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1 Introduction

Our understanding of the universe and its history is limited by our capabil-
ities of making observations. Timescale for evolution of stars, galaxies and
galaxy clusters is beyond any possible observations, and comparison between
galaxies and other objects to deduce evolution has inherent inaccuracies and
problems. What we are left with is theoretical predictions and computational
simulations based on them.

Cosmological simulations focus on the largest of scales, namely galaxy
clusters and galaxies and their structure. For us to make any conclusion
from the simulations, we need make sure that they produce reliable results.
If the results of a simulation agree with observations, we can try to make
some conclusions for mechanics that are impossible to observe, or for which
the time frame is too long. And vice versa, if a simulation fails to agree with
observations, it is impossible to make any trustworthy conclusions from it.
This is why thorough comparison between simulations and observations is
essential.

Illustris [Nelson et al., 2015] is a hydrodynamical simulation of a (106.5Mpc)3

cosmological volume, and spatial resolution up to & 0.7kpc. It follows a total
of 18203 gas cells and dark matter particles. Physical components modelled
in it contain star formation, feedback from supernovae, and feedback from
AGN. Illustris is widely utilized. For this reason, it is important to ensure its
limits of validity. In this thesis this is done by comparing the radial surface
density profiles of simulated disk galaxies, and observed S4G disk galaxies,
analyzed by [Dı́az-Garćıa et al., 2016]. I chose radial surface density profiles,
because it’s unlikely that during the development of Illustris these were used
as an independent variable for fine tuning.

In this thesis, radial surface densities of S4G disk galaxies are com-
pared against radial surface densities of Illustris’ simulated galaxies. Illustris
doesn’t provide radial surface density profiles directly, but they can be ob-
tained indirectly from the simulation data. For this I developed a program,
that processes the raw data and outputs radial surface densities. The aim
is to confirm credibility of the simulation, or expose areas where further
development is needed.
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2 Illustris

Illustris is a large volume cosmological hydrodynamical simulation, ran with
moving-mesh code AREPO. Each run simulates a volume of (106.5Mpc)3 that
self-consistently evolves from z=127 to z=0 using five different resolutions,
assuming the ΛCDM model. The total data volume is 265 TB, and is in its
entirety publicly available. [Nelson, 2014]

Material in this section is from [Nelson et al., 2015] unless otherwise
stated. Additional acknowledgement is given to the original introduction of
Illustris project. [Vogelsberger et al., 2014]

Figure 1: Example of Illustris mock images created from the simulated galax-
ies, arranged into the classical Hubble sequence. Image from [Nelson, 2014].
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2.1 Technical specifications

Illustris data release includes data from a total of 6 runs: Illustris-(1,2,3)
and Illustris-(1,2,3)-Dark, each with increasing resolution levels,the run ”1”
having the highest resolution. The ”-Dark” runs included only dark matter.
Table 1 provides summary of the specifications for the six runs, where Ngas,
NTR and NDM are number of cells or particles for gas, tracers and dark
matter respectively. Tracer particles contain 13 values, that are updated
every timestep, and can be transferred between other particles, e.g. from a
star particle to gas particle to calculate stellar mass return. In the table 1
resbaryon and resDM are gravitational softening lengths for baryonic material
and dark matter. These variables serve as a good indication for the resolution
of the simulation.

Illustris-(1,2,3) runs contain the following physical components:

1. Primordial and metal-line gas cooling in the presence of background
radiation, with self-shielding.

2. Star formation in dense gas.

3. Pressurization of the ISM due to supernovae.

4. Stellar evolution with associated mass loss and chemical enrichment.

5. Galactic scale outflow.

6. Seeding and growth of supermassive black holes.

7. Feedback from AGN.

Run Name Ngas NTR NDM resbaryon(kpc) resDM(kpc)
Illustris-1 18203 18203 18203 0.7 1.4
Illustris-2 9103 9103 9103 1.4 2.8
Illustris-3 4553 4553 4553 2.8 5.7

Illustris-1-Dark 0 0 18203 - 1.4
Illustris-2-Dark 0 0 9103 - 2.8
Illustris-3-Dark 0 0 4553 - 5.7

Table 1: Important numerical parameters for Illustris runs
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Figure 2: Illustris API, for sending queries to the database. Here the simula-
tion run, snapshot number, galaxy parameters and their limits can be chosen.
Then a list of galaxies is produced that correspond to the options set by the
user. Figure 3 shows the API after a file is selected for a download: one can
then choose what type of particle and particle properties to download.

2.2 Data products

For each of the six runs, 136 snapshots are shared, between redshifts z=40 and
z=0. Every HDF5 snapshot contains a ”Header” and following five particle
types, except the DM only runs which only contain DM particles:

• PartType0 - GAS

• PartType1 - DM

• PartType3 - TRACERS

• PartType4 - STARS & WIND PARTICLES

• PartType5 - BLACK HOLES

For each of the particle type, multitude of variables have been calculated
and available. These variables are presented in tables 3 - 7 for each particle
type.

Mock multi-band images of galaxies in snapshots for z=0 have been cre-
ated for galaxies with masses M? > 1010M , having 104 or more star particles.
In Illustris-1 there are approximately 7000 galaxies above this limit. These
images are available as FITS files and integrated spectral energy distribu-
tions (SED) are available as text files. For galaxies with 500 to 104 star
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particles only SEDs are available. FITS images are computed for 36 broad-
band filters, including: GALEX, SDSS, IRAC, Johnson, 2MASS,ACS and
preliminary NIRCAM filters. [Torrey et al., 2015] Runs also keep track of
galaxy merging history, and provides merger trees of galaxies.

There are two ways to access the Illustris data products:

1. Raw files can be directly downloaded

2. Web-based API can be used to perform search and extractions

With the application programming interface (API), user can filter data
products by many parameters, which have been calculated for the subhalos,
for instance their luminosity, total stellar mass, metallicity, velocity disper-
sion, rotation and many more parameters. Screenshots of this API are in
figures 2 and 3.

Figure 3: Illustris API, after selecting a galaxy subhalo file for a download.
Here the user can select, which parameters to download. The API also tells
the user the number of each particle type and the total file size.
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Figure 4: Average stellar mass density profiles of observed S4G galaxies
obtained by binning the sample in total stellar mass. The solid lines trace
Σ? for the distance range with with 100% sample coverage. Dashed line
traces sample coverage of 75%. Surface brightness (right axis) are 3.6 µm
AB magnitude. From [Dı́az-Garćıa et al., 2016]

3 Observational comparison

3.1 Spitzer Survey of Stellar Structure in Galaxies

Spitzer Survey of Stellar Structure in Galaxies (S4G) is a post-cryogenic
exploratory science program of the Spitzer space telescope. It is a survey
of 2331 galaxies using the IRAC infrared array camera at 3.6 and 4.5 µm.
In these wavelengths there is no dust attenuation or strong correlation from
recent star formation. Therefore in these filters stellar flux is proportional to
stellar mass. [Sheth et al., 2010]
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3.2 Stellar mass distribution of S4G disk galaxies

In [Dı́az-Garćıa et al., 2016] is a study on stellar distributions in nearby disk
galaxies, with total stellar masses 108.5 . M?/M� . 1011, mid-IR Hubble
types −3 ≤ T ≤ 10, and disk inclination lower than 65 ◦. Total of 1154
galaxies are deprojected and Fourier decomposed. One-dimensional mean
density profiles in physical units are constructed for various stellar mass
bins. These are presented in figures 4 and 5. For reference our Milky Way
galaxy has stellar mass ∼ 1010.8M�, belonging thus to the heaviest bin.

Figure 5: As in the figure 4, but separating barred and non-barred galaxies.
Vertical lines indicate average bar lengths. From [Dı́az-Garćıa et al., 2016]
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4 Extracting stellar mass profiles from simu-

lation

4.1 Raw data

The aim was to use data available from the Illustris-1, and produce graphs
describing surface density and surface brightness of the chosen galaxies. This
way the data from Illustris could be directly compared against the data from
S4G. Following variables were used as input for the program doing the
comparison:

• Gas - Coordinates

• Gas - Velocities

• Gas - Masses

• DM - Coordinates

• Star - Coordinates

• Star - Masses

• Star - GFM StellarPhotometrics

• Star - Potential

4.2 Selecting data

Observational comparison is based on the work by [Dı́az-Garćıa et al., 2016].
They have divided the galaxies into five bins with stellar masses of: 108.5 −
109.0, 109.0 − 109.5, 109.5 − 1010.0, 1010.0 − 1010.5 and 1010.5 − 1011.0, thus I
did the same. Using the Illustris API, I searched for galaxies in those stellar
mass limits. Then I ordered them by star formation rate. Observational
comparison is done on disk galaxies, but the API doesn’t differentiate mor-
phologies. By ordering galaxies by star formation rate I got a crude division
to early and late type morphologies, early types having lower star formation
rates. Unfortunately only the two most massive bins have mock images avail-
able. For those two I individually chose 20 disk galaxies by determining the
morphology of each selected galaxy by examining the mock images. For the
three lowest mass bins no exact morphology could be determined visually. In
these cases, I chose galaxies by examining their star formation rate and gas
content. I chose galaxies that had high star formation rate and their stellar
mass and gaseous masses were similar.
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4.3 Procedure

This section follows through the procedure of the program, how it produces
the results from the input data.

Program was written in IDL (Interactive Data Language), and is a single
procedure. Input is either a HDF5 file, or a list containing HDF5 files. Result
is a graph of either a single galaxy or multiple galaxies.

After reading the data for all particles belonging to a given subhalo from
input file, the centre of the galaxy is located. This is done by finding the
gravitational potential minimum for stars. Next all the particle coordinates
are transformed so that origin is at the gravitational potential minimum.

Next the orientation of the galaxy disk is determined. This is done by
calculating the angular momentum vector for each gas cloud, then taking
average over all of them. This is done on gas clouds, since they are most
likely to be on nearly circular orbits at galaxy’s plane. The resulting vector
is perpendicular to the galaxy’s plane. That vector is then normalized.

From this vector, a rotation matrix is calculated. When this rotation
matrix is applied on the data coordinates, they are rotated in such way,
that one axis is parallel to the angular momentum vector. This allows easy
viewing of the galaxy from face-on and edge-on directions, and makes further
manipulation simpler.

In the next step, the program produces surface brightness and density
profiles for the galaxy. Face on coordinates are transformed to polar coordi-
nates, so that the vertical coordinate parallel to angular momentum vector is
ignored. Then surface brightness and density are calculated by adding fluxes
and masses in concentric rings and dividing by area. This is done from the
centre of the galaxy up to a radius of 20 kpc. This distance was chosen be-
cause the observational data is in that range. Surface brightness is measured
in K-band, because it is closest to observational data. Illustris K-band is
2.270 µm compared to observations which were done in 3.6 µm.

Quite quickly I noticed, that the trends of the surface brightness and the
surface density were the same, so I decided to drop off the surface brightness
in order to speed up the process. Finally, resulting surface density was plotted
against the radial distance from galaxy center. Example of such plot is in
figure 6. Here individual galaxies are plotted with black, their average with
green, and observational comparison with red.
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Figure 6: Example of a graph produced by the program, when a list of
galaxies with masses 1010.5M� − 1011.0M� is given as an input.

5 Results

5.1 Comparison of the simulation profiles to observa-
tions

In total 89 files of galaxies were obtained and examined by the program,
numbers for each mass bin are in table 2. Results are in figures 7-11 for
individual mass bins, and in figure 12 for all mass bins combined. There are
two important factors on the results. Firstly, for the two heaviest mass bins,
visual galaxy classification was possible. This results in more similar galaxies
between observations and simulated galaxies. Secondly, spatial resolution of
simulation is limited, and the number of simulated particles decreases as the
mass of galaxies decreases. For the lower mass galaxies especially the center
is hard to define. Also there is a high chance that some of them are satellite
galaxies and tidally distorted. This also ties to the previous point. Low
massed galaxies don’t have mocks made of, because of their lower particle
count. Both of these factors make lower mass results more unreliable.
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5.2 Evaluation

Starting with lowest mass bin 108.5M� − 109.0M�, at first glance, the fit be-
tween observations and the average seems good. This is likely just by chance,
since spread is very large. If the average and the curve for observations were
not plotted, not any kind of pattern could be recognized. Combination with
low spatial resolution and inability to identify morphology make this mass
bin rather inconclusive.
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Figure 7: Surface density from galaxies with masses from 108.5M�−109.0M�
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Moving on to the next mass bin, 109.0M� − 109.5M�. Three different
types of profiles can be recognized from the plot. First, set of galaxies which
have high central density and short scalelength. Second, set of galaxies with
lower central density and longer scalelength. Third, set of galaxies for which
the center was incorrectly located. First set has much higher central density
and shorter scalelength compared to observations. Second set is very close to
observational data. This mass bin suffers from same problems as the previous
bin, but this modality in data suggests that inaccuracy in morphology is the
cause for the difference in average and observations.
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Figure 8: Surface density from galaxies with masses from 109.0M�−109.5M�
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Moving on to the next mass bin, 109.5M� − 1010.0M�. Compared to
the two previous mass bins, ratio of outlying galaxies to ones following a
pattern is lower. Using the analogy from previous mass bin for two different
galaxy profiles, there are less galaxies with high central density and short
scalelength. This doesn’t necessarily reflect the galaxy population, but rather
suggests that picking appropriate galaxies in the sample was more successful.
The few galaxies with short scalelength skew the average away from the
observations. Comparing just the trend set by the galaxies, ignoring the
outliers, observations and simulated galaxies agree well.
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Figure 9: Surface density from galaxies with masses from 109.5M�−1010.0M�
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Fourth mass bin, 1010.0M� − 1010.5M�, is the first mass bin where visual
classification of galaxies was made possible by the mocks available. All the
galaxies have more or less similar central densities and scalelengths, resulting
in a very nice fit between simulated and observed galaxies. In the very center
data fails to agree, but the limited spatial resolution of 0.7 kpc is likely at
least partially the reason for this. Most of the central density, or possible
bulge, is confined inside the first kpc of the galaxy, and if the spatial resolu-
tion is of same order, we cannot expect the simulation to accurately resolve
this. Simulation and observations also diverge at radii & 10kpc. Explana-
tion for this is simple enough. Since observational comparison is described
by Sérsic profile with bulge and disk components, observational data at disk
radii has constant slope. Comparing with figure 4 we see that observed
galaxies also have increasing scalelength after certain radius. Between radii
R ∼ 3kpc and R ∼ 10kpc scalelengths match.

surface density

0 5 10 15 20
R(kpc)

1

10

100

1000

10000

S
u
rf

a
c
e
 d

e
n
s
it
y
(M

°
/p

c
2
)

Figure 10: Surface density from galaxies with masses from 1010.0M� −
1010.5M�
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The largest mass bin, 1010.5M� − 1011.0M�, also had possibility of visual
classification. There is only one pattern on this mass bin that isn’t already
discussed in the previous one. That is how the simulated galaxies are on
average slightly more dense at small radii, and slightly less dense at longer
radii, when compared to observations. This can be explained, when this mass
bin is compared to figure 5, where difference between barred and non-barred
galaxies are highlighted in the observations. This difference could explain the
pattern in this mass bin. When I went back to examine the mocks, they had
more non-barred galaxies, but also quite many non-distinguishable between
barred and non-barred. Having more non-barred galaxies than actually ob-
served would thus explain the pattern. However, this isn’t the focus of this
study, but could call for further investigation.
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Figure 11: Surface density from galaxies with masses from 1010.5M� −
1011.0M�
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In summary, all comparisons between observed and simulated galaxies
either fit well, or are inconclusive. My conclusion is, that according to this
study there is no reason to doubt the reliability of the Illustris simulation in
these mass ranges.
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Figure 12: All mass bins plotted together. Crosses indicate mass bin aver-
ages, solid lines indicate observation data.
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Mass bin(log10(M�)) failed files(n)
8.5-9.0 20
9.0-9.5 20
9.5-10.0 11
10.0-10.5 18
10.5-11.0 20

Table 2: Number of simulation galaxies in each mass bin.

5.3 Further development

There are three things I could do to improve this study. First, I would try
to deduce the morphology of the small mass galaxies, for which it was not
possible for now. There are few options for this. I could try to simulate the
process how the other mock images were created, or I could write a program
to check for how disk-shaped a galaxy is from the raw data. I could also try
to determine the morphology from the properties presented by the API.

Second, I could include gas and black holes in the surface density. Even
though observational comparison traces only stellar matter, it could be in-
teresting to see how this affects the profiles.

Third, I could add more galaxies to analyze.
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Variable Description

Coordinates Spatial position. Comoving coordinate.
Density Comoving gas density.
ElectronAbundance Fraction of electrons to hydrogen.
GFM AGNRadiation Bolometric intensity from nearby AGN.
GFM CoolingRate The Instantaneous net cooling rate.
GFM Metallicity Ratio of mass of elements heavier than he-

lium.
GFM WindDMVelDisp Equal to SubFindVelDisp.
InternalEnergy Internal energy per unit mass.
Masses Gas mass.
Neutral Hydrogen Abundance Fraction of mass in neutral hydrogen.
NumTracers The number of child tracers residing

within this gas cell.
ParticleIDs Unique ID of this gas cell.
Potential Gravitational potential energy.
SmoothingLength Twice the maximum radius of all Delau-

nay tetrahedra that have this cell at a ver-
tex.

StarFormationRate Instantaneous star formation rate.
SubFindDensity The local total comoving mass density

over all cells and particles.
SubfindHsml The comoving radius of the sphere cen-

tered on this cell enclosing the 64 ± 1
nearest dark matter particles.

SubfindVelDisp The 3D velocity dispersion of all dark
matter particles within SubfindHsml.

Velocities Spatial velocity.
Volume Comoving volume the of gas cell.

Table 3: Variables saved in each snapshot for gas
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Variable Description

Coordinates Spatial position. Comoving coordinate.
ParticleIDs Unique ID of this particle.
Potential Gravitational potential energy.
SubFindDensity The local total comoving mass density

over all cells and particles.
SubfindHsml The comoving radius of the sphere cen-

tered on this particle enclosing the 64 ± 1
nearest dark matter particles.

Velocities Spatial velocity.

Table 4: Variables saved in each snapshot for dark matter

Variable Description

FluidQuantities Thirteen auxiliary quantities stored for
each tracer.

ParentID Unique ID of the parent of this tracer.
TracerID Unique ID of this tracer.

Table 5: Variables saved in each snapshot for tracer particles
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Variable Description

Coordinates Spatial position. Comoving coordinate.
GFM InitialMass Mass of this particle when it was formed.
GFM Metallicity Inherited from the gas cell this particle

was born from.
GFM Stellar FormationTime The exact time when this star was formed.
GFM Stellar Photometrics Stellar magnitudes in eight bands: U, B,

V, K, g, r, i and z.
Masses Mass of this star or wind phase cell.
NumTracers The number of child tracers belonging to

this star/wind phase cell.
ParticleIDs Unique ID of this star/wind phase cell.
Potential Gravitational potential energy.
SubFindDensity The local total comoving mass density

over all cells and particles.
SubfindHsml The comoving radius of the sphere cen-

tered on this star enclosing the 64 ± 1
nearest dark matter particles.

SubfindVelDisp The 3D velocity dispersion of all dark
matter particles within SubfindHsml.

Velocities Spatial velocity.

Table 6: Variables saved in each snapshot for stars and wind
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Variable Description

BH CumEgy Injection QM Cumulative amount of thermal AGN feed-
back injected into surrounding gas.

BH CumMass Growth QM Cumulative mass accreted onto the BH.
BH Density Local comoving gas density.
BH Hsml The comoving radius of the sphere cen-

tered on this BH enclosing the 64 nearest
gas cells.

BH Mass Actual mass of the BH, not including gas
reservoir.

BH Mass bubbles Accreted mass in current duty cycle for
AGN radio mode bubble feedback.

BH Mass ini BH mass at the start of the current duty
cycle for AGN radio mode bubble feed-
back.

BH Mdot The mass accretion rato onto the BH.
BH Pressure Reference gas pressure near the BH.
BH Progs Total number of BHs that have merged

into this BH.
BH U Thermal energy per unit of mass in

quasar-heated bubbles near the BH.
Coordinates Spatial position. Comoving coordinate.
HostHaloMass Mass of FoF group that hosts the BH.
Masses Total mass of the BH, including the gas

reservoir.
NumTracers The number of child tracers residing

within this BH.
ParticleIDs Unique ID of this BH.
SubFindDensity The local total comoving mass density

over all cells and particles.
SubfindHsml The comoving radius of the sphere cen-

tered on this BH enclosing the 64 ± 1
nearest dark matter particles.

SubfindVelDisp The 3D velocity dispersion of all dark
matter particles within SubfindHsml.

Velocities Spatial velocity.

Table 7: Variables saved in each snapshot for black holes
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