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TOBIAS BUCKTOMOGRAPHIC RECONSTRUCTIONS AND THEIR STARTLING APPLICATIONS

THE STRUCTURE OF THE NEXT ~40 MINUTES:

▸ Introduction: Reconstruction across cosmic scales 

▸ A brief history of the Universe 

▸ Galaxy structures in simulations and the Milky Way 

▸ The challenge of reconstructing galaxy properties from observational images
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EXAMPLES OF RECONSTRUCTION PROBLEMS IN ASTRONOMY

Stars & Planets Interstellar Medium Galaxies Universe
~10-8 pc ~10 pc ~10 000 pc ~109  pc



RECONSTRUCTING 
STELLAR INTERIORS
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INSIGHTS INTO STELLAR INTERIORS VIA ASTROSEISMOLOGY

Cowen+2012



RECONSTRUCTING INTER-
STELLAR GAS STRUCTURES



TOBIAS BUCKTOMOGRAPHIC RECONSTRUCTIONS AND THEIR STARTLING APPLICATIONS

Girichidis+2018b

RECONSTRUCTING INTER-STELLAR GAS STRUCTURES
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RECONSTRUCTING MAGNETIC FIELD STRUCTURESA&A 609, L3 (2018)

Fig. 1. Stereographic projections of observations toward the Orion-Eridanus superbubble. The drapery pattern, produced using the line integral
convolution technique (LIC; Cabral & Leedom 1993), corresponds to plane-of-the-sky magnetic field orientation inferred from the Planck 353-GHz
polarization observations. Left: total integrated H↵ emission map. The dashed line indicates the approximate location of the edge of the superbubble.
The yellow symbols correspond to the main stars in the Orion constellation. Right: total integrated H↵ emission (Gaustad et al. 2001) and HI 21-cm
emission (HI4PI Collaboration et al. 2016) integrated between �20 and 20 km s�1 shown in red and teal colors, respectively. The yellow symbols
correspond to the line-of-sight magnetic field directions derived from the HI emission-line Zeeman splitting observations (Heiles 1989, 1997). The
circles and triangles correspond to magnetic fields pointing toward and away from the observer, respectively. The three white circles in the bottom
are the regions analyzed in this Letter.

We quantify the dispersion of the orientation of B? using the
polarization angle dispersion function (Hildebrand et al. 2009;
Planck Collaboration Int. XIX 2015),
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where � xi =  (x) �  (x + �i) is the difference in polarization
angle ( , see Eq. (A.1)) between a given position x and a posi-
tion offset by a displacement �. The top panel of Fig. 2 presents
S2(x, �= 300), the same � value used in Planck Collaboration
Int. XIX (2015); although our conclusions do not depend on
this particular selection (see Appendix A). This quantity shows
a clear decrease in the polarization angle dispersion along the
edge of the superbubble, particularly in the eastern and south-
ern edges, relative to the surroundings. These low S2 values are
further accompanied by relatively high polarization fractions (p,
Eq. (A.1)), as illustrated in the bottom panel of Fig. 2. Both these
observations are expected from the large-scale organization of
the magnetic field along the wall of the superbubble, follow-
ing its expansion (Ferriere et al. 1991; Planck Collaboration Int.
XXXIV 2016; Soler & Hennebelle 2017).

Figures 1 and 2 show that both Arc B and Arc C are inside
and run parallel to the low-S2 and high-p outline. This obser-
vation decisively rules out the skinny-bubble shape proposed by
Pon et al. (2014), who suggested that Arc C is a filament outside
of the bubble that is merely ionized by photons penetrating the
bubble wall. The superbubble wall also seems to extend beyond
Barnard’s Loop, as suggested by the S2 map, confirming the
suggestion of Ochsendorf et al. (2015) that Barnard’s Loop
is a separate shell nested within the larger Orion-Eridanus
superbubble. Moreover, since Barnard’s Loop is expanding
within the cavity evacuated by the superbubble, there was not a
lot of neutral matter nor magnetic field lines for it to sweep up,

therefore it is unsurprising that it does not show up prominently
in Fig. 2. Unfortunately, due to confusion along the Galactic
plane, the northern end of the superbubble cannot be definitively
located using the polarization data, meaning that it is unclear
whether or not the bubble extends up to a latitude of 5 deg
(Robitaille et al. 2017), instead of only going to �5 deg (Pon
et al. 2016).

The B? orientation shown in Fig. 1 seems to follow the
orientation of Arc A, although this structure does not appear
prominently in Fig. 2. Distance estimates determined using opti-
cal photometry of stars from PanSTARRS-1 (Schlafly et al. 2014)
conclusively place Arc A within 200 pc of the Sun and they find
no evidence of significant reddening beyond 500 pc toward this
position (18 in their Table 2). As such, we consider the non-
detection of Arc A inS2 to be due to its projection and confusion,
rather than it being a background feature behind the superbubble
(Boumis et al. 2001; Welsh et al. 2005).

In the S2 map, the superbubble appears relatively circular.
Such a round superbubble is more consistent with the evolution
of a superbubble in an exponential-density-profile atmosphere
than the highly elongated models of Pon et al. (2014). There-
fore, additional processes, such as turbulent shaping and shear
from Galactic differential rotation, are not required to explain
the observed morphology, although we do not rule out the pos-
sibility that such processes have affected the Orion-Eridanus
superbubble. One inescapable fact that strikes the eye from
these polarization measurements is that the Galactic magnetic
field and the expanding Orion-Eridanus superbubble have clearly
interacted and influenced one another.

3. Magnetic field strengths
Quantifying the magnetic properties of the whole Orion-
Eridanus superbubble is beyond the scope of this Letter. We
present an estimate of the magnetic field strength in the region
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Soler+2018

Nasa, SOFIA



RECONSTRUCTING LARGE 
SCALE STRUCTURE
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THE ENERGY CONTENT OF THE UNIVERSE  

▸ Which Cosmology does describe the                                                             
Universe? 

▸ What is Dark Matter? 

▸ What is Dark Energy?

TOMOGRAPHIC RECONSTRUCTIONS AND THEIR STARTLING APPLICATIONS
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A BRIEF HISTORY OF THE UNIVERSE

Nasa



image credit: Michael Sachs
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RECONSTRUCTING 
GALAXIES MAIN PART 



NUMERICAL 
SIMULATIONS
A LIMITED FORWARD MODEL FOR GALAXIES



TOBIAS BUCKTOMOGRAPHIC RECONSTRUCTIONS AND THEIR STARTLING APPLICATIONS

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



TOBIAS BUCKTOMOGRAPHIC RECONSTRUCTIONS AND THEIR STARTLING APPLICATIONS

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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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  
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Milky Way analogue
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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



TOBIAS BUCK

MILKY WAY SURVEYS

TOMOGRAPHIC RECONSTRUCTIONS AND THEIR STARTLING APPLICATIONS

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

TOMOGRAPHIC RECONSTRUCTIONS AND THEIR STARTLING APPLICATIONS

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-

TOMOGRAPHIC RECONSTRUCTIONS AND THEIR STARTLING APPLICATIONS

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 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. 
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hand side describes the decoder part which includes analytic descriptions of the image formation process from the physical model such as stellar color 
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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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OBSERVATIONS: SPECTROSCOPY VS. PHOTOMETRY
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THE HYBRID APPROACH: INTEGRAL FIELD SPECTROSCOPY

image credit: SDSS MaNGA
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THE HYBRID APPROACH: INTEGRAL FIELD SPECTROSCOPY
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THE TECHNICAL LIMITATIONS…

▸ IFU observations expensive!  

▸ low spatial resolution 

▸ Relative small sample size: 
CALIFA: ~300, SAMI: ~1.500, 
MaNGA: ~10.000                             
compared to ~106 images

Limitation of MaNGA 3D Cube
� MaNGA 3D Cube is quite blurred, due to IFU 

sampling size and seeing.

2017-07-03 6th Survey Science Group Workshop 23

MaNGA gri

SDSS gri

SDSS Camera
Pixel Size

0.4”

MaNGA
fiber size

2”

SDSS gri

MaNGA gri

image credit: Chung+2017



HOW MUCH INFORMATION  
IS ENCODED IN BROAD  
BAND GALAXY 
IMAGES?

CAN WE BUILD AN ANALYSIS TOOL WHICH: 

‣WORKS ON LARGE DATA SETS, LARGE NUMBER OF GALAXIES 
A. FAST 

‣ IS EASY TO HANDLE 
C. AUTOMATION  
D. GENERALIZATION 

➡ MACHINE LEARNING
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PROOF OF CONCEPT

‣Does multi-band photometry contain enough information to recover resolved maps 
of intrinsic properties —> knowledge transfer from IFU surveys 

‣Which properties can we recover? 

‣What do we learn about galaxies? —> How does the machine reconstructs galaxies? 

‣Can we make the model physically interpretable? 

‣How can we incorporate such models in future pipelines?                                                                                                       
—> Sampling from latent space to create close analogues to observed galaxies
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MULTI-BAND PHOTOMETRY TO PHYSICAL PROPERTIES
g-band r-band i-band z-bandu-band

SFR HI abundance Z gas Z star Stellar mass 



Share a common Architecture: 
UNet (Ronneberger+2015)  

SIMILAR APPLICATIONS
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WHAT IS DIFFERENT WHEN PREDICTING PHYSICAL PROPERTIES?

● Almost all CNNs are classifiers: Y ∈ {0, 1}N 

● Here Y ∈ ℝN with multiple orders of magnitude 
1. Predict log(Y) 
2. Quantized Regression [Güler  et al. CVPR 2017] 
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PROOF OF CONCEPT: SIMULATED GALAXY IMAGES
g-band r-band i-band z-bandu-band

SFR HI abundance Z gas Z star Stellar mass 

‣ SDSS MOCK IMAGES 256X256 PIXELS TORREY+2014, 
SNYDER+2015 

‣ RADIATIVE TRANSFER, BACKGROUND STARS, PSF, 
NOISE, SURFACE BRIGHTNESS CUT 

‣ PHYSICAL PROPERTIES ON SAME SCALE
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STAR FORMATION RATE MAPS: EXAMPLE FROM 100TH PERCENTILE BEST FIT

Prediction Truth
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STAR FORMATION RATE MAPS: EXAMPLE FROM 70TH PERCENTILE BEST FIT

Prediction TruthPrediction Truth
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STAR FORMATION RATE MAPS: EXAMPLE FROM 40TH PERCENTILE BEST FIT

Prediction TruthPrediction TruthPrediction Truth
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MORE QUANTITATIVE: GLOBAL STELLAR PROPERTIES

Prediction TruthPrediction TruthPrediction Truth
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MORE QUANTITATIVE: RADIAL STELLAR PROPERTIES

Prediction TruthPrediction TruthPrediction Truth
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MORE QUANTITATIVE: GLOBAL GASEOUS PROPERTIES

Prediction TruthPrediction TruthPrediction Truth
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MORE QUANTITATIVE: RADIAL GASEOUS PROPERTIES
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SUMMARY: WHAT DO WE LEARN FROM THIS EXERCISE?

▸ Multi-band Photometry contains enough information to predict galaxy 
properties on a pixel-by-pixel basis 

▸ How much information is added by the morphology vs color of the galaxy?  

▸ Real life application: train on real galaxy images 

▸ What happens in the limit of large numbers of bands —> IFU data cubes 

▸ Can we go 3D?



THANKS FOR YOUR 
ATTENTION
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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



TOBIAS BUCK

▸ 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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▸ 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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