2018) is the long delay before the starting
of the second infall of gas.

In Fig. 2 the dilution e↵ect caused by the second infall of
primordial gas can be appreciated. Contrary to previous mod-
els (e.g., those of François et al. 2004; Cescutti et al. 2007;
Romano et al. 2010; Grisoni et al. 2017), the delay of tmax=4.3
Gyr in the peak of the second infall produces the nearly hor-
izontal stripe at nearly constant [↵/Fe] from [Fe/H]'0.35 dex
to [Fe/H]'-0.2 dex. The late accretion of pristine gas has the
e↵ect of decreasing the metallicity of each stellar population
born immediately after the infall event, and has little e↵ect on
the [↵/Fe] ratio since both ↵ and Fe are diluted by the same
amount.

When star formation resumes, Type II SNe produce a steep
rise in the [↵/Fe] ratio which is then decreased and shifted to-
wards higher metallicities due to pollution from Type Ia SNe.
This sequence produces a loop in the [↵/Fe] versus [Fe/H]
plane of the chemical evolution track, which nicely overlaps
with the region spanned by the observed low-↵ population. In
our picture the observed “high-↵” sequence can be explained
in terms of our first infall phase, whereas the “low-↵” is repro-
duced by the second gas infall.

A long delay between the gas infall episodes has been re-
ported in simulations of late-type galaxies within a cosmolog-
ical framework. For instance, Calura & Menci (2009) investi-
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TURNING POINTS IN THE AGE-METALLICITY RELATION
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Figure 7. Upper panel : Disk gas mass inside di↵erent galacto-centric radii R indicated by the line color and the colorbar on the right as
a function of time. Lower panel : Star formation history in di↵erent galacto-centric annuli of width 2 kpc centred on the radii indicated
by the colorbar on the right. Small black dots highlight times of gas rich merger with the gray bands highlighting the point in time when
the lower ↵ sequence first emerged. Dot sizes show the fractional gas mass contribution of each merger to the main galaxy’s gas reservoir.
From left to right we show the di↵erent simulations as indicated with labels in the panels.

Figure 8. Time evolution of the iron (upper panel) and oxygen (lower panel) abundance. We show di↵erent galacto-centric radii as
indicated by the colorbar on the right. Small black dots again highlight times of gas rich mergers and size give the fractional gas mass
contribution to the galaxy’s gas reservoir. Gray bands highlighting the point in time when the lower ↵ sequence first emerged. From left
to right we show the di↵erent simulations as indicated with labels in the panels.

3.3.1 Chemical evolution of the ISM

The upper panels of Fig. 7 show the evolution of the gas
mass as a function of time within di↵erent galacto-centric
radii as indicated by the line color. The lower panels show
the star formation history (SFH) in annuli of width 2 kpc

centred on the radii as indicated by the colorbar. In each
panel we highlight with vertical gray bars the times around
which the low-↵ sequences in each of the simulations form.
Comparing the gas mass evolution with these gray bars, we
find that the formation of the low-↵ sequences coincide with
spikes in the gas mass, indicating gas accretion events. For
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Fig. 2. The observed density of stars in the [↵/Fe] vs. [Fe/H]
space for the APOKASC stars by VSA18, compared with our
chemical evolution model (black solid line) in the solar neigh-
bourhood. Filled red circles indicate the abundance ratios of the
chemical evolution model at the given age. The area of each bin
is fixed at the value of (0.083 dex)⇥(0.02 dex).

ages computed with asteroseismology in terms of the [↵/Fe]
versus [Fe/H] abundance ratios. We recall that with ↵, here
we mean the sum of the abundances of Mg and Si. We have
adopted the photospheric values of Asplund et al. (2005) as our
solar reference to be consistent with the APOGEE data release
(Garcı́a Pérez et al. 2016).

We tested several values for the input parameters of the
chemical evolution model, and retained the combination that
provided the best fit on chemistry and age to the observations
reported by VSA18. The parameters included in this model are
the following: the first infall is characterized by a current total
surface mass density of 8 M� pc�2 (⌃tot1(tG) in eq. 5) and an in-
fall time-scale of ⌧D1=0.1 Gyr. The second infall corresponds
to a current total surface mass density of 64 M� pc�2 (⌃tot2(tG)
in eq. 6) with an infall time-scale of ⌧D2=8 Gyr, and occurs
after a delay of tmax = 4.3 Gyr. The star formation e�ciency
(SFE) is fixed at the value of ⌫ =1.3 Gyr�1. The total surface
density for the low-↵ sequence is in agreement with the range
of 54 and 74 M� pc�2 for the thin disc given by Nesti & Salucci
(2013, and references therein). For the thick disc surface mass
density, the value suggested by Nesti & Salucci (2013) is ⇠ one
tenth of that for the thin disc. In our model we assumed values
consistent with this ratio (ratio of total mass surface densities
of high-↵ and low-↵ is 0.125).

In Fig. 1 we compare our best chemical evolution model
with the VSA18 data in the [↵/Fe] vs. [Fe/H] plane, where an

excellent agreement between the two is clearly seen. This level
of agreement is only achieved if the second episode of gas infall
(related to the low-↵ sequence) begins when the model curve of
the first infall already covers the region populated by some of
the stars from the low-↵ sequence. For this reason, we assume
a slightly larger total surface mass density for the high-↵ com-
ponent (8 M� pc�2 than the 6.5 M� pc�2 adopted by Grisoni
et al. (2017)), and require a delay time of tmax = 4.3 Gyr for the
start of the second episode of gas infall. The sum of the high-
↵ and low-↵ surface mass densities in our model is, however,
very similar to the one of thick and thin disc components of
Grisoni et al. (2017). In Fig. 1 we also show a model with the
same parameters as in our fiducial one but with a delay time of
tmax = 1.3 Gyr, hence similar to the one adopted in the ”classi-
cal” two infall models (i.e. Chiappini et al. 1997; Spitoni et al.
2009; Grisoni et al. 2017). It is clear that the high-↵ stars are not
reproduced. Here we can conclude that the usual delay adopted
by the classical two infall model does not properly apply to the
new VSA18 stellar sample. In Fig. 2 we present the ↵ versus
[Fe/H] plane color coded by density of stars, and labeled the
ages of the stars created during the chemical evolution model
curve. The densest regions are, as expected, also the regions
where our model spends most of the time during its evolution
(for roughly 10 Gyr the Galactic disc model is confined to the
low-↵ evolutionary sequence).

Di↵erent time-scales of accretion are motivated by the fact
that at early times the Galaxy assembled very fast and e�-
ciently, while at later times the formation of the Milky Way
proceeded on much longer time-scales as a consequence of dis-
sipative collapse e↵ects (Larson 1976; Cole et al. 2000).

In the title of this Section we defined our “two-infall”
model as a “revised” one. The novelty of our model compared
to the classical “two-infall” model by Chiappini et al. (1997),
Spitoni et al. (2016, 2018) is the long delay before the starting
of the second infall of gas.

In Fig. 2 the dilution e↵ect caused by the second infall of
primordial gas can be appreciated. Contrary to previous mod-
els (e.g., those of François et al. 2004; Cescutti et al. 2007;
Romano et al. 2010; Grisoni et al. 2017), the delay of tmax=4.3
Gyr in the peak of the second infall produces the nearly hor-
izontal stripe at nearly constant [↵/Fe] from [Fe/H]'0.35 dex
to [Fe/H]'-0.2 dex. The late accretion of pristine gas has the
e↵ect of decreasing the metallicity of each stellar population
born immediately after the infall event, and has little e↵ect on
the [↵/Fe] ratio since both ↵ and Fe are diluted by the same
amount.

When star formation resumes, Type II SNe produce a steep
rise in the [↵/Fe] ratio which is then decreased and shifted to-
wards higher metallicities due to pollution from Type Ia SNe.
This sequence produces a loop in the [↵/Fe] versus [Fe/H]
plane of the chemical evolution track, which nicely overlaps
with the region spanned by the observed low-↵ population. In
our picture the observed “high-↵” sequence can be explained
in terms of our first infall phase, whereas the “low-↵” is repro-
duced by the second gas infall.

A long delay between the gas infall episodes has been re-
ported in simulations of late-type galaxies within a cosmolog-
ical framework. For instance, Calura & Menci (2009) investi-
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Figure 3. The metallicity-age relation in each of the 12 disc zones. The black points indicate the mean age of each [M/H] bin and the
error bar shows the uncertainty. The blue shaded region designates the age dispersion of the [M/H] bin. Bins with only 15 stars are
lighter in color than the other bins. The RGal and |z | bin is identified in the bottom left corner of each zone. The metallicity of the
youngest bin in each zone is shown by the left-facing triangle.

APOGEE-1 used a single color selection for the disc and
bulge fields, (J � K)0 � 0.5, but APOGEE-2 applies a dual
color selection, 0.5  (J � K)0  0.8 and (J � K)0 � 0.8. In
both APOGEE-1 and APOGEE-2 the halo fields use a color
selection of (J � K)0 � 0.3, but our full sample color cut in
this work is also applied to the halo fields, so no age bias
is expected. Possible age biases caused by the APOGEE-2
dual color selection are expected to be up to ⇠ 0.1 dex older
in the disc and bulge fields.

The most distant zones are biased towards luminous,
upper giants branch stars, as seen in Figure 1, due to the
parallax uncertainty cut. This luminosity bias is expected to
cause a bias towards younger ages, up to ⇠ 0.15 dex, in the
most distant zones. Using the solar neighborhood sample,
we find that there is no bias in [M/H] or [↵/M] due to the
lack of lower giant branch stars. We therefore determine that
the shape of the outer zone abundance-age relations should
be una↵ected. This luminosity age bias is opposite to the
e↵ects expected from the color bias in the disc and bulge
fields. In Section 3 we discuss how these biases may a↵ect
our interpretation of results.

3 AGE TRENDS

3.1 Metallicity-Age Relation

The age-metallicity relation in the solar neighborhood has
been observed to have stars with a large spread in metallic-
ity at any given age (e.g. Edvardsson et al. 1993; Casagrande
et al. 2011; Bensby et al. 2014). Most recent studies find that
the most metal-poor stars have the oldest ages, the most
metal-rich stars have intermediate ages, and the youngest
stars have solar metallicities (see Casagrande et al. 2011,
F18). These observed deviations from the narrow and mono-
tonic age-metallicity relation predicted by simple models of

chemical evolution have been tentatively attributed to radial
migration of stars in the Galactic disc (F18). With the sam-
ple presented here it is possible to search for detailed spatial
variations in the MAR through the Galactic disc. Again,
we note that the analysis presented determines a mean age
for stars binned in [M/H]. Comparisons are only made to
unbinned literature age-metallicity relation results.

Figure 3 shows the hierarchically modelled MAR for 12
disc zones. The points mark the mean age derived for each
abundance bin and the error bars indicate the uncertainty
in the mean age. The blue shaded regions show the age dis-
persion and abundance width of each bin. Bins containing
only 15 stars are given a lighter color. From this figure is it
clear that significant spatial variations exist in the Galac-
tic MAR. To put these MARs in context with the [↵/M] vs
[M/H] abundance distributions, Figure 4 shows the [↵/M]
vs [M/H] distribution for each of the 12 zones. These distri-
butions show that the high-↵ sequence is dominant at high
|z | and has a shorter scale length than the low-↵ sequence,
which dominates in the plane of the disc and is strongly
present out to larger RGal. The relative spatial distributions
of the high- and low-↵ sequences shown here are in agree-
ment with APOGEE DR12 results from Hayden et al. (2015)
and the APOGEE DR14 [Fe/Mg] vs [Mg/H] distributions
shown in Weinberg et al. (2019).

Starting in the solar neighborhood, the clear turnover
behavior of the local MAR noted by F18 is recovered in this
larger sample. This sample contains 15,180 stars in the 7 <
RGal< 9, 0 <|z|< 0.5 zone, while F18 presented 721 stars
within 400 pc of the Sun. The increase in mean age with de-
creasing metallicity below [M/H] ⇠ 0 extends to [M/H] ⇠ �1.
The youngest stars in this zone have a metallicity of -0.1 to
0.2, consistent with the local interstellar medium (Nieva &
Przybilla 2012), and most were likely born within the zone.
The Sun is older than mean age of solar [M/H] stars in the
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Figure7.Upperpanel:Diskgasmassinsidedi↵erentgalacto-centricradiiRindicatedbythelinecolorandthecolorbarontherightas
afunctionoftime.Lowerpanel:Starformationhistoryindi↵erentgalacto-centricannuliofwidth2kpccentredontheradiiindicated
bythecolorbarontheright.Smallblackdotshighlighttimesofgasrichmergerwiththegraybandshighlightingthepointintimewhen
thelower↵sequencefirstemerged.Dotsizesshowthefractionalgasmasscontributionofeachmergertothemaingalaxy’sgasreservoir.
Fromlefttorightweshowthedi↵erentsimulationsasindicatedwithlabelsinthepanels.

Figure8.Timeevolutionoftheiron(upperpanel)andoxygen(lowerpanel)abundance.Weshowdi↵erentgalacto-centricradiias
indicatedbythecolorbarontheright.Smallblackdotsagainhighlighttimesofgasrichmergersandsizegivethefractionalgasmass
contributiontothegalaxy’sgasreservoir.Graybandshighlightingthepointintimewhenthelower↵sequencefirstemerged.Fromleft
torightweshowthedi↵erentsimulationsasindicatedwithlabelsinthepanels.

3.3.1ChemicalevolutionoftheISM

TheupperpanelsofFig.7showtheevolutionofthegas
massasafunctionoftimewithindi↵erentgalacto-centric
radiiasindicatedbythelinecolor.Thelowerpanelsshow
thestarformationhistory(SFH)inannuliofwidth2kpc

centredontheradiiasindicatedbythecolorbar.Ineach
panelwehighlightwithverticalgraybarsthetimesaround
whichthelow-↵sequencesineachofthesimulationsform.
Comparingthegasmassevolutionwiththesegraybars,we
findthattheformationofthelow-↵sequencescoincidewith
spikesinthegasmass,indicatinggasaccretionevents.For
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Figure 7. The colored lines show the ISM evolution over time at di�erent radii taken from Buck (2019). The black dots show the AMR for stars at 7 kpc < R
< 9 kpc and |I | < 0.5 kpc. The errorbars (can be ignored in most metallicity bins) are calculated using the standard deviation of the stellar ages in each [Fe/H]
bins. The triangle marker and the grey dashed line at ⇠ 4 Gyr shows the time of the merger at the satellite’s first passage. The ISM evolution that is closest to the
radial bin is shown in bold. The horizontal lines show the bin edges in metallicity.

formed at a di�erent mean metallicity (due to the metallicity gra-
dient in the galaxy), they also widen the turning points along the
[Fe/H] axis. This simulation indicates that in the absence of satellite
infall, the turning point will not be significant (see the middle panel
of Figure 6). However, it is not absolutely clear which mechanism
contributes more to the turning point in our own Galaxy today. This
is because the migration strength in the simulation may not be rep-
resentative of the MW. However, we measure the overall strength of
migration in this simulation and compare it to that measured for the
MW in Figure D.4 in the Appendix. We subsequently find a similar
shape of the migration between the MW and the simulation overtime,
with the simulation showing slightly stronger radial migration across
all time until the most recent satellite infall. However, it is worth
pointing out that the simulation length scale is around two times
larger than the MW.

We now focus on the two major di�erences between the simulation
and the MW data (Figure 7 in Lu et al. (2021)). 1) the turning points
exist in both the high- and low-U disk in observations but only the
low-U disk in the simulation, and 2) the turnover points have wider
openings in the data compared to simulations.

For 1), The turning points in the high-U disk could indicate that
radial migration is stronger in the high-U disk for the MW than for
the high-U disk in the simulation. Satellite infall is still a possibility
to create a turnover point in the high-U disk in the data. Presumably,
however, this will only be possible if any MW merger event and

associated gas infall happened before the low-U disk was formed,
during the (earlier) high-U disk formation, and after the epoch when
mergers are frequent. We note that in the simulation, the gas forming
the high-U disk stars transitioned entirely to that forming the low-
U disk stars (similar to the two-infall model in Chiappini et al. (1997)).
Therefore, no new stars can be formed in the high-U disk after the
low-U disk is formed. This may not be the case in the MW.

For 2), the wider openings in the turnover points in the data along
the [Fe/H] axis could also be caused by stronger migration strength
in the MW (see Section 3.3), uncertainties in the data, and/or the
di�erence in element production in the simulation and the MW.

Figure 8 shows the e�ect of measurement uncertainties on the
AMR for stars with 7 kpc < R < 9 kpc, and |I | < 0.5 kpc. We
perturbed each metallicity and age in the simulation with a Gaussian
with the standard deviation as the median uncertainty of the data
100 times (where the mean uncertainties are f[Fe/H] = 0.0075 dex
for [Fe/H] 3, and fage = 1.5 Gyr for stellar age) and calculated the
mean [Fe/H] and age to be the new data. The errorbars in Figure 8
are calculated by measuring the standard deviation of the ages in
each metallicity bin. It is clear that the gap does not widen just
by perturbing the points with the measurement error. However, by

3 The low uncertainty on [Fe/H] is because in Lu et al. (2021), we only
selected stars with metallicity uncertainty f[Fe/H] < 0.03 dex.
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MOVIE TIME: COSMOLOGICAL FORMATION SCENARIO FOR THE MW
Satellite population properties: see Buck+2015,2016 and Buck+2019b
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Table 4. AM of MW’s stellar disks and DM halo. The highlighted rows
indicate properties whose values depend on the relation between the
AM of disks and DM halos from simulations. The rest of the values are
derived directly from the observational data alone.

Property contracted NFW NFW
Jz,thin [1013M�kpc·km·s�1] 3.26 ± 0.43 3.72 ± 0.49
Jz,thick [1013M�kpc·km·s�1] 1.20 ± 0.30 1.43 ± 0.34
Jz,disk [1013M�kpc·km·s�1] 4.46 ± 0.64 5.15 ± 0.72

Jh [1015M�kpc·km·s�1] 2.69 +0.37
�0.32 2.96 +0.43

�0.37
jz,thin [kpc·km·s�1] 1026 ± 59 935 ± 51
jz,thick [kpc·km·s�1] 1308 ± 242 1343 ± 216
jz,disk [kpc·km·s�1] 1089 ± 72 1021 ± 62

jh [kpc·km·s�1] 2769 +589
�485 3617 +643

�546
�MW 0.061 +0.022

�0.016 0.088 +0.024
�0.020

To place the MW in the broader context of nearby galaxies,
we can look to, for instance, the Spitzer Photometry & Accurate
Rotation Curves sample (SPARC, Lelli et al. 2016), which is
a compilation of 175 galaxies with good quality rotation curves
derived from previously published HI and H↵ data and with good
photometry in the Spitzer 3.6 µm band. In particular, Posti et al.
(2018) used 92 galaxies from SPARC (with large enough radial
coverage of the velocity profile and inclinations > 30o) to ar-
gue that the specific AM of (stellar) disks is an unbroken power-
law of disk mass over more than four orders of magnitudes in
mass, from dwarfs to massive spirals. Interestingly, Posti et al.
(2018) find a relatively small scatter for this relation, of only
0.15 dex. Placing the Galaxy in the jdisk – Mdisk plane, where
Mdisk = Mthin +Mthick, we find it to be 1.7� below the relation of
Posti et al. for the uncontracted NFW model, and 1.1� below for
the contracted one. Therefore, if we take the relation of Posti et
al. at face value, the contracted NFW model is favored over the
uncontracted one.

To place the MW’s DM halo in context, we computed the
spin following the definition of Bullock et al. (2001):

� =
Jh/Mhp
2r200v200

, (6)

where the virial velocity is v200 =
p

GM200/r200, M200 is the to-
tal virial mass, and G is the gravitational constant. To compute
the virial radius r200 as the radius enclosing an average overden-
sity 200 times the critical matter density, we assume the follow-
ing cosmological parameters from Planck Collaboration et al.
(2020): h = 0.6737, ⌦m = 0.3147 and ⌦⇤ = 0.6853, and the
total halo mass M200 of the MW corresponding to the contracted
and uncontracted NFW profiles.

The values of the MW’s halo spin for the two DM mass mod-
els are reported in Table 4, and are shown in Fig. 6 together with
the universal log normal distribution as quantified by Jiang et al.
(2019): � = 0.037 and �ln� = 0.215. The large uncertainty in
�MW is mostly driven by the uncertainties in the mass models of
Cautun et al. (2020): reducing all the uncertainties in the mass
models by a factor of 10 result in an uncertainty that is about
four times lower.5

The contracted NFW model results in a spin of �MW =
0.061+0.022

�0.016, which is 2.3�ln� away from the peak of the log nor-
mal distribution. In other words, the probability for a halo to have
5 Forcing the fit to the velocity profiles to R = 5 kpc and v0 = 0 km s�1

changes the values in table 4 by ⇠1% or less.

Fig. 6. DM halo spin distribution for the NIHAO sample (gray curve,
Jiang et al. 2019), together with the MW predictions for the NFW and
contracted NFW mass models (faint and solid red points). The green
stars mark the spins of the MW-type galaxies in NIHAO, among which
galaxy g8.26e11 is the closest analog, both in terms of stellar and DM
mass, as well as in terms of stellar disk structure (Obreja et al. 2018;
Buck et al. 2020). Most of the uncertainty in �MW comes from the un-
certainties in the mass models of Cautun et al. (2020). The ordinates of
the red and green points have no physical meaning.

this value of � (within its uncertainty) is 21%. For the uncon-
tracted NFW model, the resulting spin 0.088+0.024

�0.020 is a more ex-
treme outlier, 4.0�ln� away from the peak, which translates into a
probability of only 0.2%. This means that under our assumption
that the AM of the DM halos can be derived from the AM of their
stellar disks, the contracted NFW model for the MW’s DM halo
is strongly favored over the uncontracted one. In any case, both
estimates of �MW imply that MW’s DM halo spins significantly
faster than what is expected for halos of similar masses.

To get an idea of how reasonable our derived value of �MW =
0.061 is, we also show in Fig. 6 the spins of MW-type galaxies in
NIHAO (green stars). From left to right, the five green stars rep-
resent the simulated galaxies: g7.66e11 (� = 0.027), g6.96e11
(� = 0.034), g7.08e11 (� = 0.040) g7.55e11 (� = 0.053) and
g8.26e11 (� = 0.057). Figure A.1 in Appendix A shows the cir-
cular velocity curves of these simulated galaxies in comparison
with MW data. The last simulated galaxy, g8.26e11, which has
a spin parameter very close to the one inferred for the Galaxy
has already been shown to be a very good MW analog in terms
of DM halo mass, total stellar mass, and structure of the thin
and thick stellar disks (Paper I, Buck et al. 2020). This simu-
lated galaxy had its last important merger ⇠10 Gyr ago. The DM
mass ratio of this event is 5.7:1, and this merger is responsible
for ⇠ 60% of the z = 0 DM halo’s AM (Fig. 8 in Paper I). Both
the timing and the mass ratio of this merger are close to the val-
ues inferred for the event that is thought to have triggered Gaia
Sausage (major merger 8 to 10 Gyr ago, Belokurov et al. 2018)
also known as Gaia Enceladus (4:1 merger ratio ⇠10 Gyr ago,
Helmi et al. 2018).

The uncanny resemblance of g8.26e11 to MW raises the
possibility that � should also be one of the important parame-
ters (together with the z = 0 halo mass and its mass accretion
history) when selecting halos from DM-only simulations to re-
simulate at higher resolution; the goal here is that they would
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Fig. 1. Relations between the azimuthal AM of the dynamical disk components and the AM modulus of the DM halo for the galaxy sample in
Paper II. In the top panels the y-axis gives the total DM AM within the virial radius Jh, while the bottom ones show the AM within 15% of the
virial radius Jh(< 0.15r200). From left to right, the panels show the relations for (single large scale) disks, thin and thick, respectively. In each
panel, the black line is the linear fit through the data points, while the gray lines show 100 realization of the relation drawn from the covariance
matrix of the fit. The Pearson correlation coe�cient rP and the root-mean-square deviation rms are given in the bottom right corner of each panel.
In the top and central panels, the highlighted cyan points correspond to the best MW analog in the NIHAO sample, g8.26e11 (Obreja et al. 2018;
Buck et al. 2020).

halos retaining the most fj = 0.75 ± 0.15, and the thick disks
the least fj = 0.41 ± 0.15, where fj quantifies the retained frac-
tion of angular momentum as the ratio between the (specific)
AM at z = 0 and the maximum specific (AM) reached dur-
ing the universe’s lifetime: fj = j(z = 0)/max( j). By compar-
ison, the dispersion-dominated structures (classical and pseudo
bulges, and spheroids) have larger zpeak and they lose most of
their acquired AM, having an overall AM evolution that is not
particularly similar to the DM one. Also, it is important to take
into account that supernova feedback can remove low AM gas
from galaxies (e.g., Dutton & van den Bosch 2009; Brook et al.
2011), some of which will come back onto the symmetry plane
at larger radii and with larger AM acquired in the likely spinning
circumgalactic medium (e.g., Fraternali & Binney 2006; Brook
et al. 2012; Athanassoula et al. 2016; Peschken et al. 2017). This
recycling of disk material prior to the star formation which hap-
pens preferentially in or very close to the symmetry plane, to-
gether with secular processes such as radial migration (Sellwood
& Binney 2002), means that it is not expected for stellar disks
and dark matter to precisely share the same specific AM.

The similarities in AM evolution between the progenitor ma-
terial of stellar disks and that of DM halos do indeed translate
into relatively tight correlations at z = 0 between the azimuthal
AM component of stellar disks and the AM modulus of the DM
halo, as shown in Fig. 1. The top panels give the total DM halo
AM measured within the virial radius r200, while the bottom ones
the corresponding DM halo AM measured in the galaxy region

r < 0.15r200. We fitted all these individual relations with power
laws:

log(Jh) = ↵ + � · log(Jz), (1)

which are depicted by the solid black lines in the panels of Fig. 1,
where both Jh and Jz are measured in M�kpc·km·s�1. The Pear-
son correlation coe�cient rP as well as the root-mean-square de-
viation rms are quoted in each panel, and all the fit parameters
are given in Table 2. We chose to plot on the x-axis the azimuthal
component of the stellar AM, given that this is the quantity that
can be estimated from observations (for disks J � Jz), while Jh
plotted on the y-axis is the quantity we want to estimate.

When looking at the total DM halo AM within the virial
radius Jh, the tightest correlation appears for the single disks
(rP = 0.95 and rms = 0.17). We attribute this behavior to the
nearly perfect coevolution of angular momenta of single disks’
progenitor material and DM halos’ progenitor material up to
z w 2, as shown by Fig. 12 in Paper II (blue versus thick black).
The thin and thick disks have a slightly di↵erent high-z AM his-
tory than the DM halos, translating into a less tight correlation
and larger scatter, even if their low-z evolution is more similar to
that of DM halos than to that of single disks. If the AM of the DM
halos is measured within the galaxy region (r < 0.15r200), the
correlation with the single disks is very close to ideal (rP = 0.99
bottom-left panel of Fig. 1), while for the thin and thick disk, it
is slightly worse (central and right bottom panels versus central
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A GALAXY FORMATION MODEL IN A NUTSHELL
Computer
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BASICS OF NUMERICAL GALAXY FORMATION
FORMATION OF MILKY WAY-LIKE GALAXIES IN COSMOLOGICAL CONTEXT

image credit: Walter+2008
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Figure 1. Visual representations of some selected recent structure and galaxy formation simulations. The simulations
are divided in large volume simulations providing statistical samples of galaxies, and zoom simulations resolving smaller
scales in more detail. Furthermore, they are also divided in dark matter-only, i.e. N-body, and dark matter plus baryons,
i.e. hydrodynamical simulations. Dark matter-only simulations have now converged on a wide range of predictions for the
large-scale clustering of dark matter and the dark matter distribution within gravitationally bound dark matter halos. Recent
hydrodynamical simulations reproduce galaxy populations that agree remarkably well with observational data. However, many
detailed predictions of these simulations are still sensitive to the underlying implementation of baryonic physics.

sampling is subject to Poisson noise, and high particle numbers are therefore desirable to reduce noise
in these estimates. To avoid unphysical two-body scatterings between nearby particles, gravitational
interactions are softened on small scales so that the particle collection represents a smoothed density field.
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ZOOM SIMS VS. VOLUME SIMS

image credit: Walter+2008

• Large scale uniform box

• mass resolution: stars ~106 M

• zoom-in, „single object“ sim

• mass resolution: stars ~104 M

Pillepich+2018, http://www.tng-project.org
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SIMULATED ASTROPHYSICAL PROCESSES

is logarithmically divergent as µ approaches zero, and implies that a significant fraction of the mass could,
in principle, be locked in halos too small to be resolved by the simulations. This can, for example, have
important implications for the prediction of dark matter annihilation signals since these small unresolved
halos can boost the overall resolved annihilation emission106. The abundance of subhalos also varies
systematically with other properties of the parent halo, like, for example, the concentration leading to a
lower amount of substructure with increasing halo concentration107. The radial distribution of subhalos
varies only little with the mass or concentration of the parent halo. It is much less centrally concentrated
than the overall dark matter profile104.
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Figure 2. Overview of the key ingredients of cosmological simulations. These simulations are performed within a given
cosmological framework, and start from specific initial conditions. This framework includes physical models for gravity, dark
matter, dark energy, and the type of initial conditions. Two types of simulations are typically performed: either large volume
simulations or zoom simulations. The evolution equations of the main matter components, dark matter and gas, are discretized
using different techniques and evolved forward in time. The dark matter component follows the equations of collisionless
gravitational dynamics that are in most cases solved through the N-body method using different techniques to calculate the
gravitational forces. The gas component of baryons is described through the equations of hydrodynamics that are solved, for
example, with Lagrangian or Eulerian methods. Various astrophysical processes must also be considered to achieve a realistic
galaxy population. Many of these are implemented through effective sub-resolution models.
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STAR PARTICLES IN COSMOLOGICAL SIMULATIONS 
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SIMPLE STELLAR POPULATION

g8.26e1

10°1 100 101 102

stellar mass [MØ]

10°7

10°6

10°5

10°4

10°3

10°2

10°1

100

N
(m

)d
m

mmin mmax

SNIa

AGB CC SN

mass fraction > 8 MØ : 0.221

0.088

0.160

0.049

0.125

0.083

Chabrier (field), Æ = °2.30

Chabrier (field), Æ = °2.70

Chabrier IMF3, Æ = °2.30

Chabrier IMF3, Æ = °2.70

Salpeter, Æ = °2.35
Kroupa, Æhigh = °2.7

IMF

10°1 100 101 102

stellar mass [MØ]

10°1

101

103

105

st
el

la
r

lif
et

im
e

[G
yr

]

Argast + 2000, ZØ

Raiteri + 1996, ZØ

Argast + 2000, 0.1 ZØ

Argast + 2000, 2 ZØ

lifetime function

mass, metallicity, age



Group meeting LundTobias Buck

10°2 10°1 100 101

Time in Gyr

10°3

10°2

10°1

100

M
as

s
fr

ac
ti

on

Kroupa IMF

CC SN

SNIa

AGB

direct collapse

t100 MØ tCC SN
min

MS stars 10°5ZØ dying stars remnants mass loss

27

Simple stellar population model
assume stellar evolution models to calculate time evolution of the SSP


i.e. massloss and stellar remnant masses

massive stars dying low mass stars dying



TOBIAS BUCKFORMATION OF MILKY WAY-LIKE GALAXIES IN COSMOLOGICAL CONTEXT

DIFFERENCE IN CHEMICAL ABUNDANCES DUE TO MODEL UNCERTAINTIES
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GALAXY MORPHOLOGY DEPENDS ON THE EXACT PHYSICS IMPLEMENTATION!
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Figure 1. Visual representations of some selected recent structure and galaxy formation simulations. The simulations
are divided in large volume simulations providing statistical samples of galaxies, and zoom simulations resolving smaller
scales in more detail. Furthermore, they are also divided in dark matter-only, i.e. N-body, and dark matter plus baryons,
i.e. hydrodynamical simulations. Dark matter-only simulations have now converged on a wide range of predictions for the
large-scale clustering of dark matter and the dark matter distribution within gravitationally bound dark matter halos. Recent
hydrodynamical simulations reproduce galaxy populations that agree remarkably well with observational data. However, many
detailed predictions of these simulations are still sensitive to the underlying implementation of baryonic physics.

sampling is subject to Poisson noise, and high particle numbers are therefore desirable to reduce noise
in these estimates. To avoid unphysical two-body scatterings between nearby particles, gravitational
interactions are softened on small scales so that the particle collection represents a smoothed density field.
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THE IMPACT OF GAS COOLING AND HEATING PHYSICS ON GALAXY MORPHOLOGY

Grand+2017

Buck+2020b

18 F. Marinacci et al.

t = 0.14 Gyr

effective EOS ISM

t = 0.35 Gyr t = 1.00 Gyr

Figure 9. Top: Gas column density in a face-on (first row) and edge-on (second row) projection for the Milky Way galaxy at high resolution. Projections have
been computed at times t = 0.14,0.35,1Gyr from left to right column. Feedback and in particular supernova explosions significantly affect the gas distribution
within the disc leading to complex structures in the ISM. In the edge-on projection it can be clearly appreciated that galactic-scale fountain flows are generated.
Bottom: The same column density projections (third and fourth row) for the high resolution Milky Way run simulated with the Springel & Hernquist (2003)
model. From these panels it is evident that the resulting ISM within the galaxy is much less structured because of the imposed effective equation of state.
Furthermore, since supernovae are not explicitly modelled no SN cavities are present and no gaseous outflows are generated, as is evident from the edge-on
projections.

MNRAS 000, 1–29 (2019)g8.26e11

18 F. Marinacci et al.

t = 0.14 Gyr

multi-phase ISM

t = 0.35 Gyr t = 1.00 Gyr

Figure 9. Top: Gas column density in a face-on (first row) and edge-on (second row) projection for the Milky Way galaxy at high resolution. Projections have
been computed at times t = 0.14,0.35,1Gyr from left to right column. Feedback and in particular supernova explosions significantly affect the gas distribution
within the disc leading to complex structures in the ISM. In the edge-on projection it can be clearly appreciated that galactic-scale fountain flows are generated.
Bottom: The same column density projections (third and fourth row) for the high resolution Milky Way run simulated with the Springel & Hernquist (2003)
model. From these panels it is evident that the resulting ISM within the galaxy is much less structured because of the imposed effective equation of state.
Furthermore, since supernovae are not explicitly modelled no SN cavities are present and no gaseous outflows are generated, as is evident from the edge-on
projections.

MNRAS 000, 1–29 (2019)
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THE IMPACT OF CR PHYSICS ON GALAXY MORPHOLOGY

Buder+2022

4 different models for CR transport


Buck+2019a

slow diffusion

fast diffusion
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HOW TO DISTINGUISH MODELS? —> CAREFUL COMPARISON TO OBSERVATIONS!
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HOW TO DISTINGUISH MODELS? —> CAREFUL COMPARISON TO OBSERVATIONS!
Two-point correlation function of young stars

Buck+2019b

For a more fancy ML

approach see: 

Buck+Wolf 2021,
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Figure 9. Comparison of chemical and dynamical selections in their respective planes, [Na/Fe] vs. [Mg/Mn] (top panels) and !/ vs.
p
�' , respectively.

Left panels (a and d): Chemical selection (orange). Middle panels (b and e): Overlap of chemical and dynamical selection (purple). Right panels (c and
f): Dynamical selection (red). Black background contours show the GALAH+ DR3 sample. The red dashed box indicates the clean selection of GSE stars by
Feuillet et al. (2021). �

selected (clean) one. Looking at the overlap with respect to the avail-
able stars within the dynamical selection, we see a decrease as we
restrict our chemical selection towards a more and more reliable
selection (higher probability). It falls below (29 ± 1)% around a
probability of 0.45. Under the assumption that we are selecting from
the same population, we therefore find the best compromise between
contamination and sample size for a probability of 0.45 or higher of
stars belonging to the accreted (orange) model component and use
this hereafter as a threshold for our chemical selection. In Tab. 5, we
list the stars and their probability of belonging to the accreted com-
ponent as well as the stars selected via the dynamical selection from
Feuillet et al. (2021). We note that sampling the orbital parameters
within their uncertainties and keeping only those stars that lie often
enough (more than 50 or even 90% of the time) within the dynamical
selection box would reject roughly 90% of likely true GSE stars and
in particular those with low

p
�' , but remove only roughly 10% of

false positives. We thus decided not to take this approach.

With the maximum selection overlap of (29 ± 1)% in mind, we
now consider which of the selection planes show agreement and
disagreement between the samples. In Fig. 9, we plot the chemical
selection plane in the top panels and the dynamical selection plane
in the bottom panels.

Comparing Fig. 9a and c, and with the help of the percentiles
listed in Tab. 4 for each selection, it becomes clear that the chem-
ical selection exhibits lower [Na/Fe] values in a tighter distribution
(�0.35+0.05

�0.09) than the dynamical one (�0.22+0.17
�0.13). The distribu-

Table 5. Overview of sources selected as accreted. We list the normalised
probability ? of sources to be selected chemically via the ����� of [Na/Fe]
vs. [Mg/Mn] as well as those dynamically selected based on the suggestion
by Feuillet et al. (2021) in the !/ vs.

p
�' plane. The selection criteria are

explained in detail in Secs. 3.3.2 and 3.4, respectively. Chemically selected
stars, as selected for the analysis throughout this study with ? > 0.45 are
marked in bold.

GALAH+ DR3 Chemical selection Dynamical Selection
sobject_id ? ( [Na/Fe], [Mg/Mn]) ? (!/ vs.

p
�')

131116000501004 0.12 0
131116000501201 0.03 1
140209001701097 0.58 1
140209003701238 0.89 0

. . . . . . . . .

tions of [Mg/Mn] values, however, agree fairly well (0.52+0.15
�0.17 vs.

0.47+0.14
�0.16). We discuss this disagreement in Sec. 5.1, as it hints to-

wards a limitation of our chemical selection to tell apart accreted
stars from in-situ stars (see [Na/Fe] in Fig. 7, where the metal-poor
in-situ component is located around [Na/Fe] > 0 dex).

In Fig. 9d we clearly see that the actions of stars from the chemical
selection (orange contours) extend far outside of the clean dynamical
selection (red dashed rectangle), that is

p
�'/ kpc km s�1 of 26+9

�14
compared to the 35+6

�3, which have to be within the clean selected

box with 30 <
p
�'/ kpc km s�1 < 55. This selection was chosen by

MNRAS 000, 1–29 (2021)
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HOW TO CONNECT PRESENT AND PAST? 

FINDING ACCRETED STARS IN THE MILKY WAY

see also: 

Helmi+2018,

Belokurov+2018, 

and many more

Buder+2022
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HOW TO CONNECT PRESENT AND PAST? 

DERIVING BIRTH RADII FROM PRESENT-DAY ABUNDANCES
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Figure 3. (Left) The median overlap percentage for clusters in the age–Rbirth plane as a function of the
number of clusters determined by hierarchical clustering for the (top) 2-dimensional, and (middle) 15-
dimensional simulation. Each point is determined by calculating the median percent each cluster overlaps
with the other clusters at the 50% contour level in the age–Rbirth plane. The grey ribbon represents one
standard deviation about the median overlap percentages. The 50% contour lines of clusters projected into
the (middle) [↵/Fe]-[Fe/H] plane, and (right) age–Rbirth plane. There are seven and eight clusters for the
2- and 15-dimensional simulations respectively. The (bottom) row shows the results for clustering in only
the [↵/Fe]–[Fe/H] plane of the 15d simulation (labeled “Projected”) in comparison to clustering in the full
15-dimensional chemical space and the 2d simulation.

19

Figure 12. (Left) The inferred age of the (top) 2-dimensional and (bottom) 15-dimensional simulation
using a second order polynomial in ([Fe/H], [X/Fe]) plotted against the true age of the star. With the
additional abundance information provided in the 15d simulation, we are able to accurately and precisely es-
timate age, showing that abundances are chemical clocks. (Right) Inferred Rbirth of the (top) 2-dimensional
and (bottom) 15-dimensional simulation using a second order polynomial in ([Fe/H], age) plotted against
the true Rbirth of the stars. With just [Fe/H] and age, we can infer a star’s Rbirth to within just over 1 kpc.

define many stars to a cluster. Additionally, for
EnLink (or any other density based clustering
method) to be used correctly on Milky Way cat-
alogs, the survey selection function would need
to be accounted for, as the selection function
would possibly alter the distribution of stars
in abundance space. Furthermore, we found
that EnLink performed poorly when the density
structure in the 2-dimensional abundance plane

vanished after the addition of observational un-
certainty.

7.3. Likelihood of success — Comparison to

other simulations

In this paper, we have focused on the relation-
ship between abundances and birth properties
of stars when the chemical bimodality is caused
by a merger and successive dilution of the inter-
stellar medium. We also consider the relation-

Ratcliffe+2022
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GALAXY FORMATION IS A DATA INTENSIVE, MULTI-SCALE PROBLEM

Example: IFU data cubes
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HOW CAN WE BUILT PREDICTIVE MULTI-SCALE 
MODELS FOR GALAXIES?
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MAIN DATA PRODUCT: ~106 GALAXY IMAGES

~30 TERABYTES PER NIGHT —> HOW TO PROPERLY ANALYSE ALL THE DATA?
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EXTRAGALACTIC SURVEYS
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HOW CAN WE BUILT PREDICTIVE MULTI-SCALE MODELS?
▸ limits for models will always be the computational power 


▸ need smart algorithms!


▸ combine physical laws with the flexibility of modern machine learning!


▸ In August I will start a junior research group on physics informed Machine 
Learning!


▸ You have ML experience and are looking for an interdisciplinary PhD or a 
Postdoc position: Get in contact with me!

FORMATION OF MILKY WAY-LIKE GALAXIES IN COSMOLOGICAL CONTEXT
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SUMMARY AND CONCLUSION

▸ large spectroscopic surveys in combination with state-of-the-art numerical 
simulations unravel MW’s formation history


▸ simulations inform about MW’s past and observations inform about numerical 
limitations of the models 


▸ computational power is always a limit for the physical fidelity of our models


▸ need a diversity of algorithms and implementations to cross-compare


▸ need smart, innovative approaches. Data driven and AI/ML models can help
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OBSERVATIONS: SPECTROSCOPY VS. PHOTOMETRY
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ESTABLISHED CORRELATIONS BETWEEN OBSERVABLES AND PHYSICAL PROPERTIES
CHAPTER I. INTRODUCTION I.1. DISK GALAXIES

Vrot
Lum

LReff
Color

C [M/H]

M?Mtot
Star form.

SFR
spin
l

tcos
Redshift

z
Random
torques

Figure I.5: Schematic interpretation of the correlations between the observables. The ob-
servables (filled, grey) are determined by physical quantities that describe galaxies. These
relations are illustrated with the black arrows: the rotationval velocity (Vrot) traces the po-
tential felt by the stars and gas, so the overall mass distribution in the galaxies (Mtot). The
main reason why a galaxy is luminous is because it has stars that shine, therefore the total
stellar mass (M?) determines a galaxy’s luminosity (L). And since stars that have a blue
color are massive and hot, they must be young, which means that a galaxy that recently
formed stars will look bluer: the star formation history (SFH) predicts a galaxy’s color
(C). The blue arrows link the physical quantities in a more subtile way, and propose a de-
scription, an explanation, for how the galaxy scaling relations come to be. The Tully-Fisher
relation implies a close link between the total mass (Mtot) and M?. The SFH determines the
number of stars that have formed. The different generations of stars that were produced
through the SFH determine the nucleosynthetic products released to the ISM and enrich it,
increasing its metal content ([M/H]). As cosmic time increases, galaxies build in mass via
hierarchical growth (galaxies merge), increasing the total (and stellar) mass, leading to a
redshift-dependent Schechter (1976) function. Their sizes increases at given M? as cosmic
time increases (van der Wel et al., 2014). And, a cosmological model relates time (tcos) to
the expansion of the Universe, predicting the redshift measurements (z).

I.1.2.1 The Standard LCDM Model Setting the Boundaries of Galaxy Evolution

A cosmological model is the global framework that sets the boundaries of galaxy

evoution. The L Cold Dark Matter model describes the large scale structure of the

expanding Universe under a few assumptions: on large scales, (1) the Universe is

homogeneous, (2) the Universe is isotropic (3) General relativity governs the equa-

tions of motions; and dark matter is cold (its moves much slower than the speed of

11

image credit: Neige Frankel
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EXTRACTING GALAXY PROPERTIES FROM THOSE IMAGES?

▸ Can we reconstruct intrinsic galaxy properties 
from their images?


▸ Can we build a (3D) galaxy model from multi-
band images?
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Flow chart for the incorporation of a causal physical model into existing machine learning architectures to facilitate physical interpretability of the model. 
The left hand side (dashed box) shows the encoder part of the algorithm which during training serves as the analogue to classical model fitting. The right 
hand side describes the decoder part which includes analytic descriptions of the image formation process from the physical model such as stellar color 

calculations, ray tracing and camera positions. After training this part is able to generate new data from the model in only a few milli seconds. 
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▸ Can we build a 8+D model galaxy from multi-band images, circumventing the 
necessity for expensive IFU observations?


▸ External galaxies with IFU data: Similar question as above but: Can we 
incorporate the partial and „blurry“ additional spectral information into the 
reconstruction?
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THE IDEA: RECONSTRUCTING GALAXY MODELS FROM IMAGES

idea credit: Bernhard Schölkopf based

on face reconstruction by Tewari+2017
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How to measure the length of MW’s 
central stellar bar?

45

g8.26e11

Fluctuations in bar parameters 3

Figure 1. Illustration of the three methods used to measure the bar length. For the top row we use a snapshot from Model1 at
t = 12.91 Gyr and for the bottom one an output ⇠ 35 Myr later. Left column: Lcont method. Face-on stellar density contours with
the azimuthally-averaged density subtracted. Vertical dashed lines mark the contour levels crossing the y-axis where the overdensity
of stars has dropped by 10% to 80% from the maximum. Middle column: Lprof method. Bar length is measured by fitting ellipses
and measuring when the di↵erence between the density along the semi-major and semi-minor axis falls to below 30% to 40% of the
semi-major value. Right column: Lm=2 method uses the ratio of the amplitude of the m = 2 to the m = 0 Fourier components of the
stellar density, A2/A0, as a function of radius, R. The bar length is taken as the radius where this ratio falls below a fraction of the
maximum value. We here consider six thresholds from 30% to 80% of the maximum value. The larger bar estimate in the bottom row is
due to its being connected to spiral arms, as seen in the left column.

⇠ 50 km s�1 kpc�1, respectively. The bar lengths quoted
above are the “true” values, the meaning of which will be-
come clear in the next sections.

Having the same length but very di↵erent pattern
speeds places the bar resonances at very di↵erent radii
for each simulation. This makes Model1 comparable to the
fastest bars found in observations, given by the ratio of the
bar’s CR radius to its length, R ⌘ RCR/Rb ⇡ 3.1/3.05 ⇡
1.02; conversely, Model2 hosts a significantly slower bar,
with R = 5.6/3.2 ⇡ 1.75 (e.g., see Table 1 by Rautiainen
et al. 2008), using final time values.

2.2 Spiral structure

The spirals of Model1 are more tightly wound and multi-
armed (see Fig. 1 in Buck et al. 2018), while for Model2
they are more open and dominated by two or four arms (see
top-right panel of Fig. 1 in Martig et al. 2014a or Fig. 1 in
Minchev et al. 2013), which signifies that they are stronger.
Indeed, we measured spiral structure overdensity for Model1
typically ⇠ 5� 10% higher than the background, compared
to ⇠ 15� 25% for Model2 (see rightmost columns of Figs. 1
and 2). These values are on the lower end of the 15%-60%

spiral-arm overdensity estimated by Rix & Zaritsky (1995)
for 18 face-on spiral galaxies.

Recent estimates of the MW spiral-arm overdensity in-
clude ⇠ 14% from modeling the radial velocity field of RAVE
data (Siebert et al. 2012), ⇠ 26% needed to account for the
migration rate of supersolar metallicity open clusters near
the Sun (Quillen et al. 2018a), and ⇠ 20% obtained from
matching the radial velocity field of stars on the upper red
giant branch from a compilation of data (Eilers et al. 2020).
These are somewhat larger than the spiral strength of our
Model1 and quite consistent with our Model2.

3 MEASUREMENTS OF BAR LENGTH

Here we employ three methods to determine the bar length1

of Model1, two of which have been widely used in the litera-
ture (e.g., Athanassoula & Misiriotis 2002; Wegg et al. 2015;
Wu et al. 2018) and a new approach introduced below. We
use a cut of |z| < 1 kpc, where z is the distance from the

1 Hereafter we use “bar length” to mean the length of its semi-
major axis, as frequently done in the literature.

MNRAS 000, 1–22 (2020)

Hilmi,Minchev,Buck+2020

Rb~3.5 kpc Rb~4 kpc Rb~3-4 kpc
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Figure 4. Comparison of the radial velocity maps from our toy model with ⌦p =
2km s�1 kpc�1 (left) to the observations (right) on the same spatial coverage. The inner
part of the disk, i.e. R . 5 kpc, is dominated by the Galactic bulge, and has thus been
excluded from the model.

dynamical arms to be “sharper”, e.g. by a phase-aligned superposition of a logarithmic

two– and four–arm spiral, the maximal surface density contrast (for a given potential

perturbation) would be higher.

Our steady-state toy model provides a prediction for the locations of the overden-

sities in the Milky Way, namely at the observed red–blue gradients in the radial

velocity map, i.e. the transition from positive to negative velocities with increasing

radius. At the location of these transitions, stars at smaller radii have on average

larger radial velocities, whereas stars at larger radii have slightly smaller radial ve-

locities. This causes all stars to approach the location of the red–blue gradients and

thus resulting in an overdensity there, which we illustrate in Fig. 5. The predicted

overdensities are approximately co-spatial with the location of the Local (Orion) Arm

around R ⇡ 8 kpc and the Outer Arm in the outer part of the disk around R ⇡ 15 kpc

(e.g. Levine et al. 2006; Camargo et al. 2015). However, due to the likely transient

nature of spiral arms the detailed relationship between the locations of overdensities

and the velocity map will depend on whether the pattern is growing or decaying with

time.

We will now compare our results to several other studies that have analyzed the

stellar kinematics and overdensities within the Milky Way’s disk.

5.1. Comparison to Previous Studies

Recently, López-Corredoira et al. (2019) measured the radial profile of the Galac-

tocentric radial velocity component of stars within the disk towards the Galactic

anticenter at radii of 8 kpc  R  28 kpc and |z| < 5 kpc, likewise making use of

APOGEE data. However, their analysis di↵ers from ours in the selection of stars,

their spatial distribution, as well as in the derivation of distances to these stars, but

nevertheless their resulting radial profile agrees remarkably well with our analysis,

shown in the top panel of Fig. 2. Based on the similarity of their results when split-
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