
Research Projects on Galaxy Formation & Evolution 
Joel Primack 

James Webb Space 
Telescope will see the 

same simulated galaxies 
much more clearly than 
Hubble Space Telescope 

can!

Student Projects
Analyze simulated galaxies in 3D to measure shapes and features

Make and/or analyze realistic images and spectra of simulated galaxies

Compare simulated galaxies with HST and JWST images and spectra 

Available Simulations and Mock Images
VELA-3 & VELA-6 high resolution simulations (Google: VELA MAST)
NewHorizon & Charlotte’sWeb volume simulations

AGORA galaxy simulation code comparison project

FIRE-2 high-resolution simulations



Recent Relevant Online Seminars by Joel Primack
Golden Webinar in Astrophysics https://www.youtube.com/watch?v=0_uSahQ3gWo

CCA, NY https://www.simonsfoundation.org/event/cca-colloquium-joel-primack/

Key Collaborators
UCSC Faculty: Sandra Faber and David Koo, Doug Hellinger

UCSC Physics Grad Students: James Kakos, Clayton Strawn, Conghao Zhou

Other Faculty: Avishai Dekel & Nir Mandelker, Hebrew University & UCSC

                        Marc Huertas-Company, Spain and Paris Observatory & UCSC

                        Aldo Rodriguez-Puebla, UNAM Mexico City

Available Simulations and Mock Images

NewHorizon & Charlotte’sWeb volume simulations 

AGORA galaxy simulation code comparison project

FIRE-2 http://www.tapir.caltech.edu/~phopkins/Site/animations/gallery-of-simulated-galaxi/

https://wetzel.ucdavis.edu/public-data-release-of-the-fire-2-simulations/

VELA-3 HST, JWST Images https://archive.stsci.edu/prepds/vela/ 

VELA-3 & 6 HST, JWST Images (still private)

Software to Analyze Galaxy Images
https://users.obs.carnegiescience.edu/peng/work/galfit/galfit.htmlGALFIT



My group’s VELA galaxy simulations compared with HST observations  
Formation of elongated galaxies with low masses at high redshift 
Compaction and quenching of high-z galaxies in cosmological simulations: blue and red nuggets 
Evolution of galaxy shapes from prolate to oblate through compaction events 
Giant clumps in simulated high- z Galaxies: properties, evolution and dependence on feedback 
The evolution of galaxy shapes in CANDELS: from prolate to discy 
Deep Learning Identifies High-z Galaxies in a Central Blue Nugget Phase in a Characteristic Mass Range 
Stellar masses of giant clumps in CANDELS and simulated galaxies using machine learning 
The nature of giant clumps in high-z discs: a deep-learning comparison of simulations and observations 

NewHorizon & Charlotte’sWeb volume simulations 
The HORIZON-AGN simulation: morphological diversity of galaxies promoted by AGN feedback 
Introducing the NEWHORIZON simulation: Galaxy properties with resolved internal dynamics across cosmic time 

Some Relevant References 

High resolution VELA simulations mock images https://archive.stsci.edu/prepds/vela/

AGORA galaxy simulation code comparison project 
The AGORA High-resolution Galaxy Simulations Comparison Project 
The AGORA High-resolution Galaxy Simulations Comparison Project. II. Isolated Disk Test 
The AGORA High-resolution Galaxy Simulations Comparison Project. III. Cosmological Zoom-in Simulation of a 
Milky Way-mass Halo 

FIRE-2 high-resolution simulations 
Public data release of the FIRE-2 cosmological zoom-in simulations of galaxy formation 
GizmoAnalysis: Read and analyze Gizmo simulations 

Popular article https://www.americanscientist.org/article/why-do-galaxies-start-out-as-cosmic-pickles 

3D Analysis of Simulations  https://yt-project.org/

https://ui.adsabs.harvard.edu/abs/2015MNRAS.453..408C/abstract
https://ui.adsabs.harvard.edu/abs/2015MNRAS.450.2327Z/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.458.4477T/abstract
https://ui.adsabs.harvard.edu/abs/2017MNRAS.464..635M/abstract
https://ui.adsabs.harvard.edu/abs/2019MNRAS.484.5170Z/abstract
https://ui.adsabs.harvard.edu/abs/2018ApJ...858..114H/abstract
https://ui.adsabs.harvard.edu/abs/2020MNRAS.499..814H/abstract
https://ui.adsabs.harvard.edu/abs/2021MNRAS.501..730G/abstract
https://ui.adsabs.harvard.edu/abs/2016MNRAS.463.3948D/abstract
https://ui.adsabs.harvard.edu/abs/2021A%26A...651A.109D/abstract
https://archive.stsci.edu/prepds/vela/
https://ui.adsabs.harvard.edu/abs/2014ApJS..210...14K/abstract
https://ui.adsabs.harvard.edu/abs/2016ApJ...833..202K/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...917...64R/abstract
https://ui.adsabs.harvard.edu/abs/2021ApJ...917...64R/abstract
https://ui.adsabs.harvard.edu/abs/2022arXiv220206969W/abstract
https://ui.adsabs.harvard.edu/abs/2020ascl.soft02015W/abstract
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VELA High-Res 
Sunrise Images

VELA HST-Res 
Sunrise Images

CANDELS HST 
Images

“Face Recognition for Galaxies”
Huertas-Company,

Primack, et al. ApJ 2018
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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

Anatoly Klypin & Joel Primack
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Cosmic 
Spheres  
of Time

When we look 
out in space 
we look back 
in time…

Earth Forms

Big Galaxies Form
Bright Galaxies Form

Cosmic Dark Ages

Cosmic Background Radiation
Cosmic Horizon (The Big Bang)

Today



Keck
Observatory

Hubble 
Space 

Telescope

Almost all the stars today are in large galaxies like our Milky 
Way.  Nearby large galaxies are disk galaxies like our galaxy 
or big balls of stars called elliptical galaxies.  But most 
galaxies in the early universe didn't look anything like our 
Milky Way.  Many of them are pickle-shaped and clumpy.

We are just now figuring out how galaxies form and evolve 
with the help of big ground-based telescopes, and Hubble 
and other space telescopes that let us see radiation clearly 
without interference from earth’s atmosphere.  



Astronaut Andrew Feustel 
installing WFC3 on the 
last visit to HST in 2009

The infrared capabilities of
HST Wide Field Camera 3 

allow us to see the full stellar 
populations of forming galaxies

out to redshift z ~ 2
(~10 billion years ago)



candels.ucolick.org
AC

S
W

FC
3

(blue 0.4 μm)(1+z) = 1.6 μm @ z = 3 
 (orange 0.6 μm)(1+z) = 1.6 μm @ z = 1.7 

shows shapes of z ≲ 2.5 galaxies

Galaxies seen by Hubble Advanced Camera For Surveys (ACS)

Same galaxies seen by Hubble Wide Field Camera 3 (WFC3)

http://candels.ucolick.org
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I       I
Wavelengths 

Hubble can see

James Webb Space Telescope

First stars and supernovas



James	Webb	Space	Telescope	Joins	the	League	of	Super-Telescopes

Webb’s	most	important	superpower	is	its	ability	to	collect	and	analyze	light	of	much	longer	wavelengths	
than	visible	light,	including	heat	radia:on	from	planets	and	the	light	from	very	distant	galaxies.

Like	geology	and	evolu=onary	biology,	astronomy	is	an	historical	science.	The	goal	of	the	historical	
sciences	is	to	reconstruct	the	past	and	thereby	understand	the	present.	But	astronomy	has	a	great	
advantage	over	these	other	sciences.	Landforms	on	Earth	erode	and	only	a	=ny	frac=on	of	organisms	
fossilize,	but	almost	all	the	energy	that	was	ever	radiated	by	galaxies	is	s=ll	streaming	through	the	
universe	in	some	form.	The	trick	is	to	be	able	to	detect	all	this	energy	and	be	clever	enough	to	
understand	it.	Fortunately,	new	observatories	on	the	ground	and	in	space	are	making	this	possible.	

LIGO	opened	a	new	window	on	the	universe	when	it	started	detec:ng	gravity	waves	from	merging	
black	holes	in	2015	and	merging	neutron	stars	in	2017.	LIGO	is	now	working	with	the	VIRGO	gravity-
wave	detector	in	Italy,	and	they	will	soon	be	joined	by	similar	detectors	in	Japan	and	India.	

Gaia,	launched	in	2013,	is	mapping	more	than	a	billion	stars	in	our	Milky	Way	galaxy	so	precisely	that	it	
can	measure	their	veloci:es	across	the	sky	by	seeing	how	their	loca:ons	change	over	a	few	years.	

eROSITA,	launched	in	2019,	is	an	X-ray	telescope	that	for	the	first	:me	is	cataloging	the	100,000	
brightest	clusters	of	galaxies	and	the	brightest	quasars	over	the	en:re	sky.

Vera	Rubin	Observatory	in	northern	Chile	is	the	first	wide-field	giant	telescope	and	its	Legacy	Survey	of	
Space	and	Time	(LSST)	will	soon	begin	making	a	high-resolu:on	movie	of	the	en:re	southern	sky.

Nancy	Roman	Space	Telescope	is	like	Hubble	on	steroids.	Every	image	of	the	sky	from	Roman	Space	
Telescope	will	cover	about	100	:mes	the	area	of	each	Hubble	image	with	almost	the	same	resolu:on

Square	Kilometer	Array	(SKA)	of	thousands	of	radio	telescopes,	now	being	built	in	southern	Africa,	
Australia,	and	New	Zealand,	will	discover	how	the	universe	evolved	during	the	cosmic	dark	ages,	
before	the	first	stars	formed.		SKA	will	also	search	for	signals	from	intelligent	life	in	the	universe.
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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. 
The rate climbed rapidly at cosmic dawn and peaked at cosmic high noon.

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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NEAR-INFRARED DEEP 
EXTRAGALACTIC 
LEGACY SURVEY



Laplace	explained	this	as	a	
consequence	of	angular	
momentum	conserva=on	as	
the	sun	and	planets	formed	in	
a	cooling	and	contrac=ng	
protoplanetary	gas	cloud	that	
formed	a	disk—	like	this	one: ALMA image of HL Tauri

Newton’s	laws	explained	why	planetary	orbits	are	
ellip=cal,	but	not	why	the	planetary	orbits	in	the	solar	
system	are	nearly	circular,	in	the	same	plane,	and	in	
the	same	direc=on	as	the	sun	rotates.	

Do Galaxies Start as Disks?

https://en.wikipedia.org/wiki/HL_Tauri


20 Protoplanetary 
Disks from ALMA’s  

High Angular 
Resolution  

Project DSHARP 
(2019)



Laplace	explained	this	as	a	
consequence	of	angular	
momentum	conserva=on	as	
the	sun	and	planets	formed	in	
a	cooling	and	contrac=ng	
protoplanetary	gas	cloud	that	
formed	a	disk—	like	this	one: ALMA image of HL Tauri

For	similar	reasons,	many	astronomers	once	thought	that	galaxies	would	
start	as	disks.		But	Hubble	Space	Telescope	images	of	forming	galaxies	
instead	show	that	most	forming	galaxies	are	prolate	–	that	is,	pickle-
shaped.		As	we	will	see,	this	is	a	consequence	of	most	galaxies	forming	in	
prolate	dark	maVer	halos	oriented	along	massive	dark	maVer	filaments.		

Newton’s	laws	explained	why	planetary	orbits	are	
ellip=cal,	but	not	why	the	planetary	orbits	in	the	solar	
system	are	nearly	circular,	in	the	same	plane,	and	in	
the	same	direc=on	as	the	sun	rotates.	

Do Galaxies Start as Disks?

https://en.wikipedia.org/wiki/HL_Tauri
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The shape of dark matter haloes 1785

with best fit values

α = 0.54 ± 0.03, β = −0.050 ± 0.003. (8)

The parameters, α and β, were determined by weighted χ 2

minimization on the best fit mean data points determined via

Kolmogorov–Smirnov (KS) analysis assuming a Gaussian distri-

bution within a given mass bin (see Section 4.4). M ∗(z) is the char-

acteristic non-linear mass at z such that the rms top-hat smoothed

overdensity at scale σ (M ∗, z) is δc = 1.68. The M ∗ for z = 0 is

8.0 × 1012 h−1 M$ for the simulations with &b = 0.045 and 8.6 ×
1012 h−1 M$ for the simulations with &b = 0.03. Only bins con-

taining haloes above our previously stated lower bound resolution

limit were used and only mass bins with at least 20 haloes were

included in the fit. This work extends the mass range of the similar

relationships found by previous authors (Bullock 2002; Kasun &

Evrard 2005; Springel et al. 2004; JS); we compare our results with

these previous works in Section 6.

4.2 Shapes of haloes at higher redshifts

The use of M ∗ in equation (7) alludes to the evolution of the 〈s〉(M vir)

relation. After examining the 〈s〉(M vir) relation at higher redshifts,

we find that the relation between 〈s〉 and Mvir is successfully de-

scribed by equation (7) with the appropriate M ∗(z). The M ∗ for z =
1.0, 2.0 and 3.0 are 3.5 × 1011, 1.8 × 1010 and 1.3 × 109 h−1 M$,

respectively, for the simulations with &b = 0.045. We present our re-

sults for various redshifts in Fig. 2 from the L1200.9r , L800.9, L1200.9

and L2000.9 simulations. We have also included data points provided

by Springel (private communication) in Fig. 2 for comparison. These

data are from a more complete sample than the data presented in

Springel et al. (2004) and are for shapes measured at 0.4Rvir.

4.3 Dependence on σ8

Of the parameters in the 'CDM cosmological model, the pa-

rameter which is the least constrained and the most uncertain is

Figure 2. 〈s〉(M) for z = 0.0, 1.0, 2.0, 3.0. The binning is the same as in

Fig. 1, but now for many different redshifts. The solid line is the power-law

relation set out in equation (7). The L1200.9 points are shifted by 0.05 in log

for clarity. The Springel data agree quite well with our data and model for

z = 0.0, 1.0, 2.0.

Figure 3. 〈s〉 versus M(h−1 M$) with different values of σ8. Different

values of σ8 predict different values for the 〈s〉 versus M relationship. Here,

one can see that a universe with a lower σ8 produces haloes which are more

elongated, although the power-law relationship (equation 7) remains valid,

as shown by the agreement between the points and the lines representing

this prediction.

the normalization of the fluctuation spectrum, usually specified by

σ8. Therefore, it is of interest to understand the dependence of the

〈s〉(M vir) relation on σ8. Since M ∗ is dependent on σ8, the scaling

with M ∗ in equation (7) may already be sufficient to account for

the σ8 dependence. As stated in Section 2, L800.75 and L800.9a were

produced with the same Gaussian random field but different val-

ues for normalization. Therefore, the differences between the two

simulations can only be a result of the different values for σ8. As

Fig. 3 illustrates, the two simulations do indeed produce different

relations. We find that the M ∗ dependence in equation (7) is suf-

ficient to describe the differences between simulations of different

σ8. One should expect this from the result of the previous subsec-

tion, that the redshift evolution was also well described by the M ∗

dependence. The values of M ∗ for z = 0.1 are 5.99 × 1012 h−1 M$
for σ8 = 0.9 and 2.22 × 1012 h−1 M$ for σ8 = 0.75. The values

of M ∗ for σ8 = 0.75 at z = 1 and 2 are 1.09 × 1011 and 4.57 ×
109 h−1 M$, respectively. A simple fit to the redshift dependence

of M∗ in these cosmologies is log (M ∗) = A − Blog(1 + z) −
C[log(1 + z)]2, with A (B, C) = 12.9 (2.68, 5.96) for σ8 = 0.9 and

A(B, C) = 12.5 (2.94, 6.28) for σ8 = 0.75, and is accurate to within

1.6 and 3.1 per cent, respectively, for z ! 3.

4.4 Mean–dispersion relationship

In the previous subsections, we used the mean belonging to the best

KS test fit, assuming a Gaussian parent distribution, as an estimate

of the true mean of axial ratios within a given mass bin. In this

subsection, we examine the validity of this assumption and test

whether the dispersion has the mass dependence suggested by JS.

In Fig. 4, we present the distribution of s in the six bins from Fig. 1

for L1200.9. In each of the plots, we have also included the KS best-

fitting Gaussian, from which the mean was used to determine the

best-fitting power law in equation (7). The error bars on the mean

indicated in Fig. 1 are the 68 per cent confidence limits of the KS

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 367, 1781–1796

Brandon Allgood, Ricardo Flores, Joel R. Primack, Andrey V. Kravtsov, Risa Wechsler, Andreas Faltenbacher and James S. Bullock 

𝑠 = 𝑐/𝑎 = short axis / long axis

The shape of dark matter haloes: dependence on mass, redshift, radius and formation 
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The Evolution of Galaxy Shapes in CANDELS: from Prolate to Oblate  
Haowen Zhang, Joel R. Primack, S. M. Faber, David C. Koo, Avishai Dekel, Zhu Chen, Daniel Ceverino, Yu-Yen Chang, 

Jerome J. Fang, Yicheng Guo, Lin Lin, and Arjen van der Wel       MNRAS 484, 5170 (2019)

16 H. Zhang et al.

Figure 14. The evolution of the fractions of di�erent shapes of the star-forming galaxies in CANDELS with redshift and stellar mass, given by the ETa
modeling. Blue bars: The fractions of prolate galaxies. Green bars: The fractions of spheroidal galaxies. Red bars: The fractions of oblate galaxies. These
fractions are qualitatively in good agreement with those obtained by the empirical modeling in Fig. 9.

(a) CANDELS galaxy (b) VELA galaxy

Figure 15. Panel (a): an example of a large and elongated galaxy in CAN-
DELS. This galaxy has a z = 2.27 and log (M⇤/M�) = 9.82. Panel (b):
image of the simulated galaxy VELA05 at z = 1.32, which has a pro-
late three-dimensional mass profile shape, including the e�ects of stellar
evolution, dust scattering and absorption, the HST/WFC3 PSF, and sky
background. Despite the bulge+disk appearance of the VELA galaxy, it is in
fact prolate, showing that true 3D shapes cannot be reliably measured from
projected images alone. The CANDELS galaxy, with similar appearance, is
a member of a mass-redshift bin where most galaxies are modeled as prolate.

early-prolate bin, due to the dominance of the prolate population,
the probability is high at this corner, since prolate galaxies are much
more likely to show up at this region; while in the late-oblate bin,
our modeling finds barely any prolate galaxies, which results in
a high probability of being oblate for a galaxy in this lower right
region. As for the probabilities of being spheroidal, in both bins
they peak at the upper left corner, which is consistent with our intu-
ition that galaxies are intrinsically rounder when we look at smaller
objects. Such probability maps can facilitate future morphological
and kinematic observations aimed at searching for prolate galaxies
at a range of redshifts, including at z > 3 with James Webb Space
Telescope (JWST).

5.3 The modeling of the dust optical depth maps

Another theoretical prediction we can make with such a mod-
eling is the theoretical dust optical depth maps of galaxies on the
b/a � log a plane. Such maps can be used as a sanity check of
whether our modeling results are (qualitatively) consistent with the
trends of AV with projected b/a seen in Fig. 1.

We first clarify what we are really modeling and support this
choice with physical motivation. Ignoring scattering, the attenuation
of starlight by interstellar dust, ⌧⌫ , is:

⌧⌫ =

π
nd�ext,⌫dl , (5)

where nd is the volume number density of dust grains, �ext,⌫ is the
extinction cross section at the frequency ⌫, and l is the path length.
Therefore if we assume:

(1) All the galaxies have the same number of dust grains;
(2) The composition and sizes of grains in all galaxies are identical;
(3) The dust grains and stars are uniformly mixed within every

galaxy.

then the optical depth at an arbitrary frequency is proportional to
the mean path length L through a galaxy divided by its total volume,
i.e.:

⌧⌫ / ⌧ = L

abc
. (6)

The abc term in the denominator takes into account the fact that
the dust density is smaller in larger-volume galaxies assuming total
dust mass is constant. In fact, CANDELS data show that dust mass
is not constant – smaller galaxies with lower projected a on average
have less dust than larger galaxies (at fixed mass and redshift, Lin
et al., in prep.). However, Fig. 5 shows that galaxies of all shapes
tend to appear in a narrow slice of projected a, i.e., that the amount
of ‘a-crossing’ due to projection e�ects is small, even for prolate
and triaxial objects. That being the case, it is appropriate to think of
our optical depth maps as representing the variation of AV within
a single slice of projected a, and this philosophy will be utilized in
the analysis below.

Next we demonstrate our method to calculate the mean path
length L. As shown in Fig. 21, we first divide the whole image5

with four concentric ellipses, the semi-major axes of which are
0.2, 0.4, 0.6, and 0.8Re, respectively. On each semi-major axis we
pick 5 sample points, corresponding to r = 0.1, 0.3, 0.5, 0.7 and

5 In the solid ellipsoid modeling of galaxies, such an image is simply the
projected two-dimensional ellipse from an arbitrary direction.

MNRAS 000, 1–23 (2018)
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Figure 14. The evolution of the fractions of di�erent shapes of the star-forming galaxies in CANDELS with redshift and stellar mass, given by the ETa
modeling. Blue bars: The fractions of prolate galaxies. Green bars: The fractions of spheroidal galaxies. Red bars: The fractions of oblate galaxies. These
fractions are qualitatively in good agreement with those obtained by the empirical modeling in Fig. 9.

(a) CANDELS galaxy (b) VELA galaxy

Figure 15. Panel (a): an example of a large and elongated galaxy in CAN-
DELS. This galaxy has a z = 2.27 and log (M⇤/M�) = 9.82. Panel (b):
image of the simulated galaxy VELA05 at z = 1.32, which has a pro-
late three-dimensional mass profile shape, including the e�ects of stellar
evolution, dust scattering and absorption, the HST/WFC3 PSF, and sky
background. Despite the bulge+disk appearance of the VELA galaxy, it is in
fact prolate, showing that true 3D shapes cannot be reliably measured from
projected images alone. The CANDELS galaxy, with similar appearance, is
a member of a mass-redshift bin where most galaxies are modeled as prolate.

early-prolate bin, due to the dominance of the prolate population,
the probability is high at this corner, since prolate galaxies are much
more likely to show up at this region; while in the late-oblate bin,
our modeling finds barely any prolate galaxies, which results in
a high probability of being oblate for a galaxy in this lower right
region. As for the probabilities of being spheroidal, in both bins
they peak at the upper left corner, which is consistent with our intu-
ition that galaxies are intrinsically rounder when we look at smaller
objects. Such probability maps can facilitate future morphological
and kinematic observations aimed at searching for prolate galaxies
at a range of redshifts, including at z > 3 with James Webb Space
Telescope (JWST).

5.3 The modeling of the dust optical depth maps

Another theoretical prediction we can make with such a mod-
eling is the theoretical dust optical depth maps of galaxies on the
b/a � log a plane. Such maps can be used as a sanity check of
whether our modeling results are (qualitatively) consistent with the
trends of AV with projected b/a seen in Fig. 1.

We first clarify what we are really modeling and support this
choice with physical motivation. Ignoring scattering, the attenuation
of starlight by interstellar dust, ⌧⌫ , is:

⌧⌫ =

π
nd�ext,⌫dl , (5)

where nd is the volume number density of dust grains, �ext,⌫ is the
extinction cross section at the frequency ⌫, and l is the path length.
Therefore if we assume:

(1) All the galaxies have the same number of dust grains;
(2) The composition and sizes of grains in all galaxies are identical;
(3) The dust grains and stars are uniformly mixed within every

galaxy.

then the optical depth at an arbitrary frequency is proportional to
the mean path length L through a galaxy divided by its total volume,
i.e.:

⌧⌫ / ⌧ = L

abc
. (6)

The abc term in the denominator takes into account the fact that
the dust density is smaller in larger-volume galaxies assuming total
dust mass is constant. In fact, CANDELS data show that dust mass
is not constant – smaller galaxies with lower projected a on average
have less dust than larger galaxies (at fixed mass and redshift, Lin
et al., in prep.). However, Fig. 5 shows that galaxies of all shapes
tend to appear in a narrow slice of projected a, i.e., that the amount
of ‘a-crossing’ due to projection e�ects is small, even for prolate
and triaxial objects. That being the case, it is appropriate to think of
our optical depth maps as representing the variation of AV within
a single slice of projected a, and this philosophy will be utilized in
the analysis below.

Next we demonstrate our method to calculate the mean path
length L. As shown in Fig. 21, we first divide the whole image5

with four concentric ellipses, the semi-major axes of which are
0.2, 0.4, 0.6, and 0.8Re, respectively. On each semi-major axis we
pick 5 sample points, corresponding to r = 0.1, 0.3, 0.5, 0.7 and

5 In the solid ellipsoid modeling of galaxies, such an image is simply the
projected two-dimensional ellipse from an arbitrary direction.
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Observed Simulated
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Oblate

Spheroidal

Oblate Prolate



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

We see galaxies in all possible orientations 

Let’s orient them with their long axes horizontal and see the short/long axis ratio distribution

Spheroidal 

galaxies 

always 

have  

large  

axis ratio 

Disk 

galaxies 

have  

even  

distribution 

of axis 

ratios

Prolate 

galaxies 

have  

small  

axis  

ratios 

except  

end-on

How Can We Determine 3D Galaxy Shapes from 2D Telescope Images? Statistics!



Projected b/a - log a distributions of CANDELS galaxies in redshift-mass bins 

The Evolution of Galaxy Shapes in CANDELS: from Prolate to Oblate 

mass 
increasing

redshift 
increasing

galaxy 
evolution

Every dot is a CANDELS galaxy!
Zhang et al. 2019

Every 
dot is a 
galaxy

.
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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 the observed 
ones.  The elongated distribution of stars follows the elongated inner dark matter halo.

RP



Our cosmological zoom-in simulations often produce elongated galaxies like observed 
ones.  The elongated distribution of stars follows the elongated inner dark matter halo. 
Here we show the evolution of the dark matter and stellar mass distributions in our 
zoom-in galaxy simulation VELA28, viewed from the same fixed vantage point.

DM starsVELA28-gen3

30 kpc 30 kpc



In hydro sims, dark-matter dominated galaxies are 
prolateCeverino, 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

Tomassetti et al. 2016 MNRAS

Daniel Ceverino, Joel Primack and Avishai Dekel MNRAS 2015

Simulated elongated galaxies are 
aligned with cosmic web filaments, 
become round after compaction 
(gas inflow fueling central starburst)

Pandya, Primack, et al. 2019 Alignments of prolate galaxies trace cosmic web?


