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Science

Galaxy formation and evolution

Credit: NASA 
Webb’s First Deep Field
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Milky Way as a typical galaxy

Science

Credit: NASA 
Webb’s First Deep Field

Credit: R. Hurt / JPL-Caltech / NASA
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Science
• Age

• Chemistry

• Orbits

Credit: NASA 
Webb’s First Deep Field

Credit: R. Hurt / JPL-Caltech / NASA

Credit: NASA
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Science

MODELS DATA
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Science

GAP

 

`

z
o

o
m

 (
d

e
ta

il
s

)
la

rg
e

 v
o

lu
m

e
 (

s
ta

ti
s

ti
c

s
) 

dark matter-only (N-body) dark matter + baryons (hydrodynamical)

Aquarius

Via Lactea

Latte / FIRE

Auriga

Illustris IllustrisTNG

EAGLE

Millennium-XXL

ELVIS

Millennium Horizon-AGN

Phoenix

Aquarius

Massiveblack-II

Bolshoi

GHALO

APOSTLE

Romulus25

Millennium-II

Dark Sky

NIHAO

Magneticum

Eris

Simba

Cosmological simulations of MW-like galaxies  stellar observations 
of different varieties
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Credit: Vogelsberger et al. 2020, Nat Rev Phys 2, 42–66
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 stellar observations 
6 colors over space & time
>109

Science
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Credit: Vogelsberger et al. 2020, Nat Rev Phys 2, 42–66
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DATA

Interdisciplinary challenges

MODELS

Bridge the GAP

Cosmological 
simulations

Stellar

Observations

Novel data-driven methods
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DATA

Interdisciplinary challenges

MODELS

Bridge the GAP

Cosmological 
simulations

Stellar

Observations
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AGE

1

3Stars 
across the


Galactic disk

AGE-CHEMISTRY
RELATIONS

CHEMISTRY

Patil et al. 2022

Patil et al. (under review)

PhD thesis
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Patil et al. 2023



Stars 
across the


Galactic disk

CHEMISTRY
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      Precise chemical compositions of stars1

APOGEE spectroscopy
Majewski et al. 2017



Stars 
across the


Galactic disk

CHEMISTRY
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      Accurate & precise chemistry of stars1

Majewski et al. 2017

Functional data analysis 
Likelihood-free inference

APOGEE spectroscopy



AGE

Stars 
across the


Galactic disk

CHEMISTRY
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      Accurate & precise ages of stars2

Kepler time-series
Borucki et al. 2010



AGE

Stars 
across the


Galactic disk

CHEMISTRY
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      Accurate & precise ages of stars2

Borucki et al. 2010

Kepler time-series

Multitaper power spectrum 
analysis



AGE

Stars 
across the


Galactic disk

CHEMISTRY
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      Precise age-chemical relation of the disk3

Leung & Bovy 2019

Mackereth et al. 2019

astroNN catalog



AGE

Stars 
across the


Galactic disk

CHEMISTRY
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      Precise age-chemical relation of the disk3

Credit: https://astronomy.swin.edu.au/cosmos
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Stars 
across the


Galactic disk

CHEMISTRY

18

Ex-situ scenarios

Chiappini, 2001

      Precise age-chemical relation of the disk3



In-situ scenarios

AGE

Stars 
across the


Galactic disk

CHEMISTRY

19

Sellwood & Binney, 2002

      Precise age-chemical relation of the disk3
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Stars 
across the
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CHEMISTRY

PhD thesis
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Manual?



      Precise age-metallicity relation of the disk3

[M
g/

Fe
]

[Fe/H]

21 Patil et al. 2023

CHEMISTRY



      Precise age-metallicity relation of the disk3

Copula

CHEMISTRY 3

u 2
u1

22 Patil et al. 2023



      Precise age-metallicity relation of the disk3

CHEMISTRY 3

Copula

23 Patil et al. 2023
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CHEMISTRY 3

Copula

      Precise age-metallicity relation of the disk3

Patil et al. 2023



      Precise age-metallicity relation of the disk3

AGE

Leung et al. 2023

R, z

CHEMISTRY 3

Copula
Elicitable maps

Gaia Collaboration et al. 2021
25 Patil et al. 2023



T : Y → ℝ

Elicitable map is a map such that ∃ S : ℝ × ℝ → ℝ
where S is a score (loss) function
arg minx∈ℝ𝔼[S(x, Y)] = T(Y)

3      Elicitable maps
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      Elicitable maps
T : Y → ℝ

Elicitable map is a map such that ∃ S : ℝ × ℝ → ℝ
where S is a score (loss) function
arg minx∈ℝ𝔼[S(x, Y)] = T(Y)

S(x, Y) = (x − Y)2

arg minx∈ℝ𝔼[(x − Y)2] = 𝔼[Y]

3
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T[Y] = 𝔼[Y]



T : Y → ℝ

arg ming∈𝔾𝔼[S(g(X), Y)] = T[Y |X = x]

g(x) = a0 + a1x + a2x2 . . .

      Conditional elicitability3
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      Precise age-metallicity relation of the disk3

AGE

Leung et al. 2023

R, z

CHEMISTRY 3

Copula
Elicitable maps

29 Patil et al. 2023



      Comparison with radial migration models3

Data: Low-  diskα

Model: Frankel et al. 2020

30 Patil et al. (under review)



3      Dependence modeling
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co
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Galactic astronomy

Extragalactic astronomy Cosmology
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Open-source software
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https://github.com/aaryapatil

32
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across the


Galactic disk
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AGE

CHEMISTRY

1

3

Ongoing

6D PHASE-
SPACE

Multi-
Dimensional 
Stellar Map
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disk, 
bulge/bar, halo

Postdoctoral Plan

Stars 
across the


Galaxy
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1

3
Multi-

Dimensional 
Stellar Map



Thank you!

Email: patil@mpia.de

Website: https://aaryapatil.github.io/
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