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Why simulations??   (theoretical)

Figure 4:

Galaxy stellar mass function at redshifts z ⇠ 0–4. In the z = 0.1, z = 1, and z = 2 panels, black square
symbols show a double-Schechter fit to a compilation of observational estimates. Observations included
in the fit are: z = 0.1 – Baldry et al. (2008), Moustakas et al. (2013); z = 1 and z = 2 panels – Tomczak
et al. (2014), Muzzin et al. (2013). The fits shown at z = 1 and z = 2 are interpolated to these redshifts
from adjacent redshift bins in the original published results. The formal quoted 1� errors on the
estimates shown in these three panels are comparable to the symbol size, and are not shown for clarity
(the actual uncertainties are much larger, but are di�cult to estimate accurately). In the z = 0.1 panel,
the estimates of Bernardi et al. (2013) are also shown (open gray circles). In the z = 4 panel we show
estimates from Duncan et al. (2014, squares), Caputi et al. (2011, crosses), Marchesini et al. (2010,
circles, for z = 3–4), and Muzzin et al. (2013, pentagons, z = 3–4). Solid colored lines show predictions
from semi-analytic models: SAGE (Croton et al. in prep, dark blue), Y. Lu SAM (Lu et al. 2013,
magenta), GALFORM (Gonzalez-Perez et al. 2014, green), the Santa Cruz SAM (Porter et al. 2014,
purple), and the MPA Millennium SAM (Henriques et al. 2013). The dotted light blue line shows the
Henriques et al. (2013) SAM with observational errors convolved (see text). Colored dashed lines show
predictions from numerical hydrodynamic simulations: EAGLE simulations (Schaye et al. 2014, dark
red), ezw simulations of Davé and collaborators (Davé et al. 2013, bright red) and the Illustris
simulations (Vogelsberger et al. 2014b, orange).
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simulations (Vogelsberger et al. 2014b, orange).

at reproducing the SMF of galaxies at z ⇠ 0 by invoking a plausible, if still in most cases

schematic, set of physical processes. Fig. 4 shows a compilation of predictions of recent

numerical hydrodynamic simulations and semi-analytic models for the SMF from z = 4 to

z ⇠ 0. These models are all taken directly from the original publications and no attempt

has been made to calibrate them to the same set of observations or to correct for the

34 Somerville & Davé
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‣ Goal:
‣ exploit all information in observations

‣ accurately classify rare but important stages

‣ interpret surveys by direct analogy with theory

CANDELS Multi-Cycle Treasury Program 3
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Figure 1. Four-orbit images of HUDF galaxies from ACS vs. 2-orbit images from WFC3/IR illustrate the importance of WFC3/IR
for studying distant galaxy structure. WFC3/IR unveils the true stellar mass distributions of these galaxies unbiased by young stars and
obscuring dust. The new structures that emerge in many cases inspire revised interpretations of these objects, as indicated.

SN portions of both proposals were consolidated under
a separate program by Riess et al. (GO 12099), and the
SN Ia follow-up orbits from both programs were pooled.
Our program takes prime responsibility for the highest-
redshift SNe (z > 1.3), while CLASH addresses SNe at
lower redshifts.
The resulting observing program, now entitled the Cos-

mic Assembly Near-infrared Extragalactic Legacy Sur-
vey (CANDELS), targets five distinct fields (GOODS-N,
GOODS-S, EGS, UDS, and COSMOS) at two distinct
depths. Henceforth, we will refer to the deep portion of
the survey as “CANDELS/Deep” and the shallow por-
tion as “CANDELS/Wide.” Adding in the Hubble Ul-
tra Deep Fields (HUDF) makes a three-tiered “wedding
cake” approach, which has proven to be very e↵ective
with extragalactic surveys. CANDELS/Wide has expo-
sures in all five CANDELS fields, while CANDELS/Deep
is only in GOODS-S and GOODS-N.
The outline of this paper is as follows. We first provide

a brief synopsis of the survey in §2. We follow in §3 with
a detailed description of the major science goals along
with their corresponding observational requirements that
CANDELS addresses. We synthesize the combined ob-
serving requirements in §4 with regard to facets of our
survey. A description of the particular survey fields and
an overview of existing ancillary data are provided in §5.
Section 6 describes the detailed observing plan, including
the schedule of observations. Section 7 summarizes the
paper, along with a brief description of the CANDELS
data reduction and data products; a much more complete
description is given by Koekemoer et al. (2011), which is
intended to be read as a companion paper to this one.
Where needed, we adopt the following cosmological

parameters: H0 = 70 km s�1 Mpc�1; ⌦tot,⌦⇤,⌦m =
1, 0.3, 0.7 (respectively), though numbers used in indi-
vidual calculations may di↵er slightly from these values.
All magnitudes are expressed in the AB system (Oke &
Gunn 1983).

2. CANDELS SYNOPSIS

Table 1 provides a convenient summary of the sur-
vey, listing the various filters and corresponding total
exposure within each field, along with each field’s co-
ordinates and dimensions. The Hubble data are of sev-
eral di↵erent types, including images fromWFC3/IR and
WFC3/UVIS (both UV and optical) plus extensive ACS
parallel exposures. Extra grism and direct images will
also be included for SN Ia follow-up observations (see
§3.5), but their exposure lengths and locations are not

pre-planned. They are not included in Table 1. In pe-
rusing the table, it may be useful to look ahead at Fig-
ures 12–16, which illustrate the layout of exposures on
the sky.

Why simulations?? (observational)

Grogin et al. 2011, 
Koekemoer et al. 2011



‘Big’ Cosmological Hydro Simulations

‣ Achieving WFIRST resolution at z > 1      
Eagle, Illustris, MassiveBlack-II, Horizon-AGN,  … 

‣ Follow decades of N-body + semi-analytic 
modeling successes

‣ Platforms to study origins of galaxy structure

>~ (100 Mpc)3
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(a) Gas surface density maps

(b) Stellar images

Figure 13. Same as Fig. 12, but for more massive galaxies: M⇤ ⇡ 1010.5 M� (top rows), M⇤ ⇡ 1011 M� (middle rows), M⇤ ⇡ 1011.5 M�
(bottom rows). The top panel shows gas surface density in physical M� pc�2, and the bottom panel shows stellar images based on the
rgB bands.

as a red galaxy with a gas disk and a subdominant disk of
young stars. However, in the edge-on view in Fig. 15, the old
stellar components is revealed to be disky as well, such that
the system appears as two orthogonal disks with very dis-
tinct colours. This strongly suggests that the younger stellar
disk formed after the main body of the galaxy assembled,
probably in a ‘rejuvenation’ phase. In addition, the appear-
ance of the old component in the two viewing angles means
that it is a prolate object with a rather large axes ratio of
approximately 1 : 3. Peculiar objects like this one can be
found in Illustris thanks to the large simulated volume.

The second object worth commenting on is the most
massive galaxy at z = 5 (left column, bottom row). This
is the only galaxy in the Illustris volume that has M⇤ .
1011 M� at z = 5, and therefore cannot be taken as represen-
tative of any population. Nevertheless, it is a very interesting
object, as it features strong spiral arms that are not regu-
larly observed at such redshifts. While it appears extended
in the images, which are 12 kpc on a side at z = 5, in fact
its stellar half-mass radius is 0.76 kpc, inside which the gas
surface density has an extreme value of 1.2 ⇥ 104 M� pc�2

(hence is strongly saturated in Fig. 13(a)), and the star-

c� 0000 RAS, MNRAS 000, 000–000
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 Illustris Synthetic Images
Torrey, GFS et al. (2015) ; GFS et al. (2015b)
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(a) Face-on, No dust (b) Face-on, with dust

Figure 14. Mock HST observations of the galaxies presented in Figs. 12 and 13, in the observed-frame ACS/F606W (V band),
WFC3/F105W (Y band), and WFC3/F160W (H band) filters, both with and without the e↵ects of dust. In each panel, the columns
show decreasing redshifts from left to right (z = 5, 4, 3, 2, 1, 0), and the rows show increasing stellar masses from top to bottom
(M⇤ = 109, 109.5, 1010, 1010.5, 1011, 1011.5 M�). The spectral energy distribution of each galaxy is derived from its stellar populations
using the Bruzual & Charlot (2003) model, and then redshifted to its corresponding redshift (except for the z = 0 galaxies, which are
assumed to be at z = 0.05), accounting for surface brightness dimming and Lyman continuum absorption. The redshift is also used to
convert physical scales to angular units, which allows us then to convolve the images with Gaussian point-spread functions of 0.05, 0.1,
and 0.2 arcsec, for the three filters respectively, and use a pixel scale of 0.06 arcsec, to mimic realistic HST-UDF observations (Snyder
et al. 2014). We add Gaussian random noise with filter-dependent root mean squared values matching the total random shot noise (sky
plus telescope) of the HST XDF images (Illingworth et al. 2013). All panels have the same intensity stretch.

formation rate is 250M� yr�1. Thus, the extended distribu-
tion that appears in the images hosts an extremely compact
starburst in its center. The mean gas surface density in the
region shown in the images is 2⇥103 M� pc�2, which is still
very high, and under which conditions, we cannot assign
high credibility to the simple dust model we use to gener-
ate Figs. 14 and 15. Therefore, it remains a somewhat open
question what an object of this kind would look like in real
observations.

8 CONNECTING GALAXY POPULATIONS
ACROSS EPOCHS

8.1 Evolution of stellar mass and merger history
from z = 2 to z = 0

Cosmological simulations o↵er the powerful ability to fol-
low structures, and galaxies in particular, in the time do-
main as they grow, and directly connect them across cos-

mic epochs using merger trees. This is information that can
only be extracted from observations in a statistical sense,
for example by using a constant number density, but even
that is a di�cult task whose reliability is not guaranteed
(Behroozi et al. 2013a; Leja et al. 2013; Toft et al. 2014).
Previous theoretical studies performed such exercises in a
variety of interesting contexts. For example, Springel et al.
(2005b) and Fanidakis et al. (2013) investigated, using a
semi-analytical model based on versions of the Millennium
Simulation, the question of where the descendants of bright
z ⇡ 6 quasars reside at z = 0. Other work based on semi-
analytical models looked for the descendants of z ⇡ 2 � 4
galaxy populations such as sub-millimeter galaxies, Lyman-
break galaxies, and others (Guo & White 2009; González
et al. 2011a, 2012). Similar galaxy populations were studied
following merger trees of DM-only simulations in combina-
tion with simple assumptions on how halos are populated by
galaxies (Adelberger et al. 2005; Conroy et al. 2008; Genel
et al. 2008). Other studies went in the opposite direction and

c� 0000 RAS, MNRAS 000, 000–000
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Figure 4. SFR versus mass, colored by galaxy structure as mea-
sured by G-M20 from Figure 2. In each bin, we measure the me-
dian F (G,M20) value and assign it a color based on the legend
above the figure. Bulge-dominated galaxies appear red and disk-
dominated ones are blue/black. Illustris produces roughly the
same average structural type as a function of M⇤ and SFR as
measured in galaxy surveys (e.g., Kau↵mann et al. 2003; Wuyts
et al. 2011b). There is an apparent lack of low-SFR galaxies at
M⇤ < 1011M�, a known shortcoming of the Illustris feedback
model. However, galaxies at a given mass still tend to be more
bulge-dominated at lower SFRs, even if the number density as a
function of mass or SFR is not perfect. Thus one way to think
of morphology is simply a reflection of the galaxy’s recent star
formation history, which is set by its assembly history and the
impact of feedback.

we note that Illustris appears to have fewer low-SFR, bulge-
dominated galaxies at M⇤ ⇠ 1010.5M�.

3.4 As a function of wavelength

Some galaxies have significantly di↵erent morphologies when
measured at di↵erent wavelengths (e.g., Kartaltepe et al.
2014). This e↵ect has motivated near-infrared studies of
high-redshift galaxies, so that their stellar structures can be
fairly compared with optical data at lower redshift. More-
over, since the SED of young stars di↵ers dramatically from
those of older stars, the rate and character of star forma-
tion influences morphology measurements as a function of
wavelength.

We show how the Illustris galaxy morphologies depend
on rest-frame filter in Figure 5, allowing us to see how the
SDSS i band morphology compares with u, g, and also H
band measurements. Our theoretical survey is automatically
“complete”, which enables us to cheaply explore how the
morphology of simulated galaxies depends on wavelength.
Studying simulations such as Illustris can therefore give us
some clues as to how to robustly account for this wavelength
dependence, not only in nearby galaxies but also in high-
redshift ones where morphology data may be less ideal. In
this section we neglect the e↵ect of dust attenuation.

Figure 5. Morphological wavelength dependence: Each vector
shows the mean shift in G–M20 of models with rest-frame unat-
tenuated i-band values in the bin located at the vector base.
Top: When switching to u-band. Middle: to g-band. Bottom: to
H-band. This demonstrates that to capture all available infor-
mation about galaxy structure, imaging is required at multiple
wavelengths. On average, galaxies at z = 0 shift by up to 1.0 unit
in M20, and up to 0.1 unit in G, between the rest-frame u and i

filters. Moreover, the shift depends non-linearly on location in this
plane: morphological k-corrections are a complicated function of
galaxy structure.

We find that G-M20 depends very strongly on whether
or not the observed filter is at lower or higher wavelength
than the 4000Å break. In the top panel of Figure 5, switching
from i to u band shifts M20 by ⇠ +1.0, on average, for
extended star forming galaxies (G . 0.50). G shifts by up
to ⇠ +0.1, on average, for these objects. These shifts shrink
to �M20 ⇠ +0.2, �G ⇠ +0.02 at G & 0.50. Of course, this
reflects the well known color dependence of young and old
stellar populations.

The sign of these shifts changes when moving from the
bottom-left to top-right of the top G-M20 diagram(from i
to u). Put another way, E/S0/Sa galaxies with the highest
G values tend to have a morphological k-correction in the

c� 0000 RAS, MNRAS 000, 000–000
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Figure 4:

Galaxy stellar mass function at redshifts z ⇠ 0–4. In the z = 0.1, z = 1, and z = 2 panels, black square
symbols show a double-Schechter fit to a compilation of observational estimates. Observations included
in the fit are: z = 0.1 – Baldry et al. (2008), Moustakas et al. (2013); z = 1 and z = 2 panels – Tomczak
et al. (2014), Muzzin et al. (2013). The fits shown at z = 1 and z = 2 are interpolated to these redshifts
from adjacent redshift bins in the original published results. The formal quoted 1� errors on the
estimates shown in these three panels are comparable to the symbol size, and are not shown for clarity
(the actual uncertainties are much larger, but are di�cult to estimate accurately). In the z = 0.1 panel,
the estimates of Bernardi et al. (2013) are also shown (open gray circles). In the z = 4 panel we show
estimates from Duncan et al. (2014, squares), Caputi et al. (2011, crosses), Marchesini et al. (2010,
circles, for z = 3–4), and Muzzin et al. (2013, pentagons, z = 3–4). Solid colored lines show predictions
from semi-analytic models: SAGE (Croton et al. in prep, dark blue), Y. Lu SAM (Lu et al. 2013,
magenta), GALFORM (Gonzalez-Perez et al. 2014, green), the Santa Cruz SAM (Porter et al. 2014,
purple), and the MPA Millennium SAM (Henriques et al. 2013). The dotted light blue line shows the
Henriques et al. (2013) SAM with observational errors convolved (see text). Colored dashed lines show
predictions from numerical hydrodynamic simulations: EAGLE simulations (Schaye et al. 2014, dark
red), ezw simulations of Davé and collaborators (Davé et al. 2013, bright red) and the Illustris
simulations (Vogelsberger et al. 2014b, orange).
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Figure 11. Quiescent fraction and optical morphology versus
total mass Mh for massive galaxies in Illustris, with colours rep-
resenting the fraction of quiescent galaxies in each bin, as defined
in equation (7). At a given Mh, the quiescent fraction in-

creases (bins become red) as F or M⇤R
�1.5
1/2 increases.

Illustris galaxies at fixed Mh are much more likely to be

quenched if they have a dominant central bulge compo-
nent, as inferred in real galaxies (e.g., Woo et al. 2015).

In Figure 11, we plot F (G,M20) and compactness
(M⇤R

�1.5
1/2 ; Section 3.2) against total mass Mh and quies-

cent fraction, as defined in equation (7). For a given galaxy,
we define Mh as the total mass of all particles (all types)
and cells bound to the subhalo, not including mass associ-
ated with subhalos of this subhalo. Qualitatively, Illustris
galaxy morphologies depend on Mh in a very similar way
to observed low-redshift galaxies (e.g., Woo et al. 2015): at
fixed Mh, optical structure is very strongly correlated with
whether a galaxy is quenched or not. However, it is di�cult
to immediately assign causality.

Over time, the existence of quenching implies that a
galaxy will form fewer stars than it would have without the
quenching mechanism(s). This implies that in a given halo,
quantities which trace the integrated star formation history
(SFH) could provide a direct constraint on the key physical
processes. For example, Figure 12 shows how morphology

Figure 12. Morphology versus stellar mass at fixed halo mass for
central galaxies in Illustris. Top:M⇤-Mh relation, with bin colours
representing optical morphology, F (G,M20). Bottom: Residual
correlation between F (G,M20) and M⇤, holding Mh fixed; see
text for definitions. In this panel we colour the bins by quiescent
fraction. Black lines are orthogonal distance regression (Boggs &
Rogers 1990) fits to the raw data. We find a statistically signifi-
cant (log10 p ⌧ �3) negative residual correlation between F and
M⇤ at a given Mh, implying that galaxies with higher stellar mass
have later morphological type, on average. We interpret this as
a consequence of the Illustris physics model suppressing galaxy
star formation: in a given halo, less quenching leads to later type
galaxies and more total stars. More quenching leads to earlier
types and fewer total stars.

depends onM⇤ in simulated massive central galaxies at fixed
Mh. The bin colours as a function of Mh and M⇤ (top panel)
indicate that at Mh ⇠ 1012M�, galaxies with lower M⇤ have
higher F (G,M20), on average. In other words, galaxies with
higher M⇤ at fixed Mh are more disc-dominated. Pillepich
et al. (2014) also discussed this idea, in which these more
massive disc-dominated galaxies also have shallower stellar

c� 0000 RAS, MNRAS 000, 000–000
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Mh. The bin colours as a function of Mh and M⇤ (top panel)
indicate that at Mh ⇠ 1012M�, galaxies with lower M⇤ have
higher F (G,M20), on average. In other words, galaxies with
higher M⇤ at fixed Mh are more disc-dominated. Pillepich
et al. (2014) also discussed this idea, in which these more
massive disc-dominated galaxies also have shallower stellar
halo mass profiles than their less massive, bulge-dominated
counterparts at fixed Mh.

The bottom panel of Figure 11 shows explicitly the
residual correlation between F and M⇤ at fixed Mh. To de-
fine this relation, we fit the F versus log10 Mh and log10 M⇤
versus log10 Mh correlations with orthogonal linear regres-
sion (Boggs & Rogers 1990) and subtract the predicted
from actual values: �F = F � F |Mh , �M⇤ = log10 M⇤ �
log10 M⇤|Mh . With these, we can understand the internal
correlations among galaxy properties and determine which,
if any, predict galaxy morphology better than others (e.g.,
Hopkins et al. 2007). For the fitting procedure, we assume
uniform measurement uncertainties of 0.1 dex for masses
and 0.2 for F , so that the uncertainties are a similar frac-
tion of the intrinsic scatter in each quantity. For clarity, we
show �F versus �M⇤ only for galaxies in the halo mass
range 12.0 < log10 Mh/M� < 12.5, which is a range dur-
ing which the simulated galaxy population transitions from
mostly star-forming to largely quenched, and therefore we
might expect the most obvious consequences.

We find a negative residual correlation between M⇤
and F at fixed Mh in 1012 < Mh/M� < 1012.5. Ac-
cording to t-tests, the null hypothesis (no correlation) is
overwhelmingly unlikely to yield these data. We also split
the sample into star-forming and passive subsamples, at
log10(SFR/M⇤) = �2.0, and find in each a negative cor-
relation at high significance.

Therefore, in halos of the same total mass, simulated
galaxies with above-average stellar mass are more disc-
dominated than average, and galaxies with below-average
stellar mass are more bulge-dominated than average. The
reason could be simple: stars typically form in a disc config-
uration, and therefore if there is more total star formation in
a particular galaxy, there will be both more stars and their
morphology will be more disc-like, on average.

The colours in the bottom panel of Figure 11 indicate
quiescent fraction, which tends to be higher in galaxies that
are more bulge-dominated than average (higher �F ). In
contrast, the average current SFR/M⇤ or quiescent fraction
is roughly constant as a function of �M⇤. This was also
seen in the red fractions of massive simulated galaxies by
Vogelsberger et al. (2014b) and quenched fractions in SDSS
by Woo et al. (2012). Therefore, galaxy morphology may be
a clearer diagnostic of the time-integrated e↵ect of feedback
in Illustris than current SFR.

A candidate for the cause of this e↵ect is the radio-
mode AGN feedback, which is the mechanism most respon-
sible for reducing star formation at late times in massive
Illustris galaxies (Vogelsberger et al. 2013). If so, we might
expect galaxy properties to have residual correlations with
the simulated SMBH mass at fixed Mh. Indeed, Sijacki et al.
(2014) found that galaxies with over-massive SMBHs are
redder than average, which we showed also in Figure 9 with
respect to M⇤.

In Figure 12, we present the MBH-Mh-morphology re-
lation in Illustris. The top panel shows that above-average
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Figure 12. Stellar mass versus black hole mass at fixed halo
mass in Illustris, following same procedure as Figure 11. Top:
MBH-Mh relation. Bottom: Residuals of M⇤ and MBH at fixed
Mh. Bin colours represent optical morphology, F (G,M20). We
find a statistically significant (log10 p ⌧ �3) negative correlation
between �M⇤ and �MBH, implying galaxies with higher SMBH
mass have lower stellar mass. Again, we can interpret this as a
consequence of the Illustris physics model: In a given halo, higher
SMBH mass implies more total energy deposited by feedback and
a greater reduction in the total stellar mass formed.

MBH implies higher median F , as expected from any rea-
sonable SMBH-bulge correlation. Since F and M⇤ are neg-
atively correlated at fixed Mh (Figure 11), it is likely that
these same galaxies with above-average MBH have below-
average M⇤. The bottom panel of Figure 12 confirms this: at
fixed Mh, simulated galaxies with above-average MBH have
below-average M⇤. In addition, above-average MBH implies
earlier-than-average morphological type (redder bins).

If true, then the e↵ect of AGN feedback on galaxy mor-
phologies at fixed Mh is indirect. It results from the two
facts that 1) AGN feedback quenches star formation over
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Galaxy fueling has subtle, diverse effects on images

galaxy mass accretion histories by Nir Mandelker, Daniel Ceverino

event 1 event 2

Snyder, Lotz, et al. (2015a), Peth et al. (in prep.)

time



‣ M. Peth et al. (in prep)

‣ Mass assembly in galaxy center precedes 
(observed) bulge growth by ~400 Myr

CHAPTER 3. VELA SIMULATIONS

Figure 3.16 The stacked cross-correlation between PC1 and exsitu-M⇤/M⇤, f
gas

,

M
dm

/M⇤, Ṁdm

/M⇤, exsitu-Ṁ⇤/M⇤, sSFR, and ḟ
gas

and for 9/10 VELA galaxies as

observed in CAMERA0 at 1 kpc.

132

bulge strength vs. mass assembly

See also: Zolotov et al. (2015), Tachella et al. (2016)
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 Illustris Synthetic Images
Torrey, GFS et al. (2015) ; GFS et al. (2015b)
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Mock HST Ultra Deep Field from Illustris
(inspired by Millennium Run Observatory: Overzier et al. 2013)
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WFIRST + Big 
Hydrodynamical Simulations 

= 
stories of galaxy assembly

1. Create synthetic data, analyze in same way as 
Archives

2. Measure simulated galaxies’ intrinsic evolution

3. Share broadly



Observing Galaxy Assembly 
in Simulations

Greg Snyder
Giacconi Fellow, STScI

Co-I, Archival Research Capabilities SIT

Mock observations and galaxy morphology statistics in 
cosmological hydro simulations



aside:   are shapes and their correlations 
feedback model-dependent?

4 Genel, S. et al.
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Figure 2. The relation between stellar specific angular momentum and dark matter halo mass (enclosing a density 200 times the critical density). The various
Illustris data are the same as in Fig. 1, except for the omission of satellite galaxies. The specific angular momenta of halos with a spin parameter of λ = 0.034
is displayed for reference (brown). The results from the two lower-resolution versions of the Illustris simulation (not shown) deviate from these results by up to
0.1 dex for late-type galaxies, while for early-type galaxies they are very well converged.
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Figure 3. The z = 0 relation between stellar specific angular momentum and halo mass in simulations with different physics models. The specific angular
momentum of halos with a spin parameter λ = 0.034 is displayed as well (brown). Left: Increasing the completeness of the model, from no feedback up to the
full model. Right: Modifying the total power of galactic winds (solid orange) or radio-mode feedback (dashed cyan) by a factor of 2. We find that galactic winds
increase the angular momentum of galaxies, while AGN radio-mode feedback reduces it.
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Simulated Galaxy Morphologies at z = 0 17
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Figure 11. Quiescent fraction and optical morphology versus
total mass Mh for massive galaxies in Illustris, with colours rep-
resenting the fraction of quiescent galaxies in each bin, as defined
in equation (7). At a given Mh, the quiescent fraction in-

creases (bins become red) as F or M⇤R
�1.5
1/2 increases.

Illustris galaxies at fixed Mh are much more likely to be

quenched if they have a dominant central bulge compo-
nent, as inferred in real galaxies (e.g., Woo et al. 2015).

In Figure 11, we plot F (G,M20) and compactness
(M⇤R

�1.5
1/2 ; Section 3.2) against total mass Mh and quies-

cent fraction, as defined in equation (7). For a given galaxy,
we define Mh as the total mass of all particles (all types)
and cells bound to the subhalo, not including mass associ-
ated with subhalos of this subhalo. Qualitatively, Illustris
galaxy morphologies depend on Mh in a very similar way
to observed low-redshift galaxies (e.g., Woo et al. 2015): at
fixed Mh, optical structure is very strongly correlated with
whether a galaxy is quenched or not. However, it is di�cult
to immediately assign causality.

Over time, the existence of quenching implies that a
galaxy will form fewer stars than it would have without the
quenching mechanism(s). This implies that in a given halo,
quantities which trace the integrated star formation history
(SFH) could provide a direct constraint on the key physical
processes. For example, Figure 12 shows how morphology

Figure 12. Morphology versus stellar mass at fixed halo mass for
central galaxies in Illustris. Top:M⇤-Mh relation, with bin colours
representing optical morphology, F (G,M20). Bottom: Residual
correlation between F (G,M20) and M⇤, holding Mh fixed; see
text for definitions. In this panel we colour the bins by quiescent
fraction. Black lines are orthogonal distance regression (Boggs &
Rogers 1990) fits to the raw data. We find a statistically signifi-
cant (log10 p ⌧ �3) negative residual correlation between F and
M⇤ at a given Mh, implying that galaxies with higher stellar mass
have later morphological type, on average. We interpret this as
a consequence of the Illustris physics model suppressing galaxy
star formation: in a given halo, less quenching leads to later type
galaxies and more total stars. More quenching leads to earlier
types and fewer total stars.

depends onM⇤ in simulated massive central galaxies at fixed
Mh. The bin colours as a function of Mh and M⇤ (top panel)
indicate that at Mh ⇠ 1012M�, galaxies with lower M⇤ have
higher F (G,M20), on average. In other words, galaxies with
higher M⇤ at fixed Mh are more disc-dominated. Pillepich
et al. (2014) also discussed this idea, in which these more
massive disc-dominated galaxies also have shallower stellar

c� 0000 RAS, MNRAS 000, 000–000

structure correlates 
best with quenching

Snyder et al. 
(2015b)

6 Woo et al.

Figure 2. The quenched fraction (a) and the mean log SFR/M∗ (b) in the Σ1kpc-Mh plane for central galaxies after Σ1kpc has been
corrected for PSF effects as described in §3.1. The white contours represent the number density of galaxies per pixel with a maximum
of 0.001 Mpc−3 and a separation of 0.25 dex. The black contours follow the colour scale and are separated by 0.05 for fq and 0.12 dex
in yr−1 for sSFR. The vertical dashed line marks Mh = 1012 M⊙ below which the errors in the Mh estimates increase dramatically, and
it also refers to the Mcrit near which halo quenching is predicted to become important. The quenched fraction ans sSFR for centrals
strongly depends on Σ1kpc at fixed Mh for mid-range values of Σ1kpc (∼ 109−9.4M⊙kpc−2). For higher and lower values of Σ1kpc, there
is a gradual decrease in sSFR (and increase in fq) up to Mh ∼ 13. (The same plots without the PSF correction are very similar.)

Figure 3. Distribution of sSFR for central galaxies in different bins of Σ1kpc (represented by different coloured/hashed histograms) for
low (panel a: 12.0 < logMh/M⊙ < 12.3), mid-range (panel b: 12.7 < logMh/M⊙ < 13, and high (panel c: 13.7 < logMh/M⊙ < 14)
values of Mh. Varying Σ1kpc at fixed Mh changes the relative frequencies of galaxies with high- and low-sSFR.

in each panel of Fig. 3 do represent roughly fixed bins of
M∗.) Thus a shift of the sSFR distribution shows that the
downward slope of the sSFR-M∗ relation is still negative
after selecting galaxies with a fixed Σ1kpc. However, we show
in Fig. 5 that Mh also reduces sSFR independently of M∗.
Panel a shows the distribution of sSFR for the same range
of Σ1kpc as in Fig. 4b, but also for fixed M∗ (1010.3−10.6M⊙).
Since we have greatly reduced the sample, the distributions
are rather noisy, so we also show the cumulative distribution
of sSFR in Fig. 5b. These panels show that even at fixed
M∗ and fixed Σ1kpc, increasing halo mass seems to shift the
sSFR distribution to lower values. The same shift is seen
when restricting the M∗ ranges of Fig. 4a and c. A two-
sided Kolmogorov-Smirnov test shows that the probability
that the red and blue histograms in Fig. 5 are drawn from

the same distribution is less than 10−5. We also performed
the same analysis on the distribution of ∆sSFR, i.e., the
distance of the sSFR from the dividing line in Fig. 1 and
find the similar results.

To further explore the role of M∗ in determining sSFR,
we show in Fig. 6 the cumulative distribution in three bins
of M∗ in a slice of both Σ1kpc (109−9.5M⊙kpc−2) and Mh

(1012.0−12.3M⊙). The three distributions lie on top of each
other. A two-sided Kolmogorov-Smirnov test shows that the
probability that the red and blue histograms are drawn from
the same distribution is as high as 0.13. However, note that
fixing the range of Mh leaves only a small range of M∗ in
contrast to the other way around (Fig. 5) due to the shape
of the M∗-Mh relation (Yang et al. 2007; Moster et al. 2010;
Woo et al. 2013). Thus M∗ seems to provide no additional

c⃝ 2012 RAS, MNRAS 000, 1–16

Woo et al. 
2015



Table 1. PC Weights with error estimates based on a bootstrap scattering method

Parameter PC1 PC2 PC3 PC4 PC5 PC6 PC7

Scree value 0.41 0.19 0.15 0.08 0.06 0.06 0.05
Concentration -0.06 ± 0.02 0.74 ± 0.01 -0.35 ± 0.03 0.19 ± 0.04 -0.31 ± 0.11 0.03 ± 0.12 -0.43 ± 0.07
M20 0.48 ± <0.01 -0.03 ± 0.02 -0.12 ± 0.02 0.16 ± 0.07 -0.67 ± 0.19 0.07 ± 0.19 0.52 ± 0.09
Gini -0.45 ± 0.01 0.27 ± 0.02 0.12 ± 0.02 0.45 ± 0.05 0.11 ± 0.16 -0.46 ± 0.13 0.53 ± 0.07
Asymmetry 0.00 ± <0.01 0.41 ± 0.03 0.82 ± 0.02 -0.31 ± 0.03 -0.18 ± 0.05 0.18 ± 0.05 0.06 ± 0.03
Multi-mode 0.38 ± <0.01 0.45 ± 0.02 -0.27 ± 0.02 -0.30 ± 0.07 0.56 ± 0.11 0.14 ± 0.15 0.40 ± 0.07
Intensity 0.49 ± <0.01 0.04 ± 0.01 0.13 ± 0.01 -0.13 ± 0.03 0.02 ± 0.10 -0.82 ± 0.15 -0.24 ± 0.07
Deviation 0.43 ± <0.01 0.00 ± 0.01 0.30 ± 0.01 0.73 ± 0.04 0.31 ± 0.15 0.25 ± 0.10 -0.18 ± 0.06

Figure 3. PC1 v. PC2 v. PC3 for our sample of M⇤ > 1010 M�, 1.36 < z < 1.97 galaxies, color-coded by their hierarchical cluster
definitions. PC1 anti-correlates with bulge strength, PC2 is dominated by concentration, and PC3 is dominated by asymmetry (see Table
1). Group -1 galaxies (black stars) are outliers from remaining groups, initially they comprised groups 3 and 7.
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