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The Milky Way

All the stars you see

at night are just part
of this yellow circle.
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The nice things about stars

* 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

4  Matthias Steinmetz / WE Heraeus - NARIT Cosmology School Chiang Mai / 13 October 2025 Leibniz-Institut fiir Astrophysik Potsdam (AIP)



The classical view of the Milky Way:

* 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 §
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Schematic: Elemental abundances in the Milky Way
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Type Il supernovae:
. exploding massive stars
rapidly recycled (~10 Myr)

Type la supernovae:
accreting merging white dwarfs
slowly recycled (~1 Gyr)
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The classical view of the Milky Way:

* 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 §
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The goal: Chemical tagging

Star A * (Chemical tagging: Use the chemical
Star A's Spectrum

properties of stars to backtrace their birth

Fy WIW cluster. As they formed from the same

birth cloud, they should have similar, if
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The Milky Way is not axisymmetric and has substructure - good!

Have datal

Have ages!
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The nice things about stars

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
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The not so nice things about stars

* QGetting the data is hard

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

* foralmost 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
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We choose to do these things not because ’ 5
they are easy, but because they are nard




Getting the data
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The Gaia Telescopes
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The Gaia Optics
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Detectors and Focal Plane
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Gaia recap

18 Matthias Steinmetz / WE Heraeus - NARIT Cosmology School Chiang Mai / 13 October 2025 Leibniz-Institut fiir Astrophysik Potsdam (AIP)




Focal Plane
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The Gaia challenge

* Measurement challenge:

* Milky Way + satellite system:
* Extend: ~100 kpc = 10 uas
 (Characteristic velocity: 10km/s at 100 kpc = 20 pas yr—1
« 10 pas corresponds to the angular size of a quarter (or a Euro) seen at the distance of the Moon

» 20 pasyr—1 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 uas

= 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 = parallaxl, 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!)
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Gaia DR2 + photometric catalogues + Bayesian model

Almost as it 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

StarHorse EDR3 disc red-clump stars (| ZGal| < 3 kpc)
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Using APOGEE DR17 + Gaia in the inner Galaxy (Kinematics)

10

=" Queiroz et al 2021
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Going deeper ...
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Going deeper + constraining abundances using machine learning
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The nice things about stars

* 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
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The not so nice things about stars

* QGetting the data is hard

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

* foralmost 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
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First step: tracing back the birth radius of disk stars (Minchev et al, 2018)
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What if gradient was flatter? How flat is too flat?
HARPS:AMBRE or HARPS-GTO isochrone

V' Only age and metallicity necessary ages
v Assume ISM metallicity gradient evolving with
. Y8 & 0.3 2.5 46 67 88108130 pqq
fime 10““
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We can try different possibilities for the ISM [Fe/H](r, t)
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Evolving Galaxy

* 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!)
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Normalized Density
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OOOE | ' § mean age, although moving around.
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Abundances from low resolution Gaia RVS spectra - the idea:

APOGEE DR17 labels

Tet, l0g(g), [M/H], [Alpha/M], [Fe/
H]

CONVOLUTION
Gaia parallax + magnitudes é N E U RAL firriwl‘iec:ir;\%
NETWORK

Gaia XP spectra

Ages, dist, etc with StarHorse
+

possible new Metal Poor stars
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Improving Performance of Spectroscopic Surveys with Machine Learning

Astronomy & Astrophysics manuscript no. output (©ESO 2023
October 26, 2023

Beyond Gaia DR3:
tracing the [aa/M] — [M/H] bimodality
from the Inner to the outer Milky Way disc
with Gaia RVS and Convolutional Neural-Networks

G. Guiglion2, S. Nepal®4, C. Chiappini®, S. Khoperskov®, G. Traven®, A. B. A. Queiroz®, M. Steinmetz3,
M. Valentini®, Y. Fournier3, A. Vallenari®, K. Youakim’, M. Bergegnaan, S. Mészaros®?, S. Lucatello!® 11
R. Sordo®, S. Fabbro!'?, I. Minchev?, G. Tautvaisiené!3, S. Mikolaitis'®, J. Montalban'4

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

Tesr, log(g), [M/H], [a/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

CNN Obs :304421 Stars CNN vs APOGEE (15<SNR<25):22553, 0=0.09

1-

2_
o
(@)
O 3.

4

6500 6000 5500 5000 4500 4000 3500 -25 -20 -15 -10 -0.5 0.0 0.5
Teff (K) APOGEE [M/H]

e Left: High-quality result for selected Obs sample. (Total obs sample = 841300)
e 1-to-1 comparison of CNN prediction vs APOGEE [M/H] for low S/N (15-25) RVS spectra.
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— e - : I g : : .
6000 5500 5000 4500 4000 0 2 4 o 8 10 12 14
Teff (K) R (kpc)
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The metal-poor thin disc:

300- [ [Fe/H]<-1.0, Zmax <1 kpc, V> 180: 61
_ B 30T [Fe/H]1<-1.0, Zmax < 1 kpc, Vs < 180: 149
200- 251
-10°
& 100+ c 204
S 2 g _
= 0- o S
© Q 215+
> 11012 =
—~100-
00 104
—20071 e e [Fe/H]<-1.0, Zmax < 1 kpc, Vs > 180: 193 -]
[ [Fe/H]<-1.0, Zmax < 1 kpc, V4 < 180: 444 =100
* RR Lyrae (Matsunaga et al. 2022)
Ry 2.0 1.5 1.0 05 0.0 0.5 03 —1——1—1] o ol W
e e B e - ' ' 2 4 §) 8 10 12 14
[Fe/H] Age (Gyrs)

> 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:
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Milky Way galaxy: normal or weird?

/~0.1-3(WST) 258 SDSS spiral galaxies SDSS galaxies

O single disk
1 thick disk
thin disk

)
Q.
=
QC
L
L
-+
(@)
c
@
Qo
V)
O
w
e
§
QO

11

Galaxy stellar mass log (M+/M) 90 95 100 105 110 115

log(M,./Mg) — 2log(h/0.7)

Tsukui+ 2024 Licquia+ 2016
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Milky Way disc coverage

3D coordinates (~108 stars)
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Milky Way disc coverage

3D coordinates (~108 stars) +3D velocities (~107 stars)
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20

Milky Way disc coverage

+3D velocities (~107 stars)

3D coordinates (~108 stars)
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Orbits of disc stars

Axisymmetric potential Barred potential Barred potential
inertial rest frame rotating rest frame
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Orbits of disc stars

Axisymmetric potential Barred potential Barred potential
inertial rest frame rotating rest frame
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Orbits of disc stars
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Observed star with 6D phase-space information
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Orbits of disc stars

o L ™ | | I
/ _f
_15:....|....| _15: L | | | :
-15 -10 -5 -15 -10 -5 10 15

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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Poisson Eq. :
Density |—— | Potential
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Reconstruction of the MW with orbit superposition

Tz‘gtal(xa y? Z) — ‘Pstars(xa y? Z) + lIJI)M()C? y? Z) + ngaS(xa y? Z) + *

/ APOGEE data + 3D MW potential from Portail+2017 & Sormani+2022

A‘Pstars(x9 y? Z) — 4ﬂGpsmrs(‘x9 y9 Z)

Orbits count: 1/179494

Non-weighted orbits Weighted orbits

. 15 — ——TT T 15 T T
Schwarzschild 1979 ; | ' ' ' | - ; | ' | | ' ]
10 |- - 10 |- .
n i I
_ z: Orbit( ) : l
pstars(x’y’ Z) i 4572 Xy Vs % °T ] > ]
Sy I > I
_5| _ -5 _
~10 . _ —10 - i
T l(x’ y, Z) + 6D phase-space MW data
tOta I3 I N BN BN B S Y3 I B BN RPN B B
-15 -10 -5 0] 5 10 15 -15 -10 -5 0] 5 10 15
x [kpc] x [kpc]

52 Matthias Steinmetz / WE Heraeus - NARIT Cosmology School Chiang Mai / 13 October 2025 Leibniz-Institut fiir Astrophysik Potsdam (AIP)



Testing orbit superposition on mock galaxy

Complete simulation data Mock 1: APOGEE giants stars Mock 2: APOGEE dwarf stars

Snapshot data

x [kpc] x [kpc]
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Testing orbit superposition on mock galaxy

Unweighted orbits density Weighted orbits density

Mock 1: APOGEE giants stars

Model 2

Mock 2: APOGEE dwarf stars

-5
x [kpc]
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55

MW disc reconstructed kinematics vs Gaia/StarHorse
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Age structure of the MW disc

2

Surface density [M_ kpc “]

12-15 Gyr

-

Khoperskov, MS+ 2024b
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The extragalactic Milky Way

Edge-on projection: stellar density
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Milky Way: mock IFU observations

o
(0 0)

o
(o))

Relative flux
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>

Each phase-space coordinate along the orbit — SSP 0.2

[Mg/Fe]-variable MILES SSP
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Wavelength
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Masses of SSP - orbit weights

metallicities and ages from APOGEE Khoperskov + (in prep)
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Milky Way 24 Mpc away
[arcsec]

pPXF fit to the spectrum
[arcsec]

Extragalactic Milky Way from IFU: kinematics
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Extragalactic Milky Way from IFU: kinematics

Edge-on projection
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Extragalactic Milky Way: chemical composition

Edge-on projection
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The goal: Chemical tagging

Star A * (Chemical tagging: Use the chemical
Star A's Spectrum

properties of stars to backtrace their birth

Fy WIW cluster. As they formed from the same

birth cloud, they should have similar, if

A

Star B's Spectrum . not identical abundances
tar B
oo . W(V"VV”J’W ‘
/ * Level to which this is possible, still needs
#—— to be proven
Thin Disk
Star C's Spectrum Star C

\/ V\J‘
Ky “ «
Thick Disk
A
Bulge [ Birth Cluster ]

© Catherine Manea (U Texas)
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Instrument Characteristics

4 : .. e
_ ' 7 A
Specification Design value rr by
) ' T s » ! f
= i [ |
: l {
e '
L " | ‘
|

Field-of-View (hexagon) ~4.2 degree? (J>2.6°)

Multiplex fiber positioner 2436
Medium Resolution Spectrographs (2x) R~4000-7500 B
# Fibres 812 fibres (2x)
Passband 370-950 nm
Velocity accuracy <1km/s
Spectral sampling (pixels/FWHM) > 2.8 pixels
High Resolution Spectrograph (1x) R~20,000
# Fibres 812 fibres
Passband 392.6-435.5nm, 516-573 nm, 610-679 nm
Velocity accuracy <1km/s
Spectral sampling (pixels/FWHM) > 2.56 pixels
# of fibers in @=2" circle >3
Fibre diameter J=1.42 arcsec
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NGC2207
VISTA TCCDAG1 2024-12-05T07:33:49.938.fits
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2025: Gaia + RAVE + APOGEE + ...

GCS data (Hipparcos satellite) -
the only pre- Gaia sample W|t§
good proper motlons

000 Iyl ° '_._:‘"r .. (féo

APOGEE-Gaia sample RAVE-Gaia sample
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Starting 2026: Gaia and 4MOST

4AMIDABLE
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