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Merging with Dark Matter 
glasses on… 

•  Quantum 
fluctuations à 
overdensities 
in DM 

•  Grow through 
gravity 

•  Dynamical 
friction 

•  Violent 
relaxation 
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Diemand, Kuhlen, Madau et al. 2006 ; Via Lactea 



Normal matter 
•  Halo – largest halo 
•  Subhalo – smaller halo 

within virial radius of 
largest halo 

•  Central galaxy – sitting 
in middle of halo 

•  Satellite galaxies – 
sitting in subhalos 
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Via Lactea : Diemand et al. 

z = 18 z = 5.7 z = 1.4 z = 0 

Via Lactea : Diemand et al. 
Millenium : Springel et al. 



The response of normal matter 
to merging… 

•  Whether/how we observe 
a merger depends entirely 
on normal matter 

•  Stars 
–  Dyn. cold disks – thin tidal 

tails, remnant depends on 
orbit/disk angular 
momentum 

–  Dyn. hot systems – tails 
broad, diffuse 

•  Gas 
–  Dissipational; can lead to 

gas inflow, SF & possibly 
AGN activity. 
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Arp 87; NASA/ESA HST 

Duc et al 2011; ATLAS 3-D; CFHT 



Consequences of merging? 
•  Dissipation à steepening of 

light profiles, enhancement of 
SF  

•  Violent relaxation & AM cons.  
•  smooth light profiles 
•  (considerable) rotation depending 

on mergers 

•   
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Cox et al. 2008; MNRAS, 384, 386 



Present-day Census  

•  Bimodal galaxy 
population 

–  Red sequence 
•  Mostly non-star-forming 
•  Bulk of galaxies bulge-

dominated 
•  Most massive galaxies 

–  Blue cloud 
•  Star-forming 
•  Bulk of galaxies disk-

dominated 
•  Lower mass galaxies 
•  Dominates by number 

–  half of stars in 
spheroids, half in disks 
(Bell et al. 2003; ApJS, 
149, 289) 

    -18     -20     -22 
       Absolute magnitude in i-band 

Blanton et al. 2003; ApJ, 594, 186 
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Brammer et al. 2011 

Bell et al. 2012 

•  Dramatic emergence of 
massive galaxy population 

•  x5-10 increase in number of 
massive, non star-forming 
galaxies CANDELS UDS 30’x6’ 

Williams + photozs 
Bell + stellar masses 
van der Wel + 2013 Sersic fits (F160W; rest-frame optical) 

7

Fig. 5.— Stellar mass functions of all galaxies, quiescent galaxies, and star-forming galaxies in di!erent redshift intervals. The
shaded/hatched regions represent the total 1! uncertainties of the maximum-likelihood analysis, including cosmic variance and the er-
rors from photometric uncertainties as derived using the MC realizations. The normalization of the SMF of quiescent galaxies evolves
rapidly with redshift, whereas the normalization for star-forming galaxies evolves relatively slowly. In particular, there is almost no change
at the high-mass end of the star forming SMF, whereas there is clear growth at the high-mass end of the quiescent population. There is
also evidence for evolution of the low-mass end slope for quiescent galaxies. At low-redshift a double Schechter function fit is required to
reproduce the total SMF.

(MC) realizations of the catalog. Within each realiza-
tion the photometry in the catalog is perturbed using
the measured photometric uncertainties. New zphot and
Mstar are calculated for each galaxy using the perturbed
catalog. The 100 MC catalogs are then used to recalcu-
late the SMFs and the range of values gives an empirical
estimate of the uncertainties in the SMFs due to un-
certainties in Mstar and zphot that propagate from the
photometric uncertainties.
In addition to these zphot and Mstar uncertainties, the

uncertainty from cosmic variance is also included us-
ing the prescriptions of Moster et al. (2011). In Figure
4 we plot the uncertainty in the abundance of galax-
ies with Log(Mstar/M!) = 11.0 due to cosmic variance
as a function of redshift. Cosmic variance is most pro-
nounced at the high-mass end where galaxies are more
clustered, and at low redshift, where the survey volume
is smallest. Also plotted in Figure 4 are the cosmic vari-
ance uncertainties from other NIR surveys such as FIRE-
WORKS (Wuyts et al. 2008), MUYSC (Quadri et al.
2007; Marchesini et al. 2009), NMBS (Whitaker et al.
2011), and the UDS (Williams et al. 2009). These sur-
veys cover areas that are factor of ! 50, 16, 4, and 2
smaller than UltraVISTA, respectively. Figure 4 shows
that the improved area from UltraVISTA o!ers a factor
of 1.5 improvement in the uncertainties in cosmic vari-
ance compared to even the best previous surveys, and
that over the full redshift range the uncertainty from
cosmic variance is ! 8 - 15% at Log(Mstar/M!) = 11.0.
The total uncertainties in the determination of the

SMFs are derived as follows. For the 1/Vmax method,
the total 1! random error in each mass bin is the quadra-
ture sum of the Poisson error, the error from photo-

metric uncertainties as derived using the MC realiza-
tions, and the error due to cosmic variance. For the
maximum-likelihood method, the total 1! random errors
of the Schechter function parameters ", M"

star, and ""

are the quadrature sum of the errors from the maximum-
likelihood analysis, the errors from photometric uncer-
tainties as derived using the MC realizations, and the
error due to cosmic variance (a!ecting only the normal-
ization "").

4. THE STELLAR MASS FUNCTIONS, MASS DENSITIES
AND NUMBER DENSITIES TO Z = 4

4.1. The Stellar Mass Functions

In Figure 5 we plot the best-fit maximum-likelihood
SMFs for the star-forming, quiescent, and combined pop-
ulations of galaxies. Figure 5 illustrates the redshift evo-
lution of the SMFs of the individual populations, which
we discuss in detail in § 5. To better illustrate the relative
contribution of both star-forming and quiescent galaxies
to the combined SMF, in Figure 6 we plot the SMFs de-
rived using the 1/Vmax method (points), as well as the
fits from the maximum-likelihood method (filled regions)
in the same redshift bins. The SMFs of the combined
population are plotted in the top panels, and the SMFs
of the star-forming and quiescent populations are plotted
in the middle panels. Within each of the higher redshift
bins, the SMFs from the lowest-redshift bin (0.2 < z <
0.5) are shown as the dotted line as a fiducial to demon-
strate the relative evolution of the SMFs. The fraction
of quiescent galaxies as a function of Mstar is shown in
the bottom panels and the best-fit Schechter function pa-
rameters for these redshift ranges are listed in Table 1.
For reference, in the lowest-redshift panel (0.2 < z <
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Fig. 3.— UVJ color-color diagram at various redshifts for galaxies more massive than the 95% mass-completeness limits. The bimodality
in the galaxy population is clearly visible up to z = 2. The cuts used to separate star forming from quiescent galaxies for the SMFs are
shown as the solid lines.

aperture, and therefore is a sensible limiting magnitude
for computing the SMFs.
As a demonstration of the quality of the SEDs near

the 90% completeness limit, in Figure 1 we plot some
randomly-chosen examples of red and blue galaxy SEDs
in three redshift bins: 2.5 < z < 3.0 (top row), 3.0 < z <
3.5 (middle row), 3.5 < z < 4.0 (bottom row). We plot
SEDs of galaxies that have fluxes near the 90% complete-
ness limit (Ks,tot ! 23.4), as well as SEDs of galaxies
that are ! 1 magnitude brighter (Ks,tot ! 22.4). Figure
1 shows that the SEDs of both red and blue galaxies at
Ks,tot ! 22.4 are very well constrained. It also shows
that at Ks,tot ! 23.4, the SEDs are also reasonably well-
constrained; however, the typical S/N in a 2.1!! aperture
is ! 5.
It is possible to include galaxies fainter than the 90%

Ks,tot completeness limit in the SMFs and correct for this
incompleteness; however, given that the quality of the
SEDs near Ks,tot ! 23.4 becomes marginal, we have cho-
sen to restrict the sample to galaxies with good S/N pho-
tometry. This ensures that all galaxies included in the
SMFs have reasonable well-determined Mstar and zphot.
When constructing the SMFs we also exclude objects

flagged as stars (star = 1) based on a color-color cut, as
well as those with badly contaminated photometry (SEx-
tractor flag K flag > 4). Objects nearby very bright
stars (contamination = 1) or bad regions (nan contam
> 3) are also excluded, and the reduction in area from
these e!ects is taken account of in the total survey vol-
ume.
Once these cuts are applied, the final sample of galaxies

available for the analysis is 160 070. In Figure 2 we plot
a grayscale representation of the Mstar of this sample as
a function of zphot. In general, the sample is dominated
by objects at z < 2; however, there are reliable sources
out to z = 4.

3.2. Stellar Mass Completeness vs. z

Figure 2 shows the Mstar of galaxies down to 90% Ks-
band completeness limit of the survey; however, in order
to construct the SMFs, the limiting Mstar above which
the magnitude-limited sample is complete needs to be
determined. In order to estimate the redshift-dependent
completeness limit in Mstar we adopt the approach devel-
oped in Marchesini et al. (2009), which exploits the avail-
ability of other survey data that are deeper than Ultra-
VISTA. Specifically, we employed the K-selected FIRES
(Labbé et al. 2003; Förster Schreiber et al. 2006) and the
FIREWORKS (Wuyts et al. 2008) catalogs, already used
in Marchesini et al. (2009, 2010), and the H160-selected
catalogs over the Hubble Ultra-Deep Field (H-UDF) used
in Marchesini et al. (2012). The FIRES-HDFS, FIRES-
MS1054, FIREWORKS, and HUDF reach limiting mag-
nitudes of KS,tot = 25.6, 24.1, 23.7, and 25.6, respec-
tively.
Briefly, to estimate the redshift-dependent stellar mass

completeness limit of the UltraVISTA sample at Ks,tot =
23.4, we first selected galaxies belonging to the available
deeper samples. We then scaled their fluxes and Mstar to
match the K-band completeness limit of the UltraVISTA
sample. The upper envelope of points in the (Mstar,scaled

U-V 

V-J 

Muzzin et al 2013 
Brammer et al. 2011 
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Merging as a main driver of 
evolution at M*>1011M¤? 

•  Close pair counts  

Eric Bell 

2pt projected correlation function 
Inferred <30kpc 3-D separation 
Autocorrelation >5x1010 M¤ 

Observed  
number density 
of red galaxies 
with M>1011 M¤  
 

Predicted 
rate of growth 

•  Integrate rate 
All pairs merge, result in red >1011 M¤ 
Kitzbichler & White 2008 (corrected) 
tmerge ~ torb, tdynfric, tsim  
@ >1011 M¤ mergers can feed quiescent 
population; z=2 to present! 

Robaina, Bell + 2010; ApJ, 719, 844 
Robaina, Bell + in prep 

SDSS, COSMOS, COMBO-17 

CANDELS 
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how satellite galaxies are treated when they enter the parent
dark matter halo. If the treatment of such galaxies is not cor-
rect (orphan galaxies do not have a dark matter halo anymore
so they tend to show unrealistic orbits and take an excessively
long time to merge). KW08 claimed that the effect is small
and can be neglected, but their Fig. 1 shows a major system-
atic disagreement between their correlation function and that
measured in the SDSS in varios mass bins. This effect is partic-
ularly stronger in the range 10.5 < log(M!/M") < 11 where
their overestimation of the 2pcf can lead to a factor 2 over-
estimation in the final number of close pairs, impying also a
factor !2 overestimation in their final typical merger timescale
"Tmerge#.

Another factor to have into account is what units does one
work with. In our case, we work in physical units, factoring
out the Hubble constant and the (1+z) factors in the conversion
from comoving to proper. We allow only pairs with radial sepa-
rations r < 30 kpc in order to minimize the number of potential
interlopers. If one correctly interpretes KW08 results (and as-
suming that their clustering is overestimated at all redshifts in
the same manner as at z = 0), the merger timescale for galax-
ies with M! $ 5%1010M" and physical separations r < 30 kpc
is approximately "Tmerge# = 600 Myrs, far below the commonly
used "Tmerge# ! 2 Gyrs and in extremely good agreement with
the results from Lotz+10, that lacked of a cosmological context
but had much higher resolution, which will be in this case ! 630
Myrs. It is worth noting that this value for the merger timescale
is still larger than the one derived from orbital-timescales ap-
plied, i.e., by Bell+06 or Robaina+10.

3. RESULTS

We apply the methodology explained in §2 to our CANDELS
data in order to find the fraction of galaxies with M! $ 5 %
1010M" in pairs with separations < 30 kpc in two redshift bins,
namely 1 < z < 1.5 and 1.5 < z < 2. However, we make a
further correction in order to account for the effects introduced
by galaxy clustering:

When considering the LOS dimension, we have to work in
redshift space in order to match galaxies in pairs as we do not
have direct information on distance. Working in this velocity
space can further introduce uncertainties due to galaxies that are
physically associated but are not ’true’ close pairs. As an ex-
treme example think of a galaxy cluster; there are many galax-
ies that will fulfill our requiered criteria in both projected sep-
aration and velocity space –the redshift difference– but could
be actually placed at LOS separations as large as Mpcs because
of the cluster’s gravitational effect. Bell+06 showed that for
galaxy samples with 2pcfs with ! & 2 the actual number of
physically close pairs is about 70% of the fraction one gets by
integrating the 2pcf. As our best-fits have provided ! & 2 in
both redshift bins, we further correct our fractions down by a
30% in order to account for this effect.

TABLE 1

3D CORRELATION FUNCTION PARAMETERS AND FRACTION OF

GALAXIES IN r < 30 KPC PAIRS.

z r0 ! fpair < 30 kpc

1 < z < 1.5 bla bla
1.5 < z < 2 bla bla

We show the fraction of galaxies in close pairs in both Table1
and Fig.1. We also show here the results from Robaina+10
at 0 < z < 1.2, with exactly the same methodology and mass
limits, in order to be able to study the evolution of the frac-
tion of galaxies in close pairs over the last 10 Gyrs. When fit-
ting together the results from Robaina+10 and the ones found
here to a curve with shape f (z) = f (0)% (1 + z)n we find f (0) =
0.013±0.003 and n = 1.10±0.3.

FIG. 1.— Fraction of galaxies M ! 5" 1010M! in close pairs with radial
separations r < 30 kpc in physical units. The two large circles at z > 1 are
the results found here from the CANDELS survey. The small circles are the
results from Robaina+10, with the same mass limit, from SDSS, COSMOS
and COMBO-17 data.

We compare our results only to previous studies of close pairs
using mass-selected samples. Newman+11 use the same CAN-
DELS data sample we are using here in order to study the im-
pact of mergers in the size-growth of galaxies. Their results (red
points in Fig.2) are corrected down by 30% to account for the
clustering effects already mentioned. Man+11 used a sample of
NICMOS2 M! $ 1011M" galaxies in order to study the close
pair fraction. While more masive galaxies tend to have different
clustering properties, the most affected parameter is the cluster-
ing strenght, r0, and not !. As we lack of a proper clustering
measurement of very massive galaxies at z ! 2 we correct by
the same amount as the other results, but acknowledge that the
uncertainty in this case could be larger. Finally, Xu+12, us-
ing the same sample as Robaina+10, found a relatively strong
evolution in the pair fraction out to z ! 1. It is worth noting
that those studies in which pair selection is performed in cylin-
ders –with further corrections for random projections and, as
in the case of Xu+12, even corrections for clustering effects–
systematically produce pair fractions higher than those look-
ing for pairs in the 3D space, even when using spectroscopic
redshifts. This was shown by Patton & Atfield 08, who quan-
tified this effect and found differences between 20% and 55%,
depending on the r-band luminosity, for SDSS galaxies in the
spectroscopic sample. That explains why most of the pair frac-
tions published differ from each other depending on whether
they use cylinders or 3D spheres (i.e., Robaina+10 vs Xu+12).
This effects gets stronger when the quality of the data decreases
gradually over the same data set (i.e., higher redshifts), as the

4 Aday R. Robaina et al.

redshift difference translates in LOS separations progressively
larger and more interlopers make it into the sample (Does the
last sentence make sense here? I don’t want to start yet an-
other battle, but... the thing really pisses me off).

FIG. 2.— Black: Combined results from this paper and Robaina+10. Red:
Newman+11 also with CANDELS data. Blue: Pair fraction of galaxies with
stellar mass > 1011M! from Man+11. Diamonds: Xu+12. We have corrected
both Newman+ and Man+ fractions by a 30% in order to account for clustering
effects.

3.1. The formation of M! ! 1011M" quiescent galaxies

We have selected the galaxies in our pairs so they are each
more massive than 5"1010M", so after the merger the descen-
dant will have, to first order, a total stellar mass > 1011M".
With the merger fraction we already determined we can now
calculate the merger rate of massive galaxies just by dividing
by the meger timescale. As we explained in §2.3, the merger
timescale for galaxies at this stellar mass and at separations
< 30 kpc is approximately #Tmerge$ = 600 Myrs. It is worth
noting that, assuming everything else is correct in the calcu-
lation of #Tmerge$, this number is an overestimation of the real
timescale, as it is meant for projected separations instead of 3D
distances.

We assume that the number of pairs is one half of the number
of galaxies in pairs (less than 10% of our galaxies in close pro-
jected pairs have a second companion), so we can calculate the
rate of descendant creation, or in other words, how many galax-
ies with stellar mass larger than 1011M" are formed per unit
time because of merging of galaxies with M! ! 5" 1010M".
So, if N11 is the toal number of galaxies with mass ! 1011M"

and Ndesc is the number of galaxies above the same mass that
are being created by merging of lower mass galaxies, fdesc =
Ndesc/N11, and the creation rate of new massive galaxies would
be Rdesc = fdesc/! , where ! = #Tmerge$ = 600 Myrs.

As we have characterized the close pair fraction from z = 0
to z = 2 we can perform this calculation as a function of red-
shift and predict out how many new massive galaxies above our
! 1011M" limit have been created in the Universe because of
merging of lower mass galaxies at any point after z = 2.

In order to compare our prediction from the merger rate with
real data, we use the results of Brammer+11 on the number den-

sity evolution of M! > 1011M" galaxies as the starting point.
We anchor our prediction to their z % 2 number density and al-
low massive galaxies to build-up as predicted by our previous
calculation. We only assume here that any massive galaxy that
is a descendant of a recent major merger will be quiescent.

The result of this excercise can be seen in Fig.3. We show
several measurements of the number density of massive quies-
cent galaxies from z = 0 to z % 2 together with our prediction
of merger-driven evolution based on our pair fraction measure-
ment.

gv for

FIG. 3.— Number density evolution of quiescent galaxies with M" !
1011M!. Red: Brammer+11. Blue: Moustakas+11. Open diamonds: Cim-
matti+11. Black: Robaina+10. The solid line represents our prediction of how
M" ! 1011M! galaxies would evolve based on our measurement of the close
pair fraction and assuming a close pair merging timescale ! = 600 Gyrs. We
anchor our prediction to the measurement from Brammer+11 at z " 2.1. The
grey-shaded area shows the influence of an error in the merger timescale, that
ranges from 400 Myrs (an orbital timescale) to 1.2 Gyrs.

Mergers can drive the evolution of the massive end of the
stellar mass fraction at a level compatible with overall observed
evolution between z & 2 and z = 0. There is some uncertainty
in the predicted evolution that is mostly due to uncertainties in
the merger timescale.

There is one relevant piece of information worth remember-
ing at this point. Local quiescent galaxies with masses larger
than 1011M" are essentially spheroidal, as shown by van der
Wel+09. It is crucial then that galaxies with essentially no star
formation by z & 0 undergo at least one important merger event
in the latest phases of their lifetimes.

Moustakas+11 claim that there is very little evolution at red-
shifts lower than 1, and that mergers do not have an impact on
the population of massive galaxies. This result is strongly in-
fluenced by...

(To comment: Arjen found that massive quiescents are ’disky’
at z & 2, but Brad, Arjen et al. found that the axis ration distri-
bution is the same at z=1 than at z=0)

Talk about the *large* uncertainties in the measured
number density evolution by Moustakas and Ilbert

4. CONCLUSIONS



Indirect constraints 
•  Color-magnitude relation 

•  Clustering evolution 
–  Shape/amplitude of small scale (<300kpc) correlation function 

means that satellites must get disrupted, ~1/3 from z=0.9 to z=0.5 
(White et al. 2007, Conroy et al. 2007, Brown et al. 2008).  

5/20/13 Eric Bell 

Skelton, Bell, Somerville 2009, ApJL, 699, 9 



Shapes of quiescent galaxies 
•  Axis ratio distributions à 

3D shapes 

•  >1011 Msun prolate/triaxial  
•  mergers between gas-poor 

galaxies (van der Wel et al. 
2009; Naab et al. 2006) 

•  Similar out to z~1 
•  z>1 slightly diskier 

•  1010<M*/Msun<1011  disks 
•  Kinematics ATLAS3D shows 

this too; Emsellem+07,11 
•  Major mergers can do this – 

Naab + 2003,2006 
•  Minor mergers, secular? 
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~uniform 
distribution à 
disks viewed 
from random 
angles 

Narrow 
distribution 
à oblate or 
triaxial 
spheroids 

van der Wel et al. 2009 
Holden et al. 2010 
Chang et al. 2012 
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Structural Evolution of Early-type Galaxies to z=2.5 in CANDELS 9
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Fig. 8.— Histograms show observed distributions of projected axis ratios for present-day early-type galaxies from SDSS (upper row) and
at 1 < z < 2.5 from CANDELS (bottom row), each in three mass bins. The green lines represent the best-fitting, two-component models
with Gaussian distributions for intrinsic axis ratios as described in § 5.1.2, The pink lines respresent the triaxial component; the blue lines
the oblate component. The parameters characterizing the Gaussians are given in Table 3 and 4. The small pie charts represent fob, the
oblate fraction, and its uncertainty. For the CANDELS sample, the triaxial components are assumed to be identical to the best-fitting
triaxial components found for the SDSS sample in the same mass bin. The strong dependence of the oblate fraction on galaxy mass is
much weakened at z > 1. The most striking feature is the large fraction of oblate, that is, disk-like galaxies in the high-mass bin.

similar across the mass range explored here, we assume

that the same components can be used as an appropriate

model to describe the higher-redshift observations. First,

we use the best-fitting triaxial component for each of the

three mass bins, with fixed intrinsic shape distributions,

but let the oblate component vary arbitrarily. That is,

the parameters b, σb and fob are allowed to vary, while

the others are kept fixed. The results are shown in Ta-

ble 4 and Figure 8.

For the COSMOS+GEMS and combined (1 < z < 2.5)
CANDELS samples we find that all evolution with red-

shift can be accounted for by evolution in fob; no signifi-

cant changes in b (or σb) are seen. For the highest-mass

galaxies (10.8 < log(M∗/M⊙) < 11.5) fob is seen to rise

at z > 1, from fob ∼ 0.2 at z < 1 to fob = 0.60 ± 0.24.
The large uncertainty is due to the degeneracy between

b and fob: evolution in the average shape can either be

accomodated by a change in the average shape of the

galaxies represented by the oblate component, or by a

change in the fraction of oblate galaxies. The unsubstan-

tial changes in b (σb) with mass and redshift motivate us

to implement a second restriction to our model: we now

keep all intrinsic shape parameters at the values found

for the low-z SDSS sample, and only allow fob to vary.

This restriction seems justified by the results from the

goodness-of-fit tests: the predicted distribution from the

best-fitting models, even with only a single free param-

eter (fob), do not significantly differ from the observed

distributions according the the KS and MW tests. The

results are also shown in Table 4 and Figure 9. We now

find that the oblate fraction for the massive galaxies in-

creases from 0.20±0.02 at z < 0.1 to 0.59±0.10 at z > 1,

a highly significant (4σ) change. For galaxies in our mid-

dle mass bin (10.5 < log(M∗/M⊙) < 11.8), fob does not

change with redshift and stays at ∼ 0.5 − 0.6, whereas,
remarkably, fob significantly declines from 0.72± 0.06 to

0.38± 0.11 for low-mass galaxies (10.1 < log(M∗/M⊙) <
10.5). The latter was already reflected by the increased

median axis ratio with redshift (see § 3).

6. DISCUSSION

L∗ early-type galaxies (M∗ ∼ 1011M⊙) in the present-

day universe possess a wide range of intrinsic shapes:

there is no single oblate, prolate, or triaxial shape that,

viewed at from any number of random viewing angles,

can account for their projected axis ratio distribution

(e.g., Lambas et al. 1992; Tremblay & Merritt 1996).

We implemented two methods to describe and model

this distribution. First, we showed that a single family

of oblate or prolate structures with broadly distributed

Yu Yen Chang, van der Wel, et al. (2013; submitted) 
 CANDELS Sersic fits + photoz 

 

•  Disks common z>~1.5 massive galaxies (quiescent) 
•  Triaxial by z~0 – merging (major/minor) 

•  Quiescent galaxies oblate at lower masses (all z) 

van der Wel 
(2011) 
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8 Size-Mass Relation from CANDELS/3D-HST

0.5

1

5

10

z = 0.25 z = 0.75 z = 1.25
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Fig. 5.— Size-Stellar Mass distribution of late- and early-type galaxies (same symbols as in Figure 2). A typical error bar individual
objects in the higher-redshift bins is shown in the bottom-right panel. The lines indicate model fits to the early- and late-type galaxies as
described in the text. The dashed lines, which are identical in each panel, represent the model fits to the galaxies at redshifts 0 < z < 0.5.
The solid lines represent fits to the higher-redshift samples. The mass ranges used in the fits are indicated by the extent of the lines in the
direction of the x-axis, and is the same in all panels for the two types of galaxies. Strong evolution in the intercept of the size-mass relation
is seen for early-type galaxies; mild evolution for the late-type galaxies (also see Figure 6. There is no indication of evolution in the slope
(also see Figure 6). The parameters of the fits shown here are given in Table 1.

likelihood LET + LLT.
For the late types we fit to all galaxies with M! >

3! 109 M"; this limit provides a good dynamic range of
two orders of magnitude in mass, and exceeds the mass
limit of our sample up to z = 3. For the early types we fit
to all galaxies with M! > 2! 1010 M", so that we avoid
the clearly flatter part of the size-mass distribution at
lower masses. Again, this cut-o! exceeds the mass limit
of our sample up to z = 3.
The black lines in Figure 5 indicate the fitting results,

and the evolution of the invididual model parameters (in-
tercept, slope and scatter) are shown in Figure 6. The
fitting results are also given in Table 1. The intercept of
the best-fitting size mass model distributions evolves sig-
nificantly with redshift, and particularly rapidly for the
early types.
Usually, the evolution of the intercept is parametrized

as a function of (1 + z). While this is intuitively appeal-
ing because of our familiarity with the cosmological scale
factor, this is perhaps not the physically most meaning-
ful approach. Instead of the scale factor, dark matter

halo properties are more directly related to the sizes of
galaxies, and, in particular, disks. Halo properties such
as virial mass and radius follow the evolving expansion
rate – the Hubble parameter H(z) – instead of the cos-
mological scale factor. For a matter-dominated universe,
H(z) and (1+ z) evolve at a similar pace, but as a result
of the increased importance at late times of " for the
dynamical evolution of the universe, H(z) evolves much
slower in proportion to (1+z) at late times than at early
times. For example, at z " 0 we have H(z) # (1 + z)0.4,
while at at z " 2 this is H(z) # (1 + z)1.4.
For this reason it is reasonable to parametrize size evo-

lution as a function of H(z) in addition to (1 + z). The
solid lines in the left-hand panel of Figure 6 represent the
evolution as a function of H(z), while the dashed lines
represent the evolution as a function of (1 + z). These
results are also given in Table 1. The H(z)!H param-
eterization is marginally preferred by the data over the
(1 + z)!z parameterization, as is more clearly illustrated
in Figure 7, where we show the residuals. In addition to
the statistical limitations, we note that these residuals

van der Wel (in prep.)    
 3D-HST+CANDELS (photz+grism z) 
 Sersic fits of WFC3 IR data; corrected to rest-frame g 

 

Size evolution in SF and quiescent; particularly striking for quiescent 
 not obvious that new arrivals are bigger (Whitaker et al. 2012 vs. van der Wel et al. 2008) 
 individual early-types must grow, minor mergers? - size evolution without much mass growth  

SF much larger than quiescent; dissipation very imp. in setting quiescent sizes 
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z = 0.75
z = 1.25z = 1.75

z = 2.25

z = 2.75

Fig. 11.— Cumulative size distributions of! L! early-type galax-
ies (top) and ! L! late-type galaxies (bottom) as a function of
redshift. While the number density of both early- and late-type
galaxies increases over time, the number density of small galax-
ies declines, implying that the observed evolution in the mean size
is not (solely) driven by the addition of larger galaxies. Hence,
individual galaxies must evolve in size.

z=0.75
1.25

1.75

2.25

z=2.75

Fig. 12.— Parametrized size distributions for ! L! early-type
galaxies (top) and ! L" late-type galaxies (bottom) as a func-
tion of redshift, as indicated by the labels and color coding. The
parametrized distributions are Gaussians for the early-type popula-
tion and skewed Gaussians for the late-type population (see Figure
10).

z ! 6. Mimicking the LBG sample selection, we show the
evolution for UV-bright galaxies, with a blue rest-frame
color (U " V < 1) and find Re! # (1+ z)!1.1, consistent
with recent measurements by Oesch et al. (2010) and

Mosleh et al. (2012). The evolution of all star-forming
galaxies combined is very di!erent: at z ! 2 the com-
bined sample evolves precisely as the UV-bright sample,
simply because essentially all galaxies are UV bright4. At
lower redshift, redder galaxies appear, which are smaller
in size and slow down the average size evolution. At
z < 1, UV-bright galaxies are very rare at this stellar
mass, and the evolution is dominated by redder galaxies,
which evolve in size more slowly, in agreeement with the
results from, for example, Barden et al. (2005).
As we argued in §3.2, galaxy sizes are better

parametrized as a function of H(z) instead of (1 + z).
While the former indeed implies slower evolution at late
times than the latter (see the red, dotted line in Figure
13), not all trends are captured by switching to the H(z)
parameterization: 1) the evolution of all late types slows
down more rapidly than can be explained by the di!er-
ence between the two parametrizations; 2) the UV-bright
sample does not show evidence for slowed evolution at
z " 1.
We conclude that the diverging pace of evolution seen

at z < 1 and z > 3 are in part due to sample selection
e!ects and part due to the di!erent evolution of red and
blue late-type galaxies.

4.2. Early-Type Galaxies

As we discussed in the Introduction, essentially all
studies of early-type galaxies out to z ! 1 or beyond
now agree that their average size, as measured at a
fixed mass, evolves roughly as (1 + z)!1, with moderate
deviations that can be attributed to sample selection-,
measurement- and/or fitting techniques. For example,
as we mentioned above, whereas the size measurements
reported by Williams et al. (2010) are fully consistent
with the size measurements reported here, the reported
pace of evolution is somewhat di!erent – (1 + z)!1 from
Williams et al. (2010); (1+z)!1.4 from §3.2 in this paper
– as a result of the di!erence in spanned redshift range
and the di!erent use of present-day comparison samples.
While these di!erences are large enough to be interest-
ing, there is reasonable consensus that the average size
for the population of early-type galaxies evolves rapidly.
What has so far remained contentious is the interpre-

tation of this result. Size evolution of individual galaxies
is one obvious possibility, but average size evolution due
to the addition of new, larger early-type galaxies between
z = 2 " 3 and the present is a priori equally plausible
given the strong evolution in the co-moving number den-
sity (see, e.g., Figure 10 and 12). There is little doubt
that early-type galaxies that join the population at late
times are larger than the typical early-type galaxy seen
at z ! 2. Rather, the contentious issue is whether the
small galaxies seen at z ! 2 typically survive in that form
up until the present day, or whether they have to grow
in size.
Several authors have argued that there are substantial

numbers of small (Re! < 2 kpc, as measured along the
major axis), yet massive (! L") galaxies in the present-
day universe (Valentinuzzi et al. 2010; Poggianti et al.
2013), and that the number density of such galaxies has
not strongly evolved since z ! 1 (Carollo et al. 2013).

4 The sample would include any galaxies that is redder than
U # V = 1 up to z = 3.5.
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So far… 

Eric Bell 

•  Dramatic emergence of massive galaxy 
population 

•  x5-10 increase in number of massive, non star-forming 
galaxies 

•  More quiescent massive galaxies today than there were 
massive galaxies at z=1.4 

•  The role of mergers in shaping the massive galaxy 
population 
–  Mergers – set structure? 

•  Dominant at >1011 M¤ 
•  Likely important at 1010-11 M¤ 

•  Leaves disks 
•  Remnants more compact and concentrated than 

progenitors 

•  What is responsible for their lack of star formation? 



Spheroid-dominated galaxies as plausible 
remnants 

•  Gas consumption through 
star formation insufficient 
(Barnes 2005?) 
–  AGN feedback 

–  Supermassive black hole mass 
correlated with bulge mass (e.g., 
Gultekin et al. 2009) 

•  Ejection of gas in quasar episode; e.g., 
Kauffmann & Haenehlt 2000 (thought 
to be associated with merging; 
Sanders, Hopkins) 

•  Heating of gas in hot halo as it tries to 
cool; e.g., Croton et al. 2006 (big BH 
required) 

•  In either case expect correlation with 
big bulge 

–  Ejection of the gas by star 
formation-driven winds in some 
cases?         Diamond-Stanic et al. 2012 

–  Development of virial shock slows 
cooling (halo mass >1012 M¤; 
Keres et al. 2005; Dekel & 
Birnboim 2006) 
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Di Matteo et al. 2005 

Fabian et al. 2003 
Fabian 2012 
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Brammer et al. 2011 

Bell et al. 2012 

•  Dramatic emergence of 
massive galaxy population 

•  x5-10 increase in number of 
massive, non star-forming 
galaxies CANDELS UDS 30’x6’ 

Williams + photozs 
Bell + stellar masses 
van der Wel + 2013 Sersic fits (F160W; rest-frame optical) 

7

Fig. 5.— Stellar mass functions of all galaxies, quiescent galaxies, and star-forming galaxies in di!erent redshift intervals. The
shaded/hatched regions represent the total 1! uncertainties of the maximum-likelihood analysis, including cosmic variance and the er-
rors from photometric uncertainties as derived using the MC realizations. The normalization of the SMF of quiescent galaxies evolves
rapidly with redshift, whereas the normalization for star-forming galaxies evolves relatively slowly. In particular, there is almost no change
at the high-mass end of the star forming SMF, whereas there is clear growth at the high-mass end of the quiescent population. There is
also evidence for evolution of the low-mass end slope for quiescent galaxies. At low-redshift a double Schechter function fit is required to
reproduce the total SMF.

(MC) realizations of the catalog. Within each realiza-
tion the photometry in the catalog is perturbed using
the measured photometric uncertainties. New zphot and
Mstar are calculated for each galaxy using the perturbed
catalog. The 100 MC catalogs are then used to recalcu-
late the SMFs and the range of values gives an empirical
estimate of the uncertainties in the SMFs due to un-
certainties in Mstar and zphot that propagate from the
photometric uncertainties.
In addition to these zphot and Mstar uncertainties, the

uncertainty from cosmic variance is also included us-
ing the prescriptions of Moster et al. (2011). In Figure
4 we plot the uncertainty in the abundance of galax-
ies with Log(Mstar/M!) = 11.0 due to cosmic variance
as a function of redshift. Cosmic variance is most pro-
nounced at the high-mass end where galaxies are more
clustered, and at low redshift, where the survey volume
is smallest. Also plotted in Figure 4 are the cosmic vari-
ance uncertainties from other NIR surveys such as FIRE-
WORKS (Wuyts et al. 2008), MUYSC (Quadri et al.
2007; Marchesini et al. 2009), NMBS (Whitaker et al.
2011), and the UDS (Williams et al. 2009). These sur-
veys cover areas that are factor of ! 50, 16, 4, and 2
smaller than UltraVISTA, respectively. Figure 4 shows
that the improved area from UltraVISTA o!ers a factor
of 1.5 improvement in the uncertainties in cosmic vari-
ance compared to even the best previous surveys, and
that over the full redshift range the uncertainty from
cosmic variance is ! 8 - 15% at Log(Mstar/M!) = 11.0.
The total uncertainties in the determination of the

SMFs are derived as follows. For the 1/Vmax method,
the total 1! random error in each mass bin is the quadra-
ture sum of the Poisson error, the error from photo-

metric uncertainties as derived using the MC realiza-
tions, and the error due to cosmic variance. For the
maximum-likelihood method, the total 1! random errors
of the Schechter function parameters ", M"

star, and ""

are the quadrature sum of the errors from the maximum-
likelihood analysis, the errors from photometric uncer-
tainties as derived using the MC realizations, and the
error due to cosmic variance (a!ecting only the normal-
ization "").

4. THE STELLAR MASS FUNCTIONS, MASS DENSITIES
AND NUMBER DENSITIES TO Z = 4

4.1. The Stellar Mass Functions

In Figure 5 we plot the best-fit maximum-likelihood
SMFs for the star-forming, quiescent, and combined pop-
ulations of galaxies. Figure 5 illustrates the redshift evo-
lution of the SMFs of the individual populations, which
we discuss in detail in § 5. To better illustrate the relative
contribution of both star-forming and quiescent galaxies
to the combined SMF, in Figure 6 we plot the SMFs de-
rived using the 1/Vmax method (points), as well as the
fits from the maximum-likelihood method (filled regions)
in the same redshift bins. The SMFs of the combined
population are plotted in the top panels, and the SMFs
of the star-forming and quiescent populations are plotted
in the middle panels. Within each of the higher redshift
bins, the SMFs from the lowest-redshift bin (0.2 < z <
0.5) are shown as the dotted line as a fiducial to demon-
strate the relative evolution of the SMFs. The fraction
of quiescent galaxies as a function of Mstar is shown in
the bottom panels and the best-fit Schechter function pa-
rameters for these redshift ranges are listed in Table 1.
For reference, in the lowest-redshift panel (0.2 < z <

4

Fig. 3.— UVJ color-color diagram at various redshifts for galaxies more massive than the 95% mass-completeness limits. The bimodality
in the galaxy population is clearly visible up to z = 2. The cuts used to separate star forming from quiescent galaxies for the SMFs are
shown as the solid lines.

aperture, and therefore is a sensible limiting magnitude
for computing the SMFs.
As a demonstration of the quality of the SEDs near

the 90% completeness limit, in Figure 1 we plot some
randomly-chosen examples of red and blue galaxy SEDs
in three redshift bins: 2.5 < z < 3.0 (top row), 3.0 < z <
3.5 (middle row), 3.5 < z < 4.0 (bottom row). We plot
SEDs of galaxies that have fluxes near the 90% complete-
ness limit (Ks,tot ! 23.4), as well as SEDs of galaxies
that are ! 1 magnitude brighter (Ks,tot ! 22.4). Figure
1 shows that the SEDs of both red and blue galaxies at
Ks,tot ! 22.4 are very well constrained. It also shows
that at Ks,tot ! 23.4, the SEDs are also reasonably well-
constrained; however, the typical S/N in a 2.1!! aperture
is ! 5.
It is possible to include galaxies fainter than the 90%

Ks,tot completeness limit in the SMFs and correct for this
incompleteness; however, given that the quality of the
SEDs near Ks,tot ! 23.4 becomes marginal, we have cho-
sen to restrict the sample to galaxies with good S/N pho-
tometry. This ensures that all galaxies included in the
SMFs have reasonable well-determined Mstar and zphot.
When constructing the SMFs we also exclude objects

flagged as stars (star = 1) based on a color-color cut, as
well as those with badly contaminated photometry (SEx-
tractor flag K flag > 4). Objects nearby very bright
stars (contamination = 1) or bad regions (nan contam
> 3) are also excluded, and the reduction in area from
these e!ects is taken account of in the total survey vol-
ume.
Once these cuts are applied, the final sample of galaxies

available for the analysis is 160 070. In Figure 2 we plot
a grayscale representation of the Mstar of this sample as
a function of zphot. In general, the sample is dominated
by objects at z < 2; however, there are reliable sources
out to z = 4.

3.2. Stellar Mass Completeness vs. z

Figure 2 shows the Mstar of galaxies down to 90% Ks-
band completeness limit of the survey; however, in order
to construct the SMFs, the limiting Mstar above which
the magnitude-limited sample is complete needs to be
determined. In order to estimate the redshift-dependent
completeness limit in Mstar we adopt the approach devel-
oped in Marchesini et al. (2009), which exploits the avail-
ability of other survey data that are deeper than Ultra-
VISTA. Specifically, we employed the K-selected FIRES
(Labbé et al. 2003; Förster Schreiber et al. 2006) and the
FIREWORKS (Wuyts et al. 2008) catalogs, already used
in Marchesini et al. (2009, 2010), and the H160-selected
catalogs over the Hubble Ultra-Deep Field (H-UDF) used
in Marchesini et al. (2012). The FIRES-HDFS, FIRES-
MS1054, FIREWORKS, and HUDF reach limiting mag-
nitudes of KS,tot = 25.6, 24.1, 23.7, and 25.6, respec-
tively.
Briefly, to estimate the redshift-dependent stellar mass

completeness limit of the UltraVISTA sample at Ks,tot =
23.4, we first selected galaxies belonging to the available
deeper samples. We then scaled their fluxes and Mstar to
match the K-band completeness limit of the UltraVISTA
sample. The upper envelope of points in the (Mstar,scaled

U-V 

V-J 

Muzzin et al 2013 
Brammer et al. 2011 



•  Most non-star forming 
galaxies have high n 
–  At all redshifts 

–  prominent bulge 
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Ideas for getting rid of cold gas? 

•  Possible solutions? 
–  AGN feedback 

•  Ejection of gas in quasar episode; 
e.g., Kauffmann & Haenehlt 2000 
(thought to be associated with 
merging; Sanders, Hopkins) 

•  Heating of gas in hot halo as it tries 
to cool; e.g., Croton et al. 2006 
(big BH required) 

•  In either case expect correlation 
with big bulge 

–  Ejection of the gas by star 
formation-driven winds in some 
cases?    Diamond-Stanic et al. 2012 

–  Development of virial shock 
slows cooling (halo mass >1012 
M¤; Keres et al. 2005; Dekel & 
Birnboim 2006) 
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Di Matteo et al. 2005 

Fabian et al. 2003 
Fabian 2012 
 

Qualitatively consistent with 
correlation of quiescence 

and bulge prominence 

Qualitatively disfavored by 
lack of stellar mass-

quiescence relation (More et 
al. 2010 argue for reasonably 

tight M*-Mhalo relation) 



Testing cartoon AGN feedback  

•  Feedback strength  
–  ~ AGN energy / binding 

energy 
–  ~ Mbulge/(M*

2/r) 

5/20/13 Eric Bell 

Log ( cumulative SMBH energy / Binding 
energy of cold gas to stars ) 
     comparable                  100x  

Binding energy of 
all baryons to 
halo 

•  Small galaxies suffer most 
feedback 

•  Quenched galaxies at 
~all AGN/binding energy 
values 
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Testing cartoon AGN feedback  

•  B/T correlates 
much better with 
color 
–  Quenching does 

not depend on 
whether SMBH is 
‘big enough’ 

–  Quenching 
depends on galaxy 
having developed 
a bulge  
•  Directly?   

–  SF wind? Quasar 
mode? 

•  allowing e.g., SMBHs 
to do their work? 
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Binding energy of 
all baryons to 
halo 
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Conclusions 

Eric Bell 

•  Dramatic emergence of massive galaxy 
population 

•  x5-10 increase in number of massive, non star-forming 
galaxies 

•  More quiescent massive galaxies today than there were 
massive galaxies at z=1.4 

•  Quenching mechanisms 
–  Correlates well with galaxy structure (~bulge) 

•  Very poor correlation with stellar mass 
–  Mergers – set structure? 

•  Dominant at >1011 M¤ 
•  Likely the driver at 1010-11 M¤ 

•  Correlate with quenching event 
•  Leaves disks 
•  Remnants more compact and concentrated than 

progenitors 


