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TOBIAS BUCKCAUSAL GENERATIVE MODELS IN ASTRONOMY

THE STRUCTURE OF THE NEXT ~30 MINUTES:

▸ A brief history of the Universe: the cosmological standard model  

▸ Galaxy formation simulations: time evolving models of galaxies 

▸ Observations: the era of large galaxy surveys
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THE ENERGY CONTENT OF THE UNIVERSE  

▸ Which Cosmology does describe the                                                             
Universe? 

▸ What is Dark Matter? 

▸ What is Dark Energy?
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THE PROBLEM: NEITHER DARK MATTER NOR DARK ENERGY OBSERVABLE
▸ Most stringent evidence for DM from 

galaxy dynamics and structure 
formation  (e.g. Zwicky 1933) 

▸ Evidence for Dark Energy from 
accelerated expansion of the Universe 
(Nobelprize 2011, 
Perlmutter,Schmidt,Riess)

image credit: Nasa
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A BRIEF HISTORY OF THE UNIVERSE

image credit: Nasa



WHAT IS A GALAXY?
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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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BUILD A MODEL, DO EXPERIMENTS AND PERFORM THE MEASUREMENTS
simulations: 

image credit: Walter+2008

observations: 



SIMULATIONS
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A GALAXY FORMATION MODEL IN A NUTSHELL
Computer

Laws of Physics

• General Relativity 
• Gas Physics 
• Stellar Physics 
• Radiation Physics

model galaxy

CDM CosmologyΛ

Cold dark matter = GeV mass 

elementary particle

Λ

Ordinary matter  = baryons
Dark energy,  = ???Λ
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SIMUALTIONS: THE INPUT PHYSICS

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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Collisionless Gravitational Dynamics

● N-body methods based on integral Poisson’s equation 
(e.g. tree, fast multipole)

● N-body methods based on differential Poisson’s equation 
(e.g. particle-mesh, multigrid)

● N-body hybrid methods 
(e.g. TreePM)

● Beyond N-body methods
(e.g. Lagrangian tesselation)

Hydrodynamics

● Lagrangian methods
(e.g. smoothed particle hydrodynamics)

● Eulerian methods
(e.g. adaptive-mesh-refinement)

● Arbitrary Lagrangian-Eulerian methods
(e.g. moving mesh)

● Mesh-free / mesh-based

● cold dark matter
● warm dark matter
● self-interacting dark matter
● fuzzy dark matter
● ...
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most important astrophysical processes

● cosmological constant
● dynamical dark energy
● inhomogeneous dark 

energy
● coupled dark energy
● ...

● Newtonian gravity in an 
expanding background

● modified gravity 
as dark matter alternative

● modified gravity 
as dark energy alternative

● ...

Initial Conditions

● inflation generated initial 
perturbations on top of 
homogeneous Friedmann 
model

● ...

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.

9/34

Vogelsberger+2020

▸ At the same time: bridging 106 orders of 
magnitude in spatial scale from sizes of stars 
to entire galaxies and beyond

MOST MECHANISM PUT IN BY 
HAND IN A PARAMETRISED WAY.



Stars

Gascosmological  
zoom-in hydro  

simulations of a  
Milky Way analogue

DM

600 kpc/h 



SIMULATIONS ARE NUMERICAL EXPERIMENTS! 

MODEL PARAMETERS FIXED BY HAND 

THEY ARE ONLY A LIMITED FORWARD MODEL FOR 
OBSERVED GALAXIES… 

WE WILL NEVER MODEL A CLOSE ANALOGUE TO AN 
OBSERVED GALAXY.

Buck+2020



OBSERVATIONS
THE ERA OF LARGE GALAXY SURVEYS
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MILKY WAY SURVEYS
CAUSAL GENERATIVE MODELS IN ASTRONOMY

Gaia 4MOST SDSS-V

MAIN DATA PRODUCT: ~107 STELLAR SPECTRA
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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 
context
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Figure 3. Toy model of a non-axisymmetric perturbation in a gravitational po-
tential due to logarithmic spiral arms. Left panels: Modeled surface density pertur-
bation contrast ⌃1/⌃0 in the disk showing a two armed spiral pattern. The white contours
trace the overdensities. Right panels: Radial velocity signature introduced by the poten-
tial perturbation with the same surface density contours (here in black). The top panels
show our best model with a chosen pattern speed of ⌦p = 12 km s�1 kpc�1 with stars
at 7 < R < 18 kpc used to constrain the model, whereas the bottom panels show our
best model with a smaller pattern speed of ⌦p = 2km s�1 kpc�1 fitted to all stars within
5 < R < 25 kpc.

Our model now has four remaining free parameters, i.e. the rotation angle of the

spiral pattern which is given by the time t, the pitch angle of the spiral arms p,

the maximum surface density of the perturbation at the solar radius ⌃max(R�), and

the scale length of the perturbation hR,1. We optimize our model to obtain the best

estimates for these free parameters by means of a least square minimization making

use of the Markov Chain Monte Carlo algorithm emcee (Foreman-Mackey et al. 2013)

with flat priors of hR,1 2 [1, 50] kpc, ⌃max(R�) 2 [0, 50] M� pc�2, p 2 [0.1, 0.3] and

t 2 [6, 8] Gyr.

Our best model estimates for a pattern speed of ⌦p = 12 km s�1 kpc�1

(⌦p = 2 km s�1 kpc�1) indicate an amplitude of ⌃max(R�) = 5.48 ± 0.01 M� pc�2

(⌃max(R�) = 6.00 ± 0.03 M� pc�2), and a pitch angle p = 0.2101 ± 0.0002 (p =

0.2210 ± 0.0002), when evolving the system until a time t = 6.95 ± 0.01 Gyr

CAUSAL GENERATIVE MODELS IN ASTRONOMY

QUANTIFYING MILKY WAY’S SPIRAL STRUCTURE FROM STELLAR SPECTRA
Mass perturbation Velocity perturbation

Eilers,Hogg,Rix,(incl.Buck)+2020
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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-

CAUSAL GENERATIVE MODELS IN ASTRONOMY

QUANTIFYING MILKY WAY’S SPIRAL STRUCTURE FROM STELLAR SPECTRA
Model Data 

Eilers,Hogg,Rix,(incl.Buck)+2020
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MAIN DATA PRODUCT: ~106 GALAXY IMAGES 
~30 TERABYTES PER NIGHT

European Extremely  
Large Telescope

Nancy Roman  
Space Telescope 

Vera Rubin  
Observatory 

DESI Euclid 

EXTRAGALACTIC SURVEYS
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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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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
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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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OBSERVATIONS: SPECTROSCOPY VS. PHOTOMETRY
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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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CAUSAL GENERATIVE MODELS IN ASTRONOMY

THE IDEA: RECONSTRUCTING GALAXY MODELS FROM IMAGES

idea credit: Bernhard Schölkopf 
based on face reconstruction  
by Tewari+2017
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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?

Input Image(s)
RGB

R

G

B

Deep Encoder

Standard 

ML Encoder

architecture

in
pu

t i
m

ag
es

ob
je

ct
 c

od
e

Model 
parameters

Model-based Decoder

Object 

formation from 
physical model

ou
tp

ut
 im

ag
es

ob
je

ct
 c

od
e

Input Image(s)
RGB

R

G

B

Deep Encoder

Standard 

ML Encoder

architecture

in
pu

t i
m

ag
es

ob
je

ct
 c

od
e

Model-based Decoder

Object image 

formation from 
physical model

ou
tp

ut
 im

ag
es

ob
je

ct
 c

od
e

RGB

R

G

B

Output Image(s)

model parameters describing

object shape, composition, dynamical state,


luminosity, etc. and camera position

age

SFR

star mass

3D velocity

metals

gas mass

3D position

data regression / model fitting (~ few hours)
data generation / sampling from model (~ few ms)

Causal 
Physical 
Model

CAUSAL GENERATIVE MODELS IN ASTRONOMY

THE IDEA: RECONSTRUCTING GALAXY MODELS FROM IMAGES

idea credit: Bernhard Schölkopf based 
on face reconstruction by Tewari+2017
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SUMMARY AND CONCLUSION

▸ simulations: great success in modelling the formation of galaxies 

▸ can describe statistical properties of galaxies well 

▸ but limited in describing individual objects  

▸ observations: exquisite data for Milky Way and external galaxies 

▸ big data challenge in astronomy 

▸ Need to think about smart methods to process the data
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ASTRONOMY CAN GREATLY 
BENEFIT FROM EXPLORING 

CAUSAL MODELS! 


