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The Milky Way
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• They come in all ages and compositions 

• There are billions of them in the Galaxy 

• We understand them (Eddington’s conjecture) 

• Russel-Voigt theorem: mass, age and composition of a star 
uniquely determine its inner structure  

– at least as long as rotation and magnetic fields are ignored… 

• So by measuring the properties of stars we can get their ages, 
abundances, i.e. the conditions in their birth cloud 

• using their orbits we can chemically tag co-eval groups 

• We can dissect the Milky Way into formation epochs

The nice things about stars
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• A galaxy consists of at least one star  
(Truran & Hillebrandt, Kiel 1993) 

• Chemical abundances preserve  
the star formation and chemical  
enrichment history of the birth cloud

The classical view of the Milky Way:

ESA/Gaia/DPAC; CC BY-SA 3.0 IGO. Acknowledgement: A. Moitinho.
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Schematic: Elemental abundances in the Milky Way
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Type II supernovae: 
exploding massive stars 
rapidly recycled (~10 Myr)

Type Ia supernovae:  
accreting merging white dwarfs 
slowly recycled (~1 Gyr)
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• Chemical tagging: Use the chemical 
properties of stars to backtrace their birth 
cluster. As they formed from the same 
birth cloud, they should have similar, if 
not identical abundances 

• Level to which this is possible, still needs 
to be proven 

The goal: Chemical tagging

© Catherine Manea (U Texas)
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 „Galactic Archaeology“ or „Near Field Cosmology“⇒

© Michael Staudt/grafikfoto.de
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The Milky Way is not axisymmetric and has substructure - good!

Have data!

Have ages!
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• They come in all ages and compositions 

• There are billions of them in the Galaxy 

• We understand them (Eddington’s conjecture) 

• Russel-Voigt theorem: mass, age and composition of a star 
uniquely determine its inner structure  

– at least as long as rotation and magnetic fields are ignored… 

• So by measuring the properties of stars we can get their ages, 
abundances, i.e. the conditions in their birth cloud 

• using their orbits we can chemically tag co-eval groups 

• We can dissect the Milky Way into formation epochs

• Getting the data is hard 

• Understanding the data is even harder (completeness and 
selection effects) 

• for almost all stars the available data is highly incomplete 

– data driven and machine learning approaches 

• Galaxies are roughly as old as the universe, not really 
equilibrium or stationary system 

   ⟹ modeling is difficult ⟹ simulations

The nice things about stars	 	          The not so nice things about stars



We choose to do these things not because 
they are easy, but because they are hard
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Getting the data

Astrometry: Positions, Distance & Velocities Spectroscopy: Abundances & Radial Velocities

Astroseismology: Ages Simulations: Theory backbone
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The Gaia Telescopes

image credit: ESA
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The Gaia Optics

image credit: ESA
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Detectors and Focal Plane
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image credit: ESA
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Gaia recap
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Focal Plane
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19 December 2013
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• Measurement challenge: 

• Milky Way + satellite system:  

• Extend: ~100 kpc  10  

• Characteristic velocity: 10km/s at 100 kpc  20  

• 10  corresponds to the angular size of a quarter (or a Euro) seen at the distance of the Moon 

• 20  corresponds to the growth rate of the human hair seen at the distance of the Moon 

• Data analysis challenge: 

• For comparison: relativistic light bending by the Sun at angle 90° (that’s what we call night): 3000    

 Relativistic light bending of all major planets have to be included, Jupiter even in post Newtonian approximation 

• Tightly coupled equation system involving all data collected (eventually) over the full mission period 

• Systemic biases: distance = parallax-1, and a positively defined properties. Owing to errors, measured parallaxes can be negative. 
Simple cuts introduce severe biases, in particular when convolved with stellar density distribution 

• Spectral data only at medium resolution for a small wavelength range and a limited number of targets, low SNR (but many epochs!)

⇒ μas

⇒ μas yr−1

μas

μas yr−1

μas
⇒

The Gaia challenge
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Gaia DR2 + photometric catalogues + Bayesian model

Almost as if we can see our Galaxy 
from above!

Anders et al 2019 Gaia DR2 
(~265 million stars) 
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Gaia DR3 + photometric catalogues + spectroscopic catalogues+ Bayesian model

Queiroz et al 2023

Now with ~360 Million stars
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Using APOGEE DR17 + Gaia in the inner Galaxy (Kinematics)

The quadrupole of the Galactic bar is confirmed,  

reassuring distances measurements

Auriga simulations Fragkoudi et al. 2019

13

Queiroz et al 2021
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Going deeper …

Queiroz et al 2023
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Going deeper + constraining abundances using machine learning
A&A proofs: manuscript no. shboost_v1

Fig. 7. Large-scale Cartesian map (box size: 100x100 kpc2) of the Gaia DR3 XP sample. Left panel: Density map. Right panel: Median metallicity
map of the same volume (integrating over all ZGal), using all 204 million stars with �[M/H] < 0.3 dex and only showing bins containing more than
3 stars. Some salient features of the map are annotated.

Fig. 8. Distribution of red-clump stars with Gaia DR3 XP spectra in the
Galactic disc. Top panel: Density distribution in cylindrical Galactocen-
tric coordinates. Bottom panel: Median metallicity map of 7.5 million
red-clump stars with �[M/H] < 0.2 dex.

resolution Gaia XP spectra should not be underestimated (see
also e.g. Andrae et al. 2023b; Lucey et al. 2023; Weiler et al.
2023; Li et al. 2024).

5.2. Hot stars

One of the strong points of our method lies in the diversity of the
training set. Since we explicitly included hot stars in our train-
ing set, the stellar-parameter predictions for these stars are sig-
nificantly better than in Anders et al. (2022) or Andrae et al.
(2023a). As an example, we show in Fig. 9 the map of about

Fig. 9. Spatial distribution of a Gaia DR3 XP sample of 376 321
B star candidates (selected as 4.0 < xgbdist_logteff_mean <
4.5 & xgbdist_logg_mean < 6 &xgbdist_logteff_std < 0.1 &
xgbdist_logg_std < 0.5). Known overdensities corresponding to OB
associations are annotated. The dotted ellipses correspond to (potential)
star-formation voids.

375 000 B star candidates selected only by e↵ective temperature
and surface gravity. This map extends further than most previous
maps of hot stars (e.g. Zari et al. 2021; Pantaleoni González et al.

Article number, page 10 of 20

Khalatyan  et al 2024, arxiv:2407.06963
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• They come in all ages and compositions 

• There are billions of them in the Galaxy 

• We understand them (Eddington’s conjecture) 

• Russel-Voigt theorem: mass, age and composition of a star 
uniquely determine its inner structure  

– at least as long as rotation and magnetic fields are 

• So by measuring the properties of stars we can get their ages, 
abundances, i.e. the conditions in their birth cloud 

• using their orbits we can chemically tag co-eval groups 

• We can dissect the Milky Way into formation epochs

• Getting the data is hard 

• Understanding the data is even harder (completeness and 
selection effects) 

• for almost all stars the available data is highly incomplete 

– data driven and machine learning approaches 

• Galaxies are roughly as old as the universe, not really 
equilibrium or stationary system 

   ⟹ modeling is difficult ⟹ simulations

The nice things about stars	 	          The not so nice things about stars
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First step: tracing back the birth radius of disk stars (Minchev et al, 2018)
1646 I. Minchev et al.

found close to the solar radius, but with kinematics and abundances
similar to inner disc stars. SMR stars have metallicities that exceed
the present-day interstellar medium (ISM) and that of young stars
in the solar vicinity by ! 0.25 dex. The metallicity in the solar
vicinity, however, is not expected to have increased much in the
last ∼4 Gyr because of the low star formation rate (SFR) at the
solar radius during this period, possibly combined with continuous
infall of primordial gas onto the disc (e.g. Chiappini, Romano &
Matteucci 2003; Asplund et al. 2009). Sellwood & Binney (2002)
interpreted the scatter in the local age–metallicity relation (AMR)
as the result of radial migration, where stars below/above the mean
arrive from the outer/inner disc. Haywood (2008) argued that stars
with low-[α/Fe] and low metallicity were born in the outer disc.
Minchev et al. (2014b) found a decline in the stellar velocity disper-
sion as a function of [Mg/Fe] in data from the RAVE (Steinmetz,
Zwitter & Siebert 2006) and SEGUE (Yanny et al. 2009) surveys
(seen also in Gaia–ESO data by Guiglion et al. 2015; Hayden et al.
2018), reasoning that these high [α/Fe], kinematically cool stars
in each narrow [Fe/H] subpopulation have arrived from the inner
disc. SMR stars were concluded to have originated in the inner disc
using different data sets (e.g. GCS, Casagrande et al. 2011; FEROS,
Trevisan et al. 2011; RAVE, Kordopatis et al. 2015; Wojno et al.
2016). Quillen et al. (2018) showed that the migration rate in the
last ∼1 Gyr can be constrained by the spread in metallicity of open
clusters currently found close to the solar radius, and thus constrain
the strength of the Milky Way spiral structure.

This picture is also supported theoretically. A number of papers
on the topic of stellar radial migration have been produced since
the seminal work by Sellwood & Binney (2002), who proposed
that transient spiral arms were responsible (cf. Roškar et al. 2008).
Minchev & Quillen (2006) identified a new galactic disc heating
mechanism, resulting from the interaction among long-lived spiral
modes moving at different pattern speeds and suggested that this
also creates radial mixing, a phenomenon explored later in detail
by Minchev & Famaey (2010) and Minchev et al. (2012a). Grand,
Kawata & Cropper (2012) showed that the spirals seen in disc
morphology (as opposed to the power spectrum) in their N-body
simulations were moving close to corotation at all radii, which
was interpreted by Comparetta & Quillen (2012) as the effect of
long-lived multiple modes (Tagger et al. 1987; Quillen et al. 2011).
Finally, external perturbations from infalling satellites can also cre-
ate radial mixing (Quillen et al. 2009; Bird et al. 2013), mostly in the
outer disc, but also at smaller radii because of the triggered increase
in bar and spiral structure amplitudes. Using their hybrid chemo-
dynamical model, (Minchev, Chiappini & Martig 2013, hereafter,
MCM13) showed that SMR stars in their simulated solar neighbour-
hood originated almost exclusively from the radial range 3 < r <

5 kpc (their fig. 3). This origin coincides with the end of the Galactic
bar, which is expected to produce most of the radial migration in the
inner disc after its formation (e.g. Minchev et al. 2012a; Di Matteo
et al. 2013).

The effect of radial migration on a solar neighbourhood-like sim-
ulated disc volume, resulting from the MCM13 model, is shown in
the top panel of Fig. 1. Stars found at 8 kpc at the final time can
originate from a wide range of birth radii, rbirth. The rbirth distribu-
tion peak shifts to smaller radius for older mono-age populations
(stars in narrow age bins, as colour coded). This results from the
inside–out disc formation and the longer exposure to migration
mechanisms for older stars. In the bottom panel of Fig. 1, we show
the guiding radius, rg, distribution of these stars. Stars away from
8 kpc are found in the solar vicinity close to their apo- and peri-
centres with older mono-age populations having more extended

Stars currently 
  located close 
    to Sun

Model + uncertainties
Δ Age = 2 Gyr

Figure 1. Illustrating the effects of radial migration and blurring. Top:
the dashed black curves shows the distribution of birth radii, rbirth, for stars
found close to the Sun (vertical strip) at redshift zero, for the MCM13 model.
Also shown are subsamples of stars, grouped by common age (mono-age
populations, solid curves) with bin width "age = 2 Gyr and median values
as stated in the colour bar. The rbirth distribution peaks shift to smaller radius
the older the population. This results from the inside–out disc formation and
the longer exposure to migration mechanisms for older stars. Bottom: same
as top panel, but showing the stellar guiding radii estimated as rg = rvφ /Vc,
where r is Galactic radius, vφ is the Galactocentric tangential velocity, and
Vc is the circular velocity. The overall distribution is much narrower, with
mono-age populations having closely spaced peaks but extended tails toward
the inner disc, more so for the older population.

tails to smaller radii. This effect, referred to as ‘blurring’, is some-
times invoked to explain the scatter in the AMR, arguing that no
radial migration is necessary (e.g. Haywood et al. 2016). It is ob-
vious here, however, that the stars causing blurring have migrated
themselves.

Knowledge about the birth radii of stars has important implica-
tions also for the field of exoplanet research. Stars hosting plan-
ets show the tendency to have smaller guiding radius, suggesting
smaller birth radii (Haywood 2009; Adibekyan et al. 2014). Hay-
wood (2009) proposed that the giant planet formation efficiency is
not directly linked to the stellar metallicity, as typically accepted,
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Estimating stellar birth radii 1649

HARPS-GTO

AMBRE: HARPS

Figure 2. Top panel: the MDF of the total AMBRE:HARPS sample (dashed
black curve). Also shown are subsamples of mono-age populations (solid
curves) using a bin of !age = 2 Gyr and a median stated in the colour bar.
Bottom panel: same but for the HARPS–GTO sample. For both samples, the
youngest stars are concentrated around [Fe/H]=0 dex, the metal-rich tail is
composed of intermediate-age stars, and the oldest population is found in
the metal-poor tail.

inates the rbirth error at age ! 8 Gyr, while δage dominates for
older stars. Further discussion on the rbirth error can be found in
Section 5.6.

4 R ESULTS

The results from the above simple experiment and a handful of
high-quality data can already address important Galaxy evolution
questions in a completely new and much more intuitive way than
previously possible.

4.1 Guiding versus birth radii

The top row of Fig. 6 shows [Fe/H] versus observed radius, r (left),
guiding radius, rg (middle), and birth radius, rbirth (right) for the
HARPS–GTO stars. The bottom panels show the corresponding
distributions of mono-age populations. Our match to the ISM [Fe/H]
gradient evolution is shown for eight uniformly spaced times. The
right-hand column is identical to the rightmost middle and bottom
panels of Fig. 4. We remind the reader that only age and [Fe/H]
were used for obtaining rbirth. The guiding radius distribution is
strongly weighted toward the inner disc, more so for older mono-
age populations. The latter is indicative of inside–out disc formation,
justifying our requirement on the shape of rbirth distributions (see
Section 3).

The total and mono-age population distributions of rg resulting
from the data are remarkably similar to the model shown in Fig. 1
in the peak separation, width, and skewness. It should be kept in
mind that the guiding radii from data and model are completely
independent.

4.2 Vertical age–velocity dispersion relation and thick disc
formation

In the left-hand panel of Fig. 7, we show the relationship between
age and stellar vertical velocity dispersion, σ z, for all stars (dashed
curve) and for mono-rbirth populations (as colour coded) using the
HARPS–GTO sample. The velocity dispersion is estimated as the
standard deviation of stars in each age bin, constrained to a minimum
of eight stars per bin. We also show typical error bars, corresponding
to two standard deviations of 1000 realizations in a bootstrapping
calculation.

AMBRE:HARPS
age < 2 Gyr

AMBRE:HARPS
6.5 < age < 7.5 Gyr

Figure 3. Illustration of our birth radius estimation method for two mono-age groups from the AMBRE:HARPS sample, as indicated. The lines represent an
arbitrary [Fe/H] ISM gradient evolution with time. The scatter in [Fe/H] of stars with the same age (leftmost and third panels) is interpreted as the result of
stars born at different Galactic radii. We can estimate the birth radii by projecting stars in radius along the corresponding age gradient, as shown in the second
and fourth panels.
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Minchev, Chiappini, Martig 2013 simulations
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What if gradient was flatter? How flat is too flat?
✓ Only age and metallicity necessary 
✓ Assume ISM metallicity gradient evolving with 

time 
✓ Place stars on the slope by shifting in r according 

to age and [Fe/H](r, t)

HARPS:AMBRE or HARPS-GTO isochrone 
ages

• Same scatter in [Fe/H] gives wider birth 
radius distributions 

• When you start getting negative birth 
radii you know something is wrong
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We can try different possibilities for the ISM [Fe/H](r, t)

Slope steepening with time,
as measured today

Anders et al. (2017) 
measured gradients 
for mono-age populations

HARPS-GTO

Linear evolution Broken evolution

m
ax

Good match

Steeper linear evolution

Slope = -0.1 Slope = -0.1 Slope = -0.1

Δ Age = 2 Gyr

Log function,
provides a good match 
to rbirth distributions

present-day ISM

present-day ISM gradient

Flattening in slope
with time predicted

Typical Model

Time evolution 
of [Fe/H] at Rsol

Time evolution 
of [Fe/H] slope

Birth radii of mono-age populations
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Evolving Galaxy

+ (age, [Fe/H])

Minchev et al. 2018, Lu et al. 2022, 


Ratcliffe at al. 2023

• Stars move and their velocities change, but chemical abundances remain preserved 

• tension between observed and modeled/simulated data 

– observational gradients with age (Sales-Silva et al. 2022, Myers et al. 2022) 

– weakening of gradients over time due to migration
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Birth radius tracks in the Age-Metallicity relation  
(note change in axis!)

Sun born at R = 4.5 ± 0.5

Old ridge belongs to the 
inner disk and the young 
one to the outer disk

Lu et al. (2022)
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Clumps found in outer birth radii. Same 
mean age, although moving around. 
Could be associated with SF bursts found 
by, e.g., Ruiz-Lara et al. (2020)

[α/Fe]-[Fe/H] distributions narrow in narrow 
birth radius bins

Lu et al. (2022)

33
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APOGEE DR17 labels 
Teff, log(g), [M/H], [Alpha/M], [Fe/

H]

CONVOLUTION 
NEURAL 

NETWORK
Gaia parallax + magnitudes Parameter for  

~1 million RVS

Ages, dist, etc with StarHorse  
+  

possible new Metal Poor stars

34

Abundances from low resolution Gaia RVS spectra - the idea:

Gaia XP spectra
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Improving Performance of Spectroscopic Surveys with Machine Learning 

The RVS-CNN Catalog (Guiglion, Nepal et al. 2024 A&A): 

• Teff, log(g), [M/H], [𝛼/M] and [Fe/H] for >840,000 stars. (Catalog is public, use it!) 

• >12,000 metal-poor ([Fe/H]<-1.0) stars with reliable parameters (GSP-spec flags: <100) 

• ~19,000 super-metal-rich ([Fe/H]>0.2) stars with reliable parameters (GSP-spec: ~6,500) 

• ~4500 bulge candidates with Gaia-RVS (GSP-spec: 8)
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Fetching abundances from Gaia RVS spectra trained on APOGEE

● Left: High-quality result for selected Obs sample. (Total obs sample = 841300) 
● 1-to-1 comparison of CNN prediction vs APOGEE [M/H] for low S/N (15-25) RVS spectra.
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The data: 
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The metal-poor thin disc: 

> 50% of MP thin disc star >13 Gyr 
significant % of kinematically hotter MP stars < 13 Gyr
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The oldest thin disc of MW: 

Significant fraction of old 
stars with wide [Fe/H] range 
already in thin/thick disc 
orbits at the oldest ages.

Old  
to  
Young

Metal-poor to Metal-rich



NGC 2336



stellar disk 5 ⨉ 1010 M

bulge 2 ⨉ 1010 M

gaseous disk 2 ⨉ 109 M

halo

stellar 8 ⨉ 108 M

gaseous 2 ⨉ 1010 M

dark matter 1 ⨉ 1012 M

Bland-Hawthorn & Gerhard 2016

Cui+ 2014



Cui+ 2014

van Dokkum+ 2013
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Licquia+ 2016

258 SDSS spiral galaxiesZ ~ 0.1 -3 (JWST)

Tsukui+ 2024

SDSS galaxies

MW

Milky Way galaxy: normal or weird?

MW
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Milky Way disc coverage
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3D coordinates (~108 stars) +3D velocities (~107 stars)

Milky Way disc coverage



Fa
ce

-o
n

Ed
ge

-o
n

3D coordinates (~108 stars) +3D velocities (~107 stars) +precise abundances (~106 stars)

Milky Way disc coverage
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Orbits of disc stars

Axisymmetric potential Barred potential 
inertial rest frame

Barred potential 
rotating rest frame
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Orbits of disc stars

Axisymmetric potential Barred potential 
inertial rest frame

Barred potential 
rotating rest frame
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Orbits of disc stars

Observed star with 6D phase-space information

Orbit of the star — positions of the star in the past
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Orbits of disc stars

Observed star with 6D phase-space information

Orbit of the star — positions of the star in the past “Invisible” population of stars following the orbit of a single observed star
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The Self-Consistency Problem
Given a density distribution ρ(x⃗), the Poisson equation yields the
gravitational potentialΦ(x⃗). In this potential I can integrate orbits using
Newton’s equations of motion. The self-consistency problem is the problem
of finding that combination of orbits that reproduces ρ(x⃗).

PotentialDensity

Orbits
?

Poisson Eq.

New
ton

’s 
2n

d l
aw

Think of self-consistency problem as follows: GivenΦ(x⃗), integrate all
possible orbits Oi(x⃗), and find the orbital weightswi such that
ρ(x⃗) =

∑
wiOi(x⃗). HereOi(x⃗) is the density contributed to x⃗ by orbit i.
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Reconstruction of the MW with orbit superposition 

Ψtotal(x, y, z) = Ψstars(x, y, z) + ΨDM(x, y, z) + Ψgas(x, y, z) + . . .

ρstars(x, y, z) =
n

∑
i=1

wiρorbit
i (x, y, z)

Schwarzschild 1979

ΔΨstars(x, y, z) = 4πGρstars(x, y, z)

Ψtotal(x, y, z) + 6D phase-space MW data 

APOGEE data + 3D MW potential from Portail+2017 & Sormani+2022
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Testing orbit superposition on mock galaxy

Mock 1: APOGEE giants stars Mock 2: APOGEE dwarf starsComplete simulation data
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Testing orbit superposition on mock galaxy
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MW disc reconstructed kinematics vs Gaia/StarHorse
Gaia RVS Drimmmel+ 2023 (Gaia DR3)

Quieroz+ 2022 (APOGEE/StarHorse)Khoperskov+ 2024b
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Age structure of the MW disc

Khoperskov, MS+ 2024b
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The extragalactic Milky Way
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Milky Way: mock IFU observations

[Mg/Fe]-variable MILES SSP

Each phase-space coordinate along the orbit — SSP

Masses of SSP - orbit weights 
metallicities and ages from APOGEE Khoperskov + (in prep)
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Extragalactic Milky Way from IFU: kinematics

Khoperskov+ (in prep)

Inclination = 70 deg
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Extragalactic Milky Way from IFU: kinematics

Khoperskov+ (in prep)

Edge-on projection
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Extragalactic Milky Way: chemical composition

Khoperskov+ (in prep)

Edge-on projection
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• Chemical tagging: Use the chemical 
properties of stars to backtrace their birth 
cluster. As they formed from the same 
birth cloud, they should have similar, if 
not identical abundances 

• Level to which this is possible, still needs 
to be proven 

The goal: Chemical tagging

© Catherine Manea (U Texas)
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4MOST – 4m Multi-Object 
Spectroscopic Telescope
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Instrument Characteristics

Specification  Design value

Field-of-View (hexagon) ~4.2 degree2 (∅>2.6°)

Multiplex fiber positioner 2436

Medium Resolution Spectrographs (2x) 
  # Fibres 
  Passband 
  Velocity accuracy 
  Spectral sampling (pixels/FWHM)

R~4000–7500 
  812 fibres (2x) 
  370–950 nm 
  < 1 km/s 
  > 2.8 pixels

High Resolution Spectrograph (1x) 
  # Fibres 
  Passband 
  Velocity accuracy 
  Spectral sampling (pixels/FWHM)

R~20,000 
  812 fibres 
  392.6–435.5 nm, 516–573 nm, 610–679 nm 
  < 1 km/s 
  > 2.56 pixels

# of fibers in ∅=2’ circle >3

Fibre diameter ∅=1.42 arcsec
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29 Feb 2024

31 Jul 2024
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29 Feb 2024

31 Jul 2024

5 Dec 2024
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2025: Gaia + RAVE + APOGEE + …

APOGEE-Gaia sample                RAVE-Gaia sample

GCS data (Hipparcos satellite) - 
the only pre-Gaia sample with 
good proper motions



Leibniz-Institut für Astrophysik Potsdam (AIP)Matthias Steinmetz / WE Heraeus - NARIT Cosmology School Chiang Mai / 13 October 202568

Starting 2026: Gaia and 4MOST

4MIDABLE



© AIP/A. Saviauk

Summary and Conclusion 

• Ongoing revolution in stellar science driven by Gaia  „precision stellar science“ 

• We can chemically map fair fractions of the MW and reach out to its satellite system 

• We can use Scharzschild’s method to  

• map into Galaxia incognita 

• analyze the Milky Way as it would be an external galaxy 

• Critical feature: base data needs to adequately sample relevant orbital families 

• Soon to come: Massive systematic spectroscopic campaigns

⇒


