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Abstract
Fine-grained estimation of galaxy merger stages from observations is a key problem
useful for validation of our current theoretical understanding of galaxy formation.
To this end, we demonstrate a CNN-based regression model that is able to predict,
for the first time, using a single image, the merger stage relative to the first perigee
passage with a median error of 38.3 million years (Myrs) over a period of 400
Myrs. This model uses no specific dynamical modeling and learns only from
simulated merger events. We show that our model provides reasonable estimates
on real observations, approximately matching prior estimates provided by detailed
dynamical modeling. We provide a preliminary interpretability analysis of our
models, and demonstrate first steps toward calibrated uncertainty estimation.
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Introduction

Galaxy merging plays a fundamental role in our current theoretical understanding of galaxy formation.
Mergers significantly affect galaxy morphology, converting rotationally-supported disk galaxies into
velocity-dispersion-supported elliptical galaxies [Toomre, 1964]. Gas-rich mergers at high redshift
have also been shown to trigger central gas inflow, starburst, and galactic bulge formation [Zolotov
et al., 2015], and gas-poor mergers enlarge the radii of elliptical galaxies [Oser et al., 2012].
Although mergers are present in all theoretical models, observational evidence of their potential effects
on galaxies remains elusive. A key challenge in correlating observations with galaxy transformations
is calibrating the merger stage: galaxy merging is by definition a dynamical process that takes several
million years, and observations that we can record in our lifetime provide only a single time-slice
snapshot of such a process. The two approaches used to identify mergers in the sky — counting pairs
of galaxies through deep spectroscopy [Duncan et al., 2019] and identifying indicative morphological
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perturbations [Bluck et al., 2012] — both present biases based on the assumed observability of
merger stages. Accurate merger stage estimation is also useful for measuring a global merger rate:
the number of mergers per unit time and volume in the universe. Determining the observability
time scale is crucial to measuring these merger rates. This rate is useful for validating cosmological
models [Lotz et al., 2011].
In recent years, there have been several attempts to calibrate galaxy merger detection using state-ofthe art simulations that provide dynamical information which is lacking in observations [Lotz et al.,
2008, Snyder et al., 2019]. Machine learning has emerged as a strong tool to learn merger properties
in simulations [Pearson et al., 2019, Snyder, 2019, Ferreira et al., 2020]. These preliminary works
have shown that deep learning can successfully classify galaxies into interacting and non-interacting
systems using simulation-provided labels. The domain shift to observations still remains a challenge
though, as by definition, there is no available ground truth in the observations. Indirect sanity checks
such as visual example inspection or comparing with standard morphologies can be undertaken, but
it is still difficult to control for all possible systematics [Ferreira et al., 2020, Pearson et al., 2019].
In this work, we go several steps further into the characterization of galaxy mergers using deep
learning. First, we move from a classification to a regression problem to predict the exact time of
a given image of a merger within a merger process. We show that merger stage prediction with a
median absolute error of 38.3 million years (Myrs) over a window of 400 Myrs is possible based on a
single image and without using any dynamical modeling. Second, we test our model on a well-known
system, the Antennae galaxies. Our models trained on simulation snapshots successfully predict the
merger stage to the the correct order of magnitude on real observations, matching estimates produced
by detailed dynamical modeling. We also explore first steps to measure model uncertainty, and
uncover visual indicators on which the model relies.
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2.1

Data
Simulation Data

2.1.1 Cosmological Simulation: We use the cosmological hydrodynamical simulation Horizon-AGN
[Dubois et al., 2014]. The simulation employs an adaptive mesh refinement Eulerian hydrodymamics
procedure using RAMSES [Teyssier, 2002]. Galaxies are then identified using the AdaptaHOP
structure finder [Aubert et al., 2004] over the stellar distribution, using a minimum stellar mass of
108 solar masses. The merger trees for the identified galaxies are then built using the procedure
outlined in Tweed et al. [2009]. More details on the Horizon-AGN simulation and structure finding
are provided in the Appendix.
2.1.2 Selection of Galaxy Mergers: We consider only galaxies more massive than 1010 solar masses
in the redshift range z = [0.5, 3]. This is intended to match current deep Hubble Space Telescope
observations such as the CANDELS survey [Grogin et al., 2011]. We then use the galaxy merger trees
from the simulation to select major galaxy mergers following a standard approach of thresholding
the stellar mass ratio between the secondary and main progenitor galaxies such that M1 /M2 < 4
[Rodriguez-Gomez et al., 2015].
After this initial selection, we build merger sequences which are a complete tracking of the merger
process with a time resolution of ∼ 17 Myrs. To do so, we first follow each progenitor backward in
time, until the progenitors reach a calibrated distance from each other prior to merging (Appendix
5.2). We call ts the time between the sequence’s beginning and the first encounter between galaxies
(tf irst pass ). We follow the sequence forward in time by the same amount, so that the duration of
the entire merger sequence is ∆T = 2 × ts . The ith snapshot in the sequence occurs at a time ti .
Snapshots with time −ts < ti < 0 are considered to be pre-merger, and snapshots with a time
0 < ti < +ts are considered to be post-merger. Since the absolute duration of a merger depends at
first order on the dynamical time, we normalize all values by the cosmological dynamical time which
we estimate to be tdyn ∼ 0.14tH . Here, tH is the Hubble time 1/H(z) at the observation’s redshift.
2.1.3 Image Generation: We generate observed images of all the snapshots of the selected merger
sequences. Images are produced to replicate properties of Hubble Space Telescope imaging of the
CANDELS survey in seven different filters going from the near UV to the near IR (F435W-F160W).
We use SUNSET for image generation [Kaviraj et al., 2017, Laigle et al., 2019], which models the
emission of all galaxy photons to produce an image in the observed-frame. We generate three different
projections along the main axes of the simulations (X, Y, Z). For this work, dust effects in the image
generation are not included for computational reasons. We use noiseless images since we want to test
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whether deep networks can generalize well enough to learn the properties of galaxy mergers based
only on examples. We therefore want to maximize the amount of signal in this proof-of-concept work.
An example of a merger sequence is shown in Figure 1.

Figure 1: 17 samples from a galaxy merge sequence with 34 observations, with an average redshift of 2.146. We
show two channels of seven. The first observation (t−16 ) corresponds to a normalized time of -0.24, and the last
t+17 corresponds to 0.58. The observation at time tf irst pass is indicated by t0 = 0.

2.2

Antennae Observations

In addition to simulation data, we use archival Hubble Space Telescope observations of the Antennae
galaxies (NGC 4038/NGC 4039) to test our model1 . This well-known system is an archetypal major
merger at redshift z = 0.05 which has been extensively modeled [Karl et al., 2008, Lahén et al.,
2018]. Observations have two channels: F160W and F850LP. In order to better match the properties
of the higher redshift training set, we modify the Antennae system observations as if it was observed
at high redshift. Given that we are not interested in the absolute flux, we simply apply a spatial
scaling to match the angular scale at z = 1.5. We do not apply dimming to match the high SNR in
the training set.
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Methods

3.1

Image Pre-processing

Images produced by the Horizon-AGN simulation go through a multi-step pre-processing pipeline.
Views from each filter (F160W-F435W) are stacked in the channel dimension of each image. Images
are then cropped to a 80 × 80 window centered around the point with maximum total intensity.
We take this approach to avoid regression target leakage; a simple rescaling would yield an image
with apparent galaxy size that correlates with merge state. This resolution-label correlation is not
present in real galaxy views, so we take care to avoid label leakage and model degeneracy. Images
are augmented before being fed as model input: randomly flipped, rotated in increments of 90°,
jittered, and rescaled. Regression labels are produced through the normalization procedure described
in Section 2.1.
Our Horizon-AGN simulation dataset consists of 6337 galaxy merge sequences, with an average
sequence length of 32 time-steps symmetrically straddling t0 . Across all sequences, there are 203667
individual observations, with three views per observation. We divide our simulation images into train,
validation, and test datasets with a 80%-10%-10% split. Projections from the same merger never
occur in more than one split.
3.2

Models and Training Methodology

We use a convolutional neural network to regress merger time. In particular, we employ a standard
ResNet-50 architecture [He et al., 2016] to process each input image and produce two regression
outputs: the merge time estimate t and an uncertainty score σ. For models with mass and redshift,
we add in a fully-connected layer to embed the mass and redshift features before adding this to each
ResNet-block output. We also train models specifically to evaluate Antennae observations, only using
the F160W and F850LP channels in our training dataset to match the Antennae samples.
To simultaneously learn uncertainty (σ) and merger time (t), we minimize the sum of a scaled MSE
2
t̂)2
and σ estimate, as in Lakshminarayanan et al. [2017]: log2σ + (t−
2σ 2 . This is effectively minimizing
the log-likelihood criterion for a normal mean/variance estimate. We also add in an 0.0001-weighted
L2 regularization term on the trainable weights, yielding our final loss criterion.
We use a standard Momentum SGD optimizer with global norm-based gradient clipping set to 5.0
[Sutskever et al., 2013]. We set an initial learning rate of 0.025 and use a stepwise-decay schedule,
reducing by a factor of 0.1 after 50K and 100K steps. Each model completes training after 150K
steps, roughly 7 hours using 2 V100 GPUs.
1

https://www.spacetelescope.org/projects/fits_liberator/antennaedata/
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Figure 2: Alignment of ground truth and predictions for ±400 Myrs (left) and ±200 Myrs (right). Red dashed
line: perfect alignment. Black dotted line: the median prediction. Black dashed lines: the prediction variance.

For our Antennae evaluation, we employ the test-time augmentation methodology proposed in Sun
et al. [2020] to better address the simulated-to-real domain gap. We use their self-consistency loss
across augmented image views to fine-tune the model for an additional twenty steps.
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Results

4.1 Testing on Simulation
We first evaluate trained models on our test split of simulation images. On the full range of merger
sequence snapshot times (±400 Myrs), our regression models obtain an root mean square error of
144.1 Myrs. We find that our model’s largest errors skew toward the edges of the time interval; the
largest errors are early pre-mergers, and the median absolute error is 69.35 Myrs. Interestingly, we find
that we obtain slightly better estimation accuracy using a model trained on samples ±200 Myrs range
around the merge. On this time window, the model obtains an RMSE of 68.153 Myrs and median
absolute error of 38.391 Myrs. When classifying mergers as either pre- and post-merger (thresholding
the predictions and ground truth by t > 0 or t ≤ 0), our model obtains 86% classification accuracy
on our full range of merger sequences, comparable to prior work [Ferreira et al., 2020].
Figure 2 shows alignment between ground truth and predictions for both these models, along with
each model’s scaled uncertainty estimate. As previously observed on the full range, our model’s
median prediction diverges from targets for early pre-mergers. Otherwise, we find reasonable ground
truth/prediction alignment, especially for our half-range models. Our uncertainty estimate seems to
visually indicate examples outside the scatter (dark brown in the full-range interval, light blue in the
half-range interval), and grows more uncertain toward the weakest parts of the alignment.
4.2

Testing on Antennae Observations

We tested our two-filter, simulation-trained model on four redshift variants of the Hubble space
Telescope observations of the Antennae galaxy (z = 0.5, 1.0, 1.5 and 2.0). Our model regressed normalized time estimates of µ = {0.167, 0.173, 0.181, 0.177} with a model estimated
σ = {0.094, 0.088, 0.082, 0.083}, respectively. Similar regression estimates suggest stability of the
model across redshifts. Existing dynamical models of the system [Karl et al., 2008, Lahén et al., 2018]
estimate that the time of observation is between 500-600 Myrs after first passage. This corresponds to
normalized times of 0.24 − 0.29 at z = 0.05 (Figure 3). Our predictions are therefore in agreement
within 1σ despite resulting from crude approximations in simulation (lacking dust, noise, etc.). This
is extremely encouraging, as this is the first time a model trained on cosmological simulation has
been applied to an observed merger snapshot that has independent measurements.

Figure 3: Normalized time predictions for the four redshift variants of the Antennae observation, with prior
estimates highlighted in red (left) and the two-filter Antennae observations for z = 0.5, 1.0, and 1.5 (right).

4.3 Visual Model Analysis
We examined regions of input used by the model to produce its predictions. In Figure 4, we visualise
input gradients, which reflect the sensitivity of the network prediction to small changes in the input.
4

We show five channels of three snapshots within a merge sequence (pre-, middle-, and post- from top
to bottom) with redshifts of 0.98, 0.84, and 0.70, respectively.
We observe that the patterns of attention depend on wavelength and on the merger stage as expected.
Infrared filters (optical rest-frame) tend to focus on the central parts of the galaxies where most of
the stellar light comes from. In the pre-merger phase, we clearly see the cores of the two galaxies
highlighted. UV rest-frame bands focus more of their attention in the outskirts of the system. This is
particularly visible in the post-merger phase. It is likely capturing young stars being formed in the
outer regions as a consequence of the interaction.
F160W
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Our work shows that temporal constraints on astrophysical observations can be established. We provide evidence
that such approaches can be effectively applied to real
world observations, while providing some measure of interpretability. We encourage study of the effects of mergers on galaxy evolution from a computational perspective.
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5.1. Horizon-AGN and AdaptaHOP Configuration.
0
Horizon-AGN was run with a co-moving box size of Lbox
= 100h−1 Mpc, that contains 10243 DM particles, and
1
10
that was run considering initial conditions drawn from
0
the WMAP-7 cosmology. The simulation employs the
10
adaptive mesh refinement Eulerian hydrodymamics code,
RAMSES [Teyssier, 2002], and the initially coarse 10243 Figure 4: Example of input gradients within a
grid is adaptively refined, in a quasi-Lagrangian manner, merge sequence. Rows show different times
down to a spatial resolution of 1 proper kpc. The Adap- in the sequence (image+activation). Columns
taHOP structure finder [Aubert et al., 2004] was used to indicate different filters from near -infrared
identify galaxies, using a minimum threshold of 50 stellar (F160W) to near-UV (F435W).
particles (corresponding to a minimum stellar mass of 108 solar masses). The merger trees were built
considering 758 time steps that cover a redshift range spanning from z = 7 to z = 0 and with a time
difference of ∼ 17 Myrs on average between two successive time steps.

5.2. Galaxy Selection. We look for an increase in the mass of a galaxy due to the contribution of
more than one progenitor from the previous time step. If a galaxy has more than one progenitor and
the ratio between the stellar mass provided by the secondary and the main progenitor is equal or
larger than 1:4, the galaxy is considered as a major merger, and therefore enters our selection. To
construct the entire merger sequence from tf irst pass , we fellow the progenitors until the secondary
progenitor is separated from the main progenitor by a distance larger than four times its effective
radius. This is an arbitrary selection that defines the beginning of our merger sequence. It has been
calibrated empirically to properly bracket all the different phases of a merger
5.3. Image Generation. For each identified galaxy in the simulation, we define a cubic volume
centered around the galaxy with an edge length of eight times the radius of the galaxy (in this case,
defined as the average between the three semi-axes obtained when fitting an ellipsoid to the stellar
mass distribution of the galaxy). This volume should contain the stellar particles from the main
galaxy as well as those from any close companion, in order to capture both galaxies involved in the
merger. The stellar particles contained within the volume are used as an input to SUNSET, along
with the spectral response of the different filters. SUNSET computes the fluxes corresponding to the
inputs using the stellar models of Bruzual and Charlot [2003] and a Chabrier [2003] IMF. Finally, the
integration of the SED in each pixel and the redshift of the galaxy are used to generate an image in
the observed frame.
5.4. Broader Impacts This work proposes an approach for fine-grained estimation of galaxy merger
stage using astrophysical simulations. We believe that this work will allow astronomers to improve
understanding of galaxy formation by tracking down with unprecedented accuracy the impact of
mergers on galaxy transformations over cosmic time. More broadly, this work may be of interest to
researchers in computational astronomy and applied machine learning. We believe there is little scope
to misuse the artifacts of this work, which uses computational methods to analyze astrophysical data.
5

References
D. Aubert, C. Pichon, and S. Colombi. The origin and implications of dark matter anisotropic cosmic
infall on L∗ haloes. Monthly Notices of the Royal Astronomical Society, 352(2):376–398, August
2004. doi: 10.1111/j.1365-2966.2004.07883.x.
Asa F. L. Bluck, Christopher J. Conselice, Fernand o Buitrago, Ruth Grützbauch, Carlos Hoyos,
Alice Mortlock, and Amanda E. Bauer. The Structures and Total (Minor + Major) Merger
Histories of Massive Galaxies up to z ~3 in the HST GOODS NICMOS Survey: A Possible
Solution to the Size Evolution Problem. The Astrophysical Journal, 747(1):34, March 2012. doi:
10.1088/0004-637X/747/1/34.
G. Bruzual and S. Charlot. Stellar population synthesis at the resolution of 2003. Monthly Notices
of the Royal Astronomical Society, 344(4):1000–1028, October 2003. doi: 10.1046/j.1365-8711.
2003.06897.x.
Gilles Chabrier. Galactic Stellar and Substellar Initial Mass Function. Publications of the Astronomical Society of the Pacific, 115(809):763–795, July 2003. doi: 10.1086/376392.
Y. Dubois, C. Pichon, C. Welker, D. Le Borgne, J. Devriendt, C. Laigle, S. Codis, D. Pogosyan,
S. Arnouts, K. Benabed, E. Bertin, J. Blaizot, F. Bouchet, J. F. Cardoso, S. Colombi, V. de
Lapparent, V. Desjacques, R. Gavazzi, S. Kassin, T. Kimm, H. McCracken, B. Milliard, S. Peirani,
S. Prunet, S. Rouberol, J. Silk, A. Slyz, T. Sousbie, R. Teyssier, L. Tresse, M. Treyer, D. Vibert,
and M. Volonteri. Dancing in the dark: galactic properties trace spin swings along the cosmic
web. Monthly Notices of the Royal Astronomical Society, 444(2):1453–1468, October 2014. doi:
10.1093/mnras/stu1227.
Kenneth Duncan, Christopher J. Conselice, Carl Mundy, Eric Bell, Jennifer Donley, Audrey Galametz,
Yicheng Guo, Norman A. Grogin, Nimish Hathi, Jeyhan Kartaltepe, Dale Kocevski, Anton M.
Koekemoer, Pablo G. Pérez-González, Kameswara B. Mantha, Gregory F. Snyder, and Mauro
Stefanon. Observational Constraints on the Merger History of Galaxies since z ≈ 6: Probabilistic
Galaxy Pair Counts in the CANDELS Fields. The Astrophysical Journal, 876(2):110, May 2019.
doi: 10.3847/1538-4357/ab148a.
Leonardo Ferreira, Christopher J Conselice, Kenneth Duncan, Ting-Yun Cheng, Alex Griffiths,
and Amy Whitney. Galaxy merger rates up to z 3 using a bayesian deep learning model: A
major-merger classifier using illustristng simulation data. The Astrophysical Journal, 895(2):115,
2020.
Norman A Grogin, Dale D Kocevski, SM Faber, Henry C Ferguson, Anton M Koekemoer, Adam G
Riess, Viviana Acquaviva, David M Alexander, Omar Almaini, Matthew LN Ashby, et al. Candels:
the cosmic assembly near-infrared deep extragalactic legacy survey. The Astrophysical Journal
Supplement Series, 197(2):35, 2011.
Kaiming He, Xiangyu Zhang, Shaoqing Ren, and Jian Sun. Deep residual learning for image
recognition. In Proceedings of the IEEE conference on computer vision and pattern recognition,
pages 770–778, 2016.
S. J. Karl, T. Naab, P. H. Johansson, Ch. Theis, and C. M. Boily. Towards an accurate model for the
Antennae galaxies. Astronomische Nachrichten, 329:1042, December 2008. doi: 10.1002/asna.
200811060.
S. Kaviraj, C. Laigle, T. Kimm, J. E. G. Devriendt, Y. Dubois, C. Pichon, A. Slyz, E. Chisari,
and S. Peirani. The Horizon-AGN simulation: evolution of galaxy properties over cosmic time.
Monthly Notices of the Royal Astronomical Society, 467(4):4739–4752, June 2017. doi: 10.1093/
mnras/stx126.
Natalia Lahén, Peter H. Johansson, Antti Rantala, Thorsten Naab, and Matteo Frigo. The fate of the
Antennae galaxies. Monthly Notices of the Royal Astronomical Society, 475(3):3934–3958, April
2018. doi: 10.1093/mnras/sty060-.
6

C. Laigle, I. Davidzon, O. Ilbert, J. Devriendt, D. Kashino, C. Pichon, P. Capak, S. Arnouts, S. de la
Torre, Y. Dubois, G. Gozaliasl, D. Le Borgne, S. Lilly, H. J. McCracken, M. Salvato, and A. Slyz.
Horizon-AGN virtual observatory - 1. SED-fitting performance and forecasts for future imaging
surveys. Monthly Notices of the Royal Astronomical Society, 486(4):5104–5123, July 2019. doi:
10.1093/mnras/stz1054.
Balaji Lakshminarayanan, Alexander Pritzel, and Charles Blundell. Simple and scalable predictive
uncertainty estimation using deep ensembles. In Advances in neural information processing
systems, pages 6402–6413, 2017.
Jennifer M. Lotz, Patrik Jonsson, T. J. Cox, and Joel R. Primack. Galaxy merger morphologies and
time-scales from simulations of equal-mass gas-rich disc mergers. Monthly Notices of the Royal
Astronomical Society, 391(3):1137–1162, December 2008. doi: 10.1111/j.1365-2966.2008.14004.
x.
Jennifer M Lotz, Patrik Jonsson, TJ Cox, Darren Croton, Joel R Primack, Rachel S Somerville, and
Kyle Stewart. The major and minor galaxy merger rates at z< 1.5. The Astrophysical Journal, 742
(2):103, 2011.
Ludwig Oser, Thorsten Naab, Jeremiah P. Ostriker, and Peter H. Johansson. The Cosmological Size
and Velocity Dispersion Evolution of Massive Early-type Galaxies. The Astrophysical Journal,
744(1):63, January 2012. doi: 10.1088/0004-637X/744/1/63.
WJ Pearson, L Wang, JW Trayford, CE Petrillo, and FFS van der Tak. Identifying galaxy mergers in
observations and simulations with deep learning. Astronomy & Astrophysics, 626:A49, 2019.
Vicente Rodriguez-Gomez, Shy Genel, Mark Vogelsberger, Debora Sijacki, Annalisa Pillepich,
Laura V. Sales, Paul Torrey, Greg Snyder, Dylan Nelson, Volker Springel, Chung-Pei Ma, and Lars
Hernquist. The merger rate of galaxies in the Illustris simulation: a comparison with observations
and semi-empirical models. Monthly Notices of the Royal Astronomical Society, 449(1):49–64,
May 2015. doi: 10.1093/mnras/stv264.
Gregory Snyder. Machine learning from cosmological simulations to identify distant galaxy mergers.
AAS, 233:173–03, 2019.
Gregory F. Snyder, Vicente Rodriguez-Gomez, Jennifer M. Lotz, Paul Torrey, Amanda C. N. Quirk,
Lars Hernquist, Mark Vogelsberger, and Peter E. Freeman. Automated distant galaxy merger
classifications from Space Telescope images using the Illustris simulation. Monthly Notices of the
Royal Astronomical Society, 486(3):3702–3720, July 2019. doi: 10.1093/mnras/stz1059.
Yu Sun, Xiaolong Wang, Zhuang Liu, John Miller, Alexei A Efros, and Moritz Hardt. Test-time training with self-supervision for generalization under distribution shifts. In International Conference
on Machine Learning (ICML), 2020.
Ilya Sutskever, James Martens, George Dahl, and Geoffrey Hinton. On the importance of initialization
and momentum in deep learning. In International conference on machine learning, pages 1139–
1147, 2013.
R. Teyssier. Cosmological hydrodynamics with adaptive mesh refinement. A new high resolution code
called RAMSES. Astronomy and Astrophysics, 385:337–364, April 2002. doi: 10.1051/0004-6361:
20011817.
A. Toomre. On the gravitational stability of a disk of stars. The Astrophysical Journal, 139:1217–1238,
May 1964. doi: 10.1086/147861.
D. Tweed, J. Devriendt, J. Blaizot, S. Colombi, and A. Slyz. Building merger trees from cosmological
N-body simulations. Towards improving galaxy formation models using subhaloes. Astronomy
and Astrophysics, 506(2):647–660, November 2009. doi: 10.1051/0004-6361/200911787.
Adi Zolotov, Avishai Dekel, Nir Mandelker, Dylan Tweed, Shigeki Inoue, Colin DeGraf, Daniel
Ceverino, Joel R. Primack, Guillermo Barro, and Sandra M. Faber. Compaction and quenching of
high-z galaxies in cosmological simulations: blue and red nuggets. Monthly Notices of the Royal
Astronomical Society, 450(3):2327–2353, July 2015. doi: 10.1093/mnras/stv740.
7

