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 Hubble Space Telescope Ultra Deep Field - ACS

This picture is beautiful but misleading, since it 
only shows about 0.5% of the cosmic density. 

The other 99.5% of the universe is invisible.



    Imagine that the entire 
universe is an ocean of dark

  energy.  On that ocean sail billions 
of ghostly ships made of dark matter...
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Planck Collaboration: The Planck mission
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Fig. 19. The temperature angular power spectrum of the primary CMB from Planck, showing a precise measurement of seven acoustic peaks, that
are well fit by a simple six-parameter⇤CDM theoretical model (the model plotted is the one labelled [Planck+WP+highL] in Planck Collaboration
XVI (2013)). The shaded area around the best-fit curve represents cosmic variance, including the sky cut used. The error bars on individual points
also include cosmic variance. The horizontal axis is logarithmic up to ` = 50, and linear beyond. The vertical scale is `(`+ 1)Cl/2⇡. The measured
spectrum shown here is exactly the same as the one shown in Fig. 1 of Planck Collaboration XVI (2013), but it has been rebinned to show better
the low-` region.
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Fig. 20. The temperature angular power spectrum of the CMB, esti-
mated from the SMICA Planck map. The model plotted is the one la-
belled [Planck+WP+highL] in Planck Collaboration XVI (2013). The
shaded area around the best-fit curve represents cosmic variance, in-
cluding the sky cut used. The error bars on individual points do not in-
clude cosmic variance. The horizontal axis is logarithmic up to ` = 50,
and linear beyond. The vertical scale is `(` + 1)Cl/2⇡. The binning
scheme is the same as in Fig. 19.

8.1.1. Main catalogue

The Planck Catalogue of Compact Sources (PCCS, Planck
Collaboration XXVIII (2013)) is a list of compact sources de-

tected by Planck over the entire sky, and which therefore con-
tains both Galactic and extragalactic objects. No polarization in-
formation is provided for the sources at this time. The PCCS
di↵ers from the ERCSC in its extraction philosophy: more e↵ort
has been made on the completeness of the catalogue, without re-
ducing notably the reliability of the detected sources, whereas
the ERCSC was built in the spirit of releasing a reliable catalog
suitable for quick follow-up (in particular with the short-lived
Herschel telescope). The greater amount of data, di↵erent selec-
tion process and the improvements in the calibration and map-
making processing (references) help the PCCS to improve the
performance (in depth and numbers) with respect to the previ-
ous ERCSC.

The sources were extracted from the 2013 Planck frequency
maps (Sect. 6), which include data acquired over more than two
sky coverages. This implies that the flux densities of most of
the sources are an average of three or more di↵erent observa-
tions over a period of 15.5 months. The Mexican Hat Wavelet
algorithm (López-Caniego et al. 2006) has been selected as the
baseline method for the production of the PCCS. However, one
additional methods, MTXF (González-Nuevo et al. 2006) was
implemented in order to support the validation and characteriza-
tion of the PCCS.

The source selection for the PCCS is made on the basis of
Signal-to-Noise Ratio (SNR). However, the properties of the
background in the Planck maps vary substantially depending on
frequency and part of the sky. Up to 217 GHz, the CMB is the
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Planck Collaboration: Cosmological parameters

Fig. 10. Planck TT power spectrum. The points in the upper panel show the maximum-likelihood estimates of the primary CMB
spectrum computed as described in the text for the best-fit foreground and nuisance parameters of the Planck+WP+highL fit listed
in Table 5. The red line shows the best-fit base ⇤CDM spectrum. The lower panel shows the residuals with respect to the theoretical
model. The error bars are computed from the full covariance matrix, appropriately weighted across each band (see Eqs. 36a and
36b), and include beam uncertainties and uncertainties in the foreground model parameters.

Fig. 11. Planck T E (left) and EE spectra (right) computed as described in the text. The red lines show the polarization spectra from
the base ⇤CDM Planck+WP+highL model, which is fitted to the TT data only.
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Planck Collaboration: The Planck mission

Fig. 7. Maximum posterior CMB intensity map at 50 resolution derived from the joint baseline analysis of Planck, WMAP, and
408 MHz observations. A small strip of the Galactic plane, 1.6 % of the sky, is filled in by a constrained realization that has the same
statistical properties as the rest of the sky.

Fig. 8. Maximum posterior amplitude Stokes Q (left) and U (right) maps derived from Planck observations between 30 and 353 GHz.
These mapS have been highpass-filtered with a cosine-apodized filter between ` = 20 and 40, and the a 17 % region of the Galactic
plane has been replaced with a constrained Gaussian realization (Planck Collaboration IX 2015). From Planck Collaboration X
(2015).

viewed as work in progress. Nonetheless, we find a high level of
consistency in results between the TT and the full TT+TE+EE
likelihoods. Furthermore, the cosmological parameters (which
do not depend strongly on ⌧) derived from the T E spectra have
comparable errors to the TT -derived parameters, and they are
consistent to within typically 0.5� or better.

8.2.2. Number of modes

One way of assessing the constraining power contained in a par-
ticular measurement of CMB anisotropies is to determine the
e↵ective number of a`m modes that have been measured. This
is equivalent to estimating 2 times the square of the total S/N
in the power spectra, a measure that contains all the available
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).
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Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).

cosmological information if we assume that the anisotropies are
purely Gaussian (and hence ignore all non-Gaussian informa-
tion coming from lensing, the CIB, cross-correlations with other
probes, etc.). Carrying out this procedure for the Planck 2013
TT power spectrum data provided in Planck Collaboration XV
(2014) and Planck Collaboration XVI (2014), yields the number
826 000 (which includes the e↵ects of instrumental noise, cos-
mic variance and masking). The 2015 TT data have increased
this value to 1 114 000, with T E and EE adding a further 60 000

and 96 000 modes, respectively.4 From this perspective the 2015
Planck data constrain approximately 55 % more modes than in
the 2013 release. Of course this is not the whole story, since
some pieces of information are more valuable than others, and
in fact Planck is able to place considerably tighter constraints on
particular parameters (e.g., reionization optical depth or certain

4Here we have used the basic (and conservative) likelihood; more
modes are e↵ectively probed by Planck if one includes larger sky frac-
tions.
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Fig. 9. The Planck 2015 temperature power spectrum. At multipoles ` � 30 we show the maximum likelihood frequency averaged
temperature spectrum computed from the Plik cross-half-mission likelihood with foreground and other nuisance parameters deter-
mined from the MCMC analysis of the base ⇤CDM cosmology. In the multipole range 2  `  29, we plot the power spectrum
estimates from the Commander component-separation algorithm computed over 94 % of the sky. The best-fit base⇤CDM theoretical
spectrum fitted to the Planck TT+lowP likelihood is plotted in the upper panel. Residuals with respect to this model are shown in
the lower panel. The error bars show ±1� uncertainties. From Planck Collaboration XIII (2015).
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Fig. 10. Frequency-averaged T E (left) and EE (right) spectra (without fitting for T–P leakage). The theoretical T E and EE spectra
plotted in the upper panel of each plot are computed from the best-fit model of Fig. 9. Residuals with respect to this theoretical model
are shown in the lower panel in each plot. The error bars show ±1� errors. The green lines in the lower panels show the best-fit
temperature-to-polarization leakage model, fitted separately to the T E and EE spectra. From Planck Collaboration XIII (2015).
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1,500,000 Light Years

100,000 Light Years

Milky Way Dark Matter Halo

Milky Way

Aquarius Simulation
Volker Springel





1 Billion Light Years

Bolshoi Cosmological Simulation

Pleiades Supercomputer, 
NASA Ames Research Center

Anatoly Klypin, Sebastian Trujillo-Gomez, 
Joel Primack ApJ 2011   

8.6x109 particles   1 kpc resolution



Bolshoi Cosmological 
Simulation

100 Million Light Years

1 Billion Light Years



100 Million Light Years

How the Halo of the Big Cluster Formed



Bolshoi-Planck
Cosmological Simulation

Merger Tree of a Large Halo



Structure Formation Methodology 
• Starting from the Big Bang, we simulate the 

evolution of a representative part of the universe 
according to the Double Dark theory to see if the end 
result matches what astronomers actually observe.



• Starting from the Big Bang, we simulate the 
evolution of a representative part of the universe 
according to the Double Dark theory to see if the end 
result matches what astronomers actually observe.  

• On the large scale the simulations produce a 
universe just like the one we live in. We’re always 
looking for new phenomena to predict — every one 
of which tests the whole theory!

Structure Formation Methodology 
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Figure 5. Medians of scatter in ⇢ �CNFW, ⇢ � �B, and ⇢ � Ṁ/M relationships at z = 0, where ⇢� is the local environment density smoothed on di�erent
scales and ⇢avg is the average density of the simulation. Di�erent coloured lines represent di�erent smoothing scales. The shaded grey filled curve represents
the 95% confidence interval on the median, shown only for the characteristic smoothing length �s,char = 1, 2, 4, and 8Mpc/h for mass bins from left to right,
respectively, and provides an indication of sample size at di�erent densities. Mass bins are selected relative to the non-linear mass (log10 MC = 1012.7M� at
z = 0) to facilitate comparison between halos above, at, or below MC. We see that lower mass halos occupy regions with a wide range of local densities, while
higher mass halos are restricted to higher density regions. Note also that larger smoothing scales will shift the range of densities towards the average density,
so equal smoothing lengths should be used to compare density ranges for halos of di�erent masses. See Fig 6 for a discussion of the trends seen in this plot.

los in low density regions (bottom 20% of densities) accrete more
rapidly than halos in higher density regions.

5.2 Redshift evolution of halo properties at di�erent densities

One of the principal analysis methods we’ve used to investigate the
origins of the trends in Fig. 6 is to examine the median evolution of
halo properties along the most massive progenitor branch (MMPB)
of halos in regions of di�erent density at z = 0. In Figs. 7 and 8, for a
given mass bin, we’ve selected all halos in the 0�10th, 45�55th, and
90�100th percentile ranges of characteristic local density �s,char
at z = 0 to represent halos in low, median, and high density regions,
respectively. Using the halo merger trees, we follow the MMPB of
each halo and record the properties of each progenitor. We then
present the median halo properties of the most massive progenitors
of halos that end up in these low, median, and high density regions
at z = 0. Note that because the density selections are made at z = 0,
the progenitors of those halos are not guaranteed to reside in similar
density regions at higher redshifts. Once an MMPB mass drops
below the completeness threshold Mmin = 1010M� , we discard
any remaining progenitors from the analysis. This is done in order
to exclude halos with low particle counts that may have unreliable

halo properties. The dark grey and light grey shading reflect the
95% confidence interval on the median and the 20� 80th percentile
range of the halo property at a given redshift, respectively. These
are shown only for halos in median density regions at z = 0, though
similar trends apply to halos in low and high density regions at
z = 0.

In order to minimize bias introduced by the longest lasting
MMPBs (those that remain above Mmin out to higher than average
redshifts), we implement a "median preserving" approach. Tracing
time backwards from z = 0, when a given MMPB drops below
Mmin, we determine the halo property rank of that MMPB’s earliest
eligible progenitor Pearliest (with Mvir > Mmin) with respect to all
other eligible halos at that time step. Then, in addition to eliminat-
ing further progenitors of Pearliest, we eliminate progenitors of the
MMPB with rank R

0 = N � R, where N is the total number of halo
progenitors in consideration at the relevant redshift and R is the
rank of Pearliest. For example, if the earliest eligible progenitor Pi

of a given MMPB ranks in the 67th percentile in CNFW compared
to all other eligible progenitors at that redshift, then in addition to
eliminating the remaining progenitors of Pi , we eliminate any re-
maining progenitors of the MMPB that ranks in the 100�67 = 33rd
percentile in CNFW at that same redshift. This procedure is applied

© 2016 RAS, MNRAS 000, 1–18
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Christoph Lee, USCC

• Most low mass halos in dense regions are significantly stripped
• Halos that have lost 5-15% of their mass relative to Mpeak have lower C, higher λ
• Halos that have lost more than 25% of their mass have higher C and lower λ
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• Starting from the Big Bang, we simulate the 
evolution of a representative part of the universe 
according to the Double Dark theory to see if the end 
result matches what astronomers actually observe.  

• On the large scale the simulations produce a 
universe just like the one we live in. We’re always 
looking for new phenomena to predict — every one 
of which tests the theory! 

• But the way individual galaxies form is only partly 
understood because it depends on the interactions 
of the ordinary atomic matter, as well as the dark 
matter and dark energy, to form stars and black 
holes.  We need help from observations.

Structure Formation Methodology 



                 Redshift   = 
Cosmology and Astrophysics

Joel Primack

➢ Bolshoi	-	best	cosmological	simulations	using	the	latest	cosmological	parameters.	

➢ Largest	suite	of	high-resolution	zoom-in	hydrodynamic	galaxy	simulations	compared	
with	observations	by	CANDELS,	the	largest-ever	Hubble	Space	Telescope	project.	

➢ Dust	absorption	and	re-radiation	of	starlight	in	simulated	galaxies	using	my	group’s	
Sunrise	code	used	to	make	realistic	images	from	our	simulations.	

➢ New	methods	for	comparison	of	simulated	galaxies	with	observations,	including	Deep	
Learning	methods.	Explain	observed	galaxy	clumps,	compaction,	elongation.		

➢ Co-leading	with	Piero	Madau	the	Assembling	Galaxies	of	Resolved	Anatomy	(AGORA)	
international	collaboration	to	run	and	compare	high-resolution	galaxy	simulations.	

face-on edge-on



• 3 Aspects of Star-Forming Galaxies Seen in CANDELS 
– Compaction 
– Elongation 
– Clumps } Challenge for Observers  

& Simulators!



Astronaut Andrew Feustel installing 
Wide Field Camera Three 

on Hubble Space Telescope
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At the present day, only a few galaxies lie between the 
peaks of the blue and red galaxies, in the so-called “green 
valley” (so named because green wavelengths are midway 
between red and blue in the spectrum). A blue galaxy that 
is vigorously forming stars will become green within a 
few hundred million years if star formation is suddenly 
quenched. On the other hand, a galaxy that has lots of old 
stars and a few young ones can also be green just through 
the combination of the blue colors of its young stars and 
the red colors of the old ones. The Milky Way probably 
falls in this latter category, but the many elliptical galaxies 
around us today probably made the transition from blue 
to red via a rapid quenching of star formation. CANDELS 
lets us look back at this history. 

Most galaxies of interest to astronomers working on 
CANDELS have a look-back time of at least 10 billion 
years, when the universe was only a few billion years old. 
Because the most distant galaxies were relatively young at 
the time we observe them, we thought few of them would 
have shut off star formation. So we expected that red gal-
axies would be rare in the early universe. But an impor-
tant surprise from CANDELS is that red galaxies with the 
same elliptical shapes as nearby red galaxies were already 
common only 3 billion years after the Big Bang — right 
in the middle of cosmic high noon. 

Puzzlingly, however, elliptical galaxies from only 
about 3 billion years after the Big Bang are only one-
third the size of typical elliptical galaxies with the same 
stellar mass today. Clearly, elliptical galaxies in the early 
universe must have subsequently grown in a way that 
increased their sizes without greatly increasing the num-
ber of stars or redistributing the stars in a way that would 
change their shapes. Many astronomers suspect that the 

present-day red ellipticals with old stars grew in size by 
“dry” mergers — mergers between galaxies having older 
red stars but precious little star-forming cold gas. But 
the jury is still out on whether this mechanism works in 
detail to explain the observations. 

The Case of the Chaotic Blue Galaxies
Ever since Hubble’s first spectacular images of distant 
galaxies, an enduring puzzle has been why early star-
forming galaxies look much more irregular and jumbled 
than nearby blue galaxies. Nearby blue galaxies are 
relatively smooth. The most beautiful ones are elegant 
“grand-design” spirals with lanes of stars and gas, such as 
M51. Smaller, irregular dwarf galaxies are also often blue.

But at cosmic high noon, when stars were blazing 
into existence at peak rates, many galaxies look distorted 
or misshapen, as if galaxies of similar size are colliding. 
Even the calmer-looking galaxies are often clumpy and 
irregular. Instead of having smooth disks or spiral arms, 
early galaxies are dotted with bright blue clumps of very 
active star formation. Some of these clumps are over 100 
times more luminous than the Tarantula Nebula in the 
Large Magellanic Cloud, one of the biggest star-forming 
regions in the nearby universe. How did the chaotic, dis-
ordered galaxies from earlier epochs evolve to become the 
familiar present-day spiral and elliptical galaxies? 

Because early galaxies appear highly distorted, astro-
physicists had hypothesized that major mergers — that is, 
collisions of galaxies of roughly equal mass — played an 
important role in the evolution of many galaxies. Merg-
ers can redistribute the stars, turning two disk galaxies 
into a single elliptical galaxy. A merger can also drive gas 
toward a galaxy’s center, where it can funnel into a black 
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STARBIRTH RATE  Using data from many surveys, including CANDELS, 
astronomers have plotted the rate of star formation through cosmic history. 
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COSMIC WEB  This frame from the Bolshoi supercom-
puter simulation depicts the distribution of matter at 
redshift 3. Clusters of galaxies lie along the bright filaments. 
Dark matter and cold gas flow along the filaments to supply 
galaxies with the material they need to form stars.
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Figure 6: Relative sizes of the regions on the sky observed in several important surveys of the distant Uni-
verse. The two Great Observatories Origins Deep Survey (GOODS) fields, the Subaru Deep Field (SDF)
and the Extended Chandra Deep Field South (ECDFS), are shown on the left. Very-deep surveys such as
the Hubble Deep Field North (HDF-N) and the Hubble Ultradeep Field (HUDF) [Advanced Camera for
Surveys (ACS) area shown], which are embedded within the GOODS fields, can detect fainter galaxies,
but cover only very tiny regions on the sky. Other surveys such as the Cosmic Evolution Survey (COS-
MOS), the UK Infrared Deep Sky Survey (UKIDSS), the Ultradeep Survey (UDS), the All-Wavelength
Extended Groth Strip International Survey (AEGIS) and the National Optical Astronomy Observatory
(NOAO) Deep Wide Field Survey cover wider regions of the sky, usually to shallower depths, i.e., with
less sensitivity to very faint galaxies. However, they encompass larger and perhaps more statistically rep-
resentative volumes of the Universe. The yellow boxes indicate the five fields from the Cosmic Assembly
Near-Infrared Deep Extragalactic Legacy Survey (CANDELS), each of which is embedded within another
famous survey area. The image in the background shows a cosmological N-body simulation performed
within the MultiDark project (see http://www.multidark.org/MultiDark/), viewed at z = 2, more than
10 Gyr ago. The colors represent the matter density distribution in a slice 43-Mpc thick, or ∆(z) = 0.03
at that redshift, and all lengths are given in comoving units for h = 0.7. Small surveys may sample under-
or over-dense regions, whereas larger surveys can average over density variations, but may not be sensitive
to the ordinary, relatively faint galaxies that are most numerous in the Universe. Averaging over redshift
intervals that are greater than that shown in the background figure will smooth over density variations,
but for any redshift binsize cosmic variance will be smaller for wider surveys or when a survey is divided
into fields sampling multiple, independent sightlines.

several different rest-frame wavelengths, including the rest-frame UV. The Canada-France

Redshift Survey (CFRS) was carried out using the 4-m Canada-France-Hawaii Telescope

and mainly surveyed the Universe out to z < 1. The available BV IK-band photometry
permitted direct measurement of 2,800-Å rest-frame luminosities at z > 0.5, and down to

z ≈ 0.3 with modest spectral extrapolation. Lilly et al. found that the 2,800-Å luminosity
density declined by approximately one order of magnitude from z = 1 to the present, which

they interpreted as a steep decline in the SFRD.

Madau et al. (1996) used the then-new HDF observations to extend this analysis to much

26 P. Madau & M. Dickinson

Madau & Dickinson - ARAA 2014         Yellow Boxes: CANDELS



Galaxy Hydro Simulations: 2 Approaches
1. Low resolution (~ kpc)

Advantages: it’s possible to simulate many galaxies and study 
galaxy populations and their interactions with CGM & IGM. 
Disadvantages: since feedback &winds are “tuned,” we learn 
little about how galaxies themselves evolve, and cannot 
compare in detail with high-z galaxy images and spectra. 
Examples: Overwhelmingly Large Simulations (OWLs, EAGLE), 
AREPO simulations in 100 Mpc box (Illustris).

Advantages: it’s possible to compare in detail with high-z 
galaxy images and spectra, to discover how galaxies evolve, 
morphological drivers (e.g., galaxy shapes, clumps and other 
instabilities, origins of galactic spheroids, quenching).  
Radiative pressure & AGN feedbacks essential? 
Disadvantages: statistical galaxy samples take too much 
computer time; can we model galaxy population evolution 
using simulation insights in semi-analytic models (SAMs)?  
Examples: ART/VELA and FIRE simulation suites, AGORA 
simulation comparison project.

2. High resolution (~10s of pc)    THIS TALK



• 3 Aspects of Star-Forming Galaxies Seen in CANDELS 
– Compaction 
– Elongation 
– Clumps } Challenge for Observers  

& Simulators!

Our hydroART cosmological zoom-in simulations produce 
all of these phenomena! 



Inferred Evolution 

Quenched  
Nuggets

diffuse SFG 
pre-compaction SF Nuggets

compactness

The Fast Track of Galaxy Evolution



Ceverino+ RP simulations 
analyzed by Zolotov, Dekel, 

Tweed, Mandelker, Ceverino, 
& Primack MNRAS 2015

Barro+ (CANDELS) 2013

FAST-TRACK

SLOW-TRACK

•
•

major merger
minor merger

COMPACTION —>

Zolotov+2015

Compaction and quenching 2333
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Figure 2. Evolution of four galaxies of relatively high stellar masses that compactify at relatively high redshift to a high central surface density and quench
efficiently. Two left-hand panels: evolution tracks in sSFR and compactness as measured by !e (left) and !1 (second from left). The redshifts from z � 5 to
z � 1 are marked along the tracks by red symbols. Major mergers are marked by open blue upside-down triangles, and minor mergers by open purple squares.
Two right-hand panels: evolution of mass and its rate of change inside a central sphere of radius 1 kpc (second from right) and 10 kpc (right). Shown at the top
(scale along the left-hand axis) are the masses in gas (blue), stars (red), and dark matter (black). Also shown is the mass in ex-situ stars, as a merger indicator
(green). Shown at the bottom (scale along the right-hand axis) are the rates of change of gas mass due to SFR (purple), gas inflow (cyan), and gas outflow
(magenta). Each of these galaxies shows at least one well-defined compaction phase that is immediately followed by gas depletion and quenching. The onset
of gas compaction in the central 1 kpc and the point of maximum central gas compaction are marked by vertical lines.
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Figure 3. Same as Fig. 2, but for four galaxies of lower masses. The dashed vertical lines mark the onset and peak of earlier compaction events. These galaxies
compactify to lower central densities and make more than one quenching attempt.

mass, stellar mass, and dark matter mass. Note that the stellar mass
within the inner 1 kpc is a proxy for the surface density in the central
1-kpc region of the galaxy, !1. The mass rates of change shown are
the SFR, the gas inflow rate, and the gas outflow rate. These rates

are measured in spherical shells of radii r � 1 and 10 kpc and of
width "r � � 0.1r via

Ṁ � 1
"r

∑

i

mivr�i � (2)
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VELA27-RP



Compaction and Quenching in the Inner 1 kpc 

whole galaxy

Avishai Dekel                                      gen3  Zolotov+2015

Inner 10 kpc



VELA07-RP  Animations  z = 4.4 to 2.3

Gas

Stars

Face-on

Gas

Stars

Edge-on

DM
Gas

Stars

< 5 kpc

< 1 kpc

}

Compaction Daniel Ceverino, Nir Mandelker
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Dark matter halos are elongated, especially !
near their centers.  Initially stars follow the !
gravitationally dominant dark matter, as shown.!
But later as the ordinary matter central density 
grows and it becomes gravitationally dominant, 
the star and dark matter distributions both 
become disky — as observed by Hubble 
Space Telescope  (van der Wel+ ApJL Sept 
2014).!

Our cosmological zoom-in simulations often produce elongated galaxies like observed 
ones.  The elongated distribution of stars follows the elongated inner dark matter halo.

MNRAS 453, 408–413 (2015) doi:10.1093/mnras/stv1603

Formation of elongated galaxies with low masses at high redshift

Daniel Ceverino,1,2‹ Joel Primack3 and Avishai Dekel4
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ABSTRACT
We report the identification of elongated (triaxial or prolate) galaxies in cosmological simula-
tions at z ≃ 2. These are preferentially low-mass galaxies (M∗ ≤ 109.5 M⊙), residing in dark
matter (DM) haloes with strongly elongated inner parts, a common feature of high-redshift
DM haloes in the ! cold dark matter cosmology. Feedback slows formation of stars at the
centres of these haloes, so that a dominant and prolate DM distribution gives rise to galaxies
elongated along the DM major axis. As galaxies grow in stellar mass, stars dominate the total
mass within the galaxy half-mass radius, making stars and DM rounder and more oblate. A
large population of elongated galaxies produces a very asymmetric distribution of projected
axis ratios, as observed in high-z galaxy surveys. This indicates that the majority of the galaxies
at high redshifts are not discs or spheroids but rather galaxies with elongated morphologies.

Key words: galaxies: evolution – galaxies: formation.

1 IN T RO D U C T I O N

The intrinsic, three-dimensional (3D) shapes of today’s galaxies
can be roughly described as discs or spheroids, or a combination of
the two. These shapes are characterized by having no preferential
long direction. Examples of galaxies elongated along a preferential
direction (prolate or triaxial) are rare at z = 0 (Padilla & Strauss
2008; Weijmans et al. 2014). They are usually unrelaxed systems,
such as ongoing mergers. However, at high redshifts, z = 1–4, we
may witness the rise of the galaxy structures that we see today at
the expense of other structures that may be more common during
those early and violent times.

Observations trying to constrain the intrinsic shapes of the stellar
components of high-z galaxies are scarce but they agree that the
distribution of projected axis ratios of high-z samples at z = 1.5–4
is inconsistent with a population of randomly oriented disc galaxies
(Ravindranath et al. 2006; Law et al. 2012; Yuma, Ohta & Yabe
2012). After some modelling, Law et al. (2012) concluded that
the intrinsic shapes are strongly triaxial. This implies that a large
population of high-z galaxies are elongated along a preferential
direction.

van der Wel et al. (2014) looked at the mass and redshift de-
pendence of the projected axis ratios using a large sample of star-
forming galaxies at 0 < z < 2.5 from CANDELS+3D-HST and
SDSS. They found that the fraction of intrinsically elongated galax-
ies increases towards higher redshifts and lower masses. They con-

⋆ E-mail: daniel.ceverino@cab.inta-csic.es

cluded that the majority of the star-forming galaxies with stellar
masses of M∗ = 109–109.5 M⊙ are elongated at z ≥ 1. At lower
redshifts, galaxies with similar masses are mainly oblate, disc-like
systems. It seems that most low-mass galaxies have not yet formed
a regularly rotating stellar disc at z ! 1. This introduces an interest-
ing theoretical challenge. In principle, these galaxies are gas-rich
and gas tends to settle in rotationally supported discs, if the angular
momentum is conserved (Fall & Efstathiou 1980; Blumenthal et al.
1986; Mo, Mao & White 1998; Bullock et al. 2001). At the same
time, high-mass galaxies tend to be oblate systems even at high-z.
The observations thus suggest that protogalaxies may develop an
early prolate shape and then become oblate as they grow in mass.

Prolateness or triaxiality are common properties of dark mat-
ter (DM) haloes in N-body-only simulations (Jing & Suto 2002;
Allgood et al. 2006; Bett et al. 2007; Macciò et al. 2007; Macciò,
Dutton & van den Bosch 2008; Schneider, Frenk & Cole 2012,
and references therein). Haloes at a given mass scale are more pro-
late at earlier times, and at a given redshift more massive haloes
are more elongated. For example, small haloes with virial masses
around Mv ≃ 1011 M⊙ at redshift z = 2 are as prolate as today’s
galaxy clusters. Individual haloes are more prolate at earlier times,
when haloes are fed by narrow DM filaments, including mergers,
rather than isotropically, as described in Vera-Ciro et al. (2011). The
progenitors of Milky Way-sized haloes are fairly prolate at redshift
z = 2 and they are increasingly more elongated at smaller radii
(Allgood et al. 2006) because their inner shells collapsed earlier.

The shape of the inner DM halo could influence the shape of
the central galaxy (Dekel & Shlosman 1983). If a triaxial halo
dominates the inner gravitational potential, the inner galaxy feels

C⃝ 2015 The Authors
Published by Oxford University Press on behalf of the Royal Astronomical Society
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Formation of elongated galaxies 
with low masses at high redshift 
Daniel Ceverino, Joel Primack and Avishai Dekel 
ABSTRACT 

We report the identification of elongated (triaxial or prolate) 
galaxies in cosmological simulations at z ~ 2. These are 
preferentially low-mass galaxies (M∗ ≤ 109.5 M⊙), residing in 
dark matter (DM) haloes with strongly elongated inner parts, a 
common feature of high-redshift DM haloes in the cold dark 
matter cosmology. A large population of elongated galaxies 
produces a very asymmetric distribution of projected axis ratios, 
as observed in high-z galaxy surveys. This indicates that the 
majority of the galaxies at high redshifts are not discs or spheroids 
but rather galaxies with elongated morphologies 

Nearby large galaxies are mostly disks and spheroids — but they start out looking more like pickles.



Prolate galaxies dominate at high redshift/low masses

The Astrophysical Journal Letters, 792:L6 (6pp), 2014 September 1 van der Wel et al.
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Figure 3. Reconstructed intrinsic shape distributions of star-forming galaxies in our 3D-HST/CANDELS sample in four stellar mass bins and five redshift bins. The
model ellipticity and triaxiality distributions are assumed to be Gaussian, with the mean indicated by the filled squares, and the standard deviation indicated by the
open vertical bars. The 1σ uncertainties on the mean and scatter are indicated by the error bars. Essentially all present-day galaxies have large ellipticities, and small
triaxialities—they are almost all fairly thin disks. Toward higher redshifts low-mass galaxies become progressively more triaxial. High-mass galaxies always have
rather low triaxialities, but they become thicker at z ∼ 2.
(A color version of this figure is available in the online journal.)

Figure 4. Color bars indicate the fraction of the different types of shape defined in Figure 2 as a function of redshift and stellar mass. The negative redshift bins
represent the SDSS results for z < 0.1; the other bins are from 3D-HST/CANDELS.
(A color version of this figure is available in the online journal.)

Letter allows us to generalize this conclusion to include earlier
epochs.

At least since z ∼ 2 most star formation is accounted for by
!1010 M⊙ galaxies (e.g., Karim et al. 2011). Figures 3 and 4
show that such galaxies have disk-like geometries over the same
redshift range. Given that 90% of stars in the universe formed
over that time span, it follows that the majority of all stars in the
universe formed in disk galaxies. Combined with the evidence
that star formation is spatially extended, and not, for example,
concentrated in galaxy centers (e.g., Nelson et al. 2012; Wuyts
et al. 2012) this implies that the vast majority of stars formed in
disks.

Despite this universal dominance of disks, the elongatedness
of many low-mass galaxies at z ! 1 implies that the shape of
a galaxy generally differs from that of a disk at early stages
in its evolution. According to our results, an elongated, low-
mass galaxy at z ∼ 1.5 will evolve into a disk at later times, or,
reversing the argument, disk galaxies in the present-day universe
do not initially start out disks.13

As can be seen in Figure 3, the transition from elongated
to disky is gradual for the population. This is not necessarily

13 This evolutionary path is potentially interrupted by the removal of gas and
cessation of star formation.

4

van der Wel+2014

Prolate
Spheroidal
Oblate

See also WHEN DID ROUND DISK GALAXIES FORM?  T. M. Takeuchi et. al ApJ 2015



In hydro sims, dark-matter dominated galaxies are prolate
Ceverino, Primack, Dekel

M* <1010 M☉ at z=2

Stars

Dark matter

20 kpc

MNRAS 453, 408 (2015)

Formation of elongated galaxies with low masses at 
high redshift

See also Tomassetti et al. 2016 MNRAS



• 3 Aspects of Star-Forming Galaxies Seen in CANDELS 
– Compaction 
– Elongation 
– Clumps } Challenge for Observers  

& Simulators!

The hydroART cosmological zoom-in simulations produce 
all of these phenomena! 

Clumps remain a crucial challenge for simulators!



  

z
=

1
z
=

2
z
=

3

Seen in deep rest-frame UV (e.g., Elmegree+07, 09, Guo+12), rest-frame optical 
images (e.g., Forster Schreiber+11, Guo+12), and emission line maps (e.g, Genzel+08, 11)

Span a wide redshift range: 0.5<z<5

Typical stellar mass: 10^7~10^9 Msun, typical size: ~1 kpc 

Regions with blue UV—optical color and enhanced specific SFR (e.g., 

Guo+12, Wuyts+12)

Many are in underlying disks,  based on either morphological (e.g., 

Elmegreen+07,09) and kinematic (e.g., Genzel+11) analyses

Clumps: Important Feature of High-redshift Star-formingGalaxiesClumps: Important Feature of High-redshift Star-formingGalaxies

CLUMPS in CANDELS - Yicheng Guo
z 

= 
1

z 
= 

2
z 

= 
3



3.0

Yicheng Guo+2015 Yicheng Guo+2012

About 60% of star-forming galaxies
are clumpy at z ~ 2.5.
The evolution of the clump fraction
is mass-dependent.

Clumps have radial variation of their 
UV-optical colors:
   - outer clumps are bluer &
   - central clumps are redder,
as clump radial migration predicts.
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CLUMPS in CANDELS - Yicheng Guo

PRELIM
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Predicted Gradients of Clump Properties

long-lived clumps

age

gas frac

mass

sSFRSFR Z

Mandelker+16 ART-AMR cosmological simulations, ~25pc resolution



Face Recognition for Galaxies
We propose to use Deep Learning (the Convolutional Neural Net method of machine 
learning, which has been so successful in face recognition and language translation) to 
discover what information about active physical processes can be reliably 
extracted from images of galaxies. We’ll train a Deep Learning classifier using mock 
images from simulated galaxies paired with physical information from the simulations; 
then we’ll see if the deep learning classifier can successfully predict values for the 
same properties from mock images for which we don’t provide any physical 
information.    If we are successful in extracting useful information from the 
simulations, we will apply the same method to observations to predict physical 
characteristics and processes in images of real galaxies. We are specifically interesting 
in identifying the underlying physical processes that lead to major morphological 
transformations, for example the formation of galactic spheroids. 

This effort, led by our collaborator Dr. Marc Huertas-Company and partially funded by 
a grant from Google, draws inspiration from the winning solution of a 2015 
competition in the machine learning community to best reproduce the Galaxy Zoo 
classifications of Sloan Digital Sky Survey (SDSS) galaxy images. The winning team 
used a Deep Learning algorithm to predict morphological parameters of the SDSS 
galaxies with nearly perfect accuracy. Working with the same algorithm, Dr. Huertas-
Company led a collaboration to classify ~ 50, 000 images of galaxies from the 
CANDELS survey.  We are using the same algorithm to classify our mock images in 
order to compare them with observed galaxies.



Progress generating mock images and IFU data cubes from our Sunrise pipeline (Greg 
Snyder, Raymond Simons)  Email 1/8 from Greg Snyder (STScI): I am pleased to report that I 
have finished creating Sunrise images on the entire suite of VELA Generation 3 simulations. 
 There were 34 simulations that had enough snapshots to consider. I have copied them all to 
Pleiades and applied Raymond's speedy yt—>Sunrise extraction algorithm and our Sunrise 
imaging pipeline.  I am finished with CANDELizing 75% of the sample and I expect to reach 
100% by later this week, at which point I will copy out these files. One new improvement is that 
I have added filters for JWST's MIRI instrument in addition to NIRCAM and HST for the set of 
candelized images.  MIRI (5-25 microns) will only make sense for the higher redshifts because 
we didn't do dust emission, but could help characterize shapes in the very early universe.

Analyzing these images for clumps (Yicheng Guo); measuring GALFIT statistics a, b, axis 
ratio b/a, Sersic index of CANDELized images (Yicheng and Vivian Tang) compared with high 
resolution images (Liz McGrath).  Reff for SDSS galaxies as a function of density 
(Christoph, Graham Vanbenthuysen).

Preparing information for Deep Learning (DL) about the simulations using yt analysis of the 
saved timesteps (Sean Larkin, Fernando Caro, Christoph Lee) and using other methods (Nir 
Mandelker, Santi Roca-Fabrega) to see whether giving the deep learning code this 
information in addition to mock images will allow the code to determine some of these 
phenomena from the images at least in the best cases of inclination, resolution, and signal/
noise (Marc Huertas-Company and team).  What data about the simulations should we 
give DL? 

DEEP-Theory Meeting     9 Jan 2017



Assembling Galaxies of Resolved Anatomy



AGORA High-Resolution Simulation Comparison
Initial Conditions for Simulations 
   MUSIC galaxy masses at z~0: ~1010, 1011, 1012, 1013 M
     with both quiet and busy merging trees
     isolation criteria agreed for Lagrangian regions 
   Isolated Spiral Galaxy at z~1:  ~1012 M

⦿

Astrophysics that all groups will include
    UV background (Haardt-Madau 2012);  Grackle 
    cooling function (based on ENZO and Eris cooling)

Tools to compare simulations based on yt, for all codes               
useused in AGORA, with instantaneous visualization
Images and SEDs for all timesteps from yt ➠ Sunrise 

⦿

www.AGORAsimulations.org

http://www.AGORAsimulations.org


AGORA Isolated Disk Comparison
Milky Way-mass Disk Galaxy Formation with 80 pc Resolution      

- If carefully constrained, galaxy simulation codes agree well with one another despite 
having evolved largely independently for many years without cross-breedings 
- Simulations are more sensitive to input physics than to intrinsic code differences.
- AGORA continues to promote collaborative and reproducible science in the community. 

Website:  AGORAsimulations.org

Summary of results:

ApJ 2016



Summary 

• 3 Aspects of Star-Forming Galaxies Seen in CANDELS 
– Compaction 
– Elongation 
– Giant Clumps 

• AGORA Galaxy Simulation Comparison Project 
– Understand different results from different codes, 

and raise the realism of all simulation codes

• Large-Scale Simulations and Galaxies 
– Planck Cosmology Simulations more halos at high M, z 
– Halo properties depend on environmental density 
– Stellar Halo Accretion Rate Coevolution (SHARC) 

} Our simulations 
help explain 

 these phenomena

Thanks!!



                 Redshift   = 
Cosmology and Astrophysics

Joel Primack

➢ Bolshoi	-	best	cosmological	simulations	using	the	latest	cosmological	parameters.	

➢ Largest	suite	of	high-resolution	zoom-in	hydrodynamic	galaxy	simulations	compared	
with	observations	by	CANDELS,	the	largest-ever	Hubble	Space	Telescope	project.	

➢ Dust	absorption	and	re-radiation	of	starlight	in	simulated	galaxies	using	my	group’s	
Sunrise	code	used	to	make	realistic	images	from	our	simulations.	

➢ New	methods	for	comparison	of	simulated	galaxies	with	observations,	including	Deep	
Learning	methods.	Explain	observed	galaxy	clumps,	compaction,	elongation.		

➢ Co-leading	with	Piero	Madau	the	Assembling	Galaxies	of	Resolved	Anatomy	(AGORA)	
international	collaboration	to	run	and	compare	high-resolution	galaxy	simulations.	

face-on edge-on



Joel Primack  RECENT PhD STUDENTS
Rachel Somerville (PhD 1997) Jerusalem (postdoc) – Cambridge (postdoc) – Michigan (Asst. 
Prof.) – MPI Astronomy Heidelberg  (Professor) – STScI/Johns Hopkins – Rutgers (Professor)
Michael Gross (PhD 1997) Goddard (postdoc) – UCSC (staff) – NASA Ames (staff)
James Bullock (PhD 1999) Ohio State – Harvard (Hubble Fellow) – UC Irvine (Professor)
Ari Maller (PhD 1999) Jerusalem – U Mass Amherst (postdoc) – CityTech CUNY (Assoc. Prof.)
Risa Wechsler (PhD 2001) Michigan – Chicago (Hubble Fellow) – Stanford U (Assoc. Prof.)
T. J. Cox (PhD 2004) Harvard (postdoc, Keck Fellow) – Carnegie Observatories (postdoc)  – Data 
Scientist at Voxer, San Francisco
Patrik Jonsson (PhD 2004) UCSC (postdoc) – Harvard CfA (staff) – SpaceX senior programmer
Brandon Allgood (PhD 2005) – Numerate, Inc. (co-founder)
Matt Covington (PhD 2008) – analytic understanding of galaxy mergers, semi-analytic models of 
galaxy formation – U Minn (postdoc) – U Arkansas (Asst. Prof.)
Greg Novak (PhD 2008) – running and comparing galaxy merger simulations with observations – 
Princeton (postdoc) – Inst Astrophysique de Paris (postdoc) – Data Scientist at StichFix
Christy Pierce (PhD 2009) – AGN in galaxy mergers – Georgia Tech (postdoc) – teaching
Rudy Gilmore (PhD 2009) – WIMP properties and annihilation; extragalactic background light 
and gamma ray absorption – SISSA, Trieste, Italy (postdoc), Data Scientist at TrueCar, L.A.
Alberto Dominguez (PhD 2011) – UCR (postdoc), Clemson (postdoc), Madrid (postdoc)
Lauren Porter (PhD 2013) – semi-analytic predictions vs. observations — Data Sci at Groupon 
Chris Moody – analysis of high-resolution galaxy simulations: galaxy morphology transformations 
(PhD 2014) – Data Scientist at Square, San Francisco

Joel Primack  CURRENT PhD STUDENTS
Christoph Lee – galaxy morphology: simulations vs. observations
Viraj Pandya — semi-analytic models compared with observations
I would welcome additional graduate students



UCSC Cosmology & Galaxy Research Group 2017 – Prof. Joel Primack 
 
UCSC Grad Students:  
       Christoph Lee christoph28@gmail.com 707-338-9543: Galaxy-Halo Connections, LSS, 

Halo Properties vs. Density, Stripping, SAM, Deep Learning & Galaxies 
       Viraj Pandya viraj.pandya@ucsc.edu 831-459-5722 (ISB 255): Galaxies and Cosmology 
 

SIP students supervised by Christoph & Joel: 
Austin Tuan (Phillips Academy, Andover, MA) austin.tuan99@gmail.com 408-831-8787: How 

Does Halo Radial Profile depend on stripping, environment, and other halo properties? 
Max Untrecht (Woodside HS) max.untrecht@gmail.com: Halo Properties vs. Mass & Web  

Undergraduate Astrophysics  Students 
Radu Dragomir (UCSC) rdragomi@ucsc.edu: Galaxy Properties from SDSS, Abundance 

Matching Dependence on Environment 
Elliot Eckholm (UCSC) eeckholm@ucsc.edu 619-993-2120: 3D Viz of Cosmic Web & Halos 
Sean Larkin (UCSC) sflarkin@ucsc.edu 949-439-7775: Deep Learning & Galaxy Simulations 
Yifei Luo (Nanjing U, China) luoyifei54301@sina.com: Identifying SDSS PDGs (Disk 

Galaxies Without Classical Bulges) and Determining Their Mass, Environment, etc. 
Tze Goh (Columbia) tpg2107@columbia.edu: Halo & Galaxy Properties in Small Cosmic Walls 

(Like Milky Way and Andromeda) and Other Cosmic Web Environments 
       Graham Vanbenthuysen (UCSC) gvanbent@ucsc.edu	916-508-0446: Galaxy Size vs. Local Density 

Other Research Group Members 
Miguel Aragon-Calvo (UNAM-Ensenada) miguel.angel.aragon.calvo@gmail.com: Spine of the 

Cosmic Web of Bolshoi-Planck simulation and SDSS 
Peter Behroozi (UC Berkeley) pbehroozi@gmail.com: Galaxies, Galaxy-Halo Connection  
Doug Hellinger hellinger.doug@gmail.com: DM Density & V per Voxel, Voids, Protoclusters 
Nina McCurdy (Scientific Computing and Imaging Institute, U Utah) nina@cs.utah.edu: 

Visualizing Forming Galaxies & Dark Matter 
Aldo Rodriguez-Puebla (UNAM) rodriguez.puebla@gmail.com:  LSS, Galaxies 
Paul Sutter (Ohio State) paul@pmsutter.com: Voids in SDSS and in Simulations 
Vivian Tang (UCSC) drftingaway@yahoo.com: Shapes of Simulated Galaxies 

 
Dekel Research Group, Hebrew University, Jerusalem 

Avishai Dekel (HU) avishai.dekel@mail.huji.ac.il: Galaxy Formation  
Santi Roca-Fabrega (HU postdoc) santi.roca@mail.huji.ac.il:  galaxy simulations, and streams  
Jonathan Freundlich (starting HU postdoc) observations of gas in high-z galaxies, theory 
Hangzhou Jiang (starting HU postdoc) working on halos and subhalos 
Nir Mandelker (Yale postdoc) nir.mandelker@yale.edu: galaxyVDI, stream instability 

 
UCSC Observational Galaxy Research Group  

Guillermo Barro (Berkeley) gbarro@ucolick.org: Galaxy Formation & Evolution, Compaction 
Zhu Chen zhuchen@shnu.edu.cn: Galaxy Formation & Evolution 
Sandra Faber faber@ucolick.org: Galaxy Formation & Evolution    
Yicheng Guo ycguo@ucolick.org: Galaxy Formation & Evolution, Clumps  
Marc Huertas-Company (Observatoire de Paris) marc.huertas@obspm.fr: Galaxy Image Analysis 

with Deep Learning 
David Koo koo@ucolick.org: Galaxy Formation & Evolution 
Hassen Yesuf hyesuf@ucolick.org: Galaxy Formation & Evolution, Winds 



                             Joel Primack (UCSC) - New Insights on Galaxy Formation from Comparing Simulations and Observations

Computer simulations and theoretical understanding have now reached a stage where simulations are increasingly able to tackle the complexity of galaxy formation and 
evolution.  This talk will start by summarizing new results from analysis of cosmic large scale structure simulations including Bolshoi-Planck and MultiDark-Planck [1,2], 
including the possibility that the star formation rate of many star-forming galaxies reflects their dark matter halo’s mass accretion rate [3].  I will then describe successes and 
challenges of high-resolution hydrodynamic galaxy simulations in trying to understand the Hubble Space Telescope observations of galaxies during the period of most vigorous 
star formation (redshifts 1 to 3, “Cosmic High Noon”) [4].  Most astronomers used to think that galaxies form as disks, that forming galaxies are pretty smooth, and that galaxies 
generally grow in radius as they grow in mass — but we are now learning that all these statements are questionable.  The majority of star-forming galaxies at z > 1 apparently 
have mostly elongated (prolate) stellar distributions [5] rather than disks or spheroids, and our simulations may explain why [6,7].  A large fraction of star-forming galaxies at 
redshifts 1 < z < 3 are found to have massive stellar clumps [8]; these originate from phenomena including disk instabilities in our simulations [9,10] and semi-analytic models 
[11,12], which also help to create compact spheroids (“nuggets”) through galaxy compaction [13].  Our simulations rather accurately reproduce observed evolution of galaxies in 
radius [14] and time [15].  We are trying to understand how angular momentum evolves as gas falls toward the inner galaxy and becomes stars [16], and how disk galaxies 
decrease their velocity dispersion and settle into thin disks by the present epoch [17].  This talk will also describe the Assembling Galaxies of Resolved Anatomy (AGORA) 
program to run high-resolution  simulations using as much as possible the same initial conditions, physical assumptions, and output analysis procedures.  AGORA will 
systematically compare galaxy simulations using the main available computer codes with each other and with observations, and thus improve understanding of galaxy formation 
[18,19].  

[1] Rodriguez-Puebla et al. 2016, Halo and subhalo demographics with Planck cosmological parameters: Bolshoi-Planck and MultiDark-Planck simulations, http://
adsabs.harvard.edu/abs/2016MNRAS.462..893R
[2] Lee et al. 2016, Properties of Dark Matter Haloes as a Function of Local Environment Density, MNRAS submitted (http://adsabs.harvard.edu/abs/2016arXiv161002108L)
[3] Rodriguez-Puebla et al. 2016, Is main-sequence galaxy star formation controlled by halo mass accretion? http://adsabs.harvard.edu/abs/2016MNRAS.455.2592R
[4] Staring Back to Cosmic Dawn, Sky & Telescope cover article June 2014 
http://hipacc.ucsc.edu/NewsArchive/June2014-S&T-CANDELS-CoverStory.pdf
[5] van der Wel et al. 2014, Geometry of Star-forming Galaxies from SDSS, 3D-HST, and CANDELS, http://adsabs.harvard.edu/abs/2014ApJ...792L...6V
[6] Ceverino, Primack, Dekel 2015, Formation of Elongated Galaxies with Low Masses at High Redshift, http://adsabs.harvard.edu/abs/2015MNRAS.453..408C
[7] Tomassetti et al. 2015, Evolution of Galaxy Shapes from Prolate to Oblate through Compaction Events, http://adsabs.harvard.edu/abs/2016MNRAS.458.4477T
[8] Guo et al. 2014, Clumpy Galaxies in CANDELS, http://adsabs.harvard.edu/abs/2015ApJ...800...39G
[9] Moody et al. 2014, Star Formation and Clumps in Cosmological Galaxy Simulations with Radiation Pressure Feedback, http://adsabs.harvard.edu/abs/2014MNRAS.
444.1389M 
[10] Mandelker et al. 2016, Giant Clumps in Simulated High-z Galaxies: Properties, Evolution and Dependence on Feedback, http://adsabs.harvard.edu/doi/10.1093/mnras/
stw2358
[11] Porter et al. 2014, Understanding the Structural Scaling Relations of Early-Type Galaxies, http://adsabs.harvard.edu/abs/2014MNRAS.444..942P 
[12] Brennan et al. 2015, Quenching and Morphological Transformation in Semi-Analytic Models and CANDELS, http://adsabs.harvard.edu/abs/2015MNRAS.451.2933B
[13] Zolotov et al. 2014, Compaction and Quenching of High-z Galaxies: Blue and Red Nuggets in Cosmological Simulations,  http://adsabs.harvard.edu/abs/2015MNRAS.
450.2327Z
[14] Tacchella et al. 2015, Evolution of Density Profiles in High-z Galaxies: Compaction and Quenching Inside-Out, http://adsabs.harvard.edu/abs/2016MNRAS.458..242T
[15] Tacchella et al. 2015, The Confinement of Star-Forming Galaxies into a Main Sequence through Episodes of Gas Compaction, Depletion, and Replenishment, http://
adsabs.harvard.edu/abs/2016MNRAS.457.2790T
[16] Danovich et al. 2015, Four Phases of Angular Momentum Buildup in HIgh-z Galaxies, http://adsabs.harvard.edu/abs/2015MNRAS.449.2087D
[17] Ceverino et al. 2016, Formation and Settling of a Disc Galaxy During the Last 8 Billion Years in a Cosmological Simulation, http://adsabs.harvard.edu/abs/2015MNRAS.
449.2087D
[18] Kim et al. 2014, The AGORA High-resolution Galaxy Simulations Comparison Project,
http://adsabs.harvard.edu/abs/2014ApJS..210...14K 
[19] Kim et al. 2016, The AGORA High-resolution Galaxy Simulations Comparison Project. II: Isolated Disk Test, ApJ submitted (http://adsabs.harvard.edu/abs/
2016arXiv161003066K)
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THANKS!


