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A typical massive galaxy at z~2.5

van Dokkum et al. (2006)
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Color - density relation at z~2.5

Quadri et al. (2007, 2008)

with a power law to !100. The two w(! ) data points at ! < 400

correspond to one and eight observed blue galaxy pairs, whereas
the DRGs have zero and two pairs at these small separations. By
extrapolating the power-law fit to these scales, we would expect
only one and four galaxy pairs for the DRG sample. While gal-
axy pairs at separations approaching 4000 may share the same halo,
it is not clear whether or not they will eventuallymerge. However,
galaxies with these significantly smaller separations (400 corre-
sponds to a projected distance of 36 proper kpc at z ¼ 2:6) should
be interacting strongly and could bemergers in progress. The lack
of close DRG pairs may therefore indicate that DRGs are under-
going fewmergers.Whether this is because DRGs are the products
of recent mergers or because merger-induced star formation makes
the red galaxies bluer, orwhether there is some other explanation, is
unknown. Evaluating the significance of the lack of close DRG
pairs is severely complicated by galaxy deblending issues in our
!0.900 FWHM images, and we do not discuss this issue further.

We find r0 ¼ 11:1þ1:3
$1:4 h$1 Mpc for DRGs. Note that if the full

field-to-field variance is taken into account, we estimate r0 ¼
11:1þ2:8

$4:2 h$1 Mpc. If the fit is performed over ! < 20000, then
r0 ¼ 12:0þ0:9

$1:0 h$1 Mpc (Poisson errors only). These values are
consistent with the r0 ¼ 13:4þ3:0

$3:2 h$1 Mpc given by Grazian
et al. (2006) and r0 ¼ 14:5þ3:1

$3:7 h$1 Mpc given by Daddi et al.
(2003), although the latter authors do not apply a photometric
redshift cut.

Figure 5 shows the comoving correlation length as a function
of minimum J $ K color threshold. We confirm the previous
result of Daddi et al. (2003) that the redder galaxies cluster more
strongly, even though their result was derived using a single
!4.5 arcmin2 field, and they measure w(! ) at !P 7000 (see their
Fig. 8). It should also be noted that their sample reaches 2Y3mag
deeper than ours, and it is not obvious that the same trends should
hold over such a wide luminosity range. There is a slight trend of
increasing median redshift with increasing J $ K color, but the
difference is %0.1 over the range of colors studied here, so it is
unlikely that the relationship between color and r0 is solely due
to redshift evolution. We note that alternate galaxy colors, such

as R$ K, are also strongly correlated with clustering (Fig. 6).
LBGs and BX galaxies have a correlation length r0 % 4 h$1 Mpc
(Adelberger et al. 2005b; Lee et al. 2006), lower than the value for
the bluest threshold shown in Figure 5, although the brightest R <
24 LBGs reach r0 ¼ 7:8 & 0:5 h$1 Mpc (Lee et al. 2006). The
median J $ K color of z ! 3 LBGs is!1.6 (Shapley et al. 2001),
and very few LBGs/BX galaxies reach the reddest thresholds
(Reddy et al. 2005; van Dokkum et al. 2006).
We have established the significance of the increased cluster-

ing with color in several ways. Splitting our sample at the median
color, J $ K ! 2:17, we find r0 ¼ 11:0þ1:1

$1:2 and 6:1
þ1:8
$2:5 h$1 Mpc

for the redder and bluer sample, respectively. We then randomly,
repeatedly split the sample of K-selected galaxies in two, mea-
suring the correlation length each time. The correlation length
reaches as high as r0 ¼ 11 h$1 Mpc only !4% of the time, in-
dicating that we have established the stronger clustering for
redder samples at the !96% level. We have also used the sim-
ulations described in x 3.3.2 to see how often a population with
the same correlation length as LBGs but with number density
and redshift distribution similar to what we infer for DRGs can
have a measured correlation length as high as that observed for
DRGs as a result of field-to-field variations; we found that this
only happens !5% of the time. Futhermore, we have verified
that the increase in clustering with color is not driven by any one
of our three ISPI fields by repeating the clustering measurements
three times, each time removing one of the fields; although the
exact values of the correlation length vary, the relationship be-
tween clustering and color is always present. Finally, we recall that
the ‘‘total’’ uncertainties,which include the estimated contribution
from field-to-field variations and are presented in Table 2, over-
estimate the uncertainties when comparing correlation lengths of
galaxies that are drawn from the same fields.
The increasing clustering with color indicates that a color-

density relationship was in place at zk 2. In the local universe,
this relationship is understood as an effect of higher metallicity
and higher stellar ages in the densest regions; both effects may

Fig. 5.—Comoving correlation length for 2 < zphot < 3:5 galaxies redder
than the J $ K color threshold. Fig. 6.—Comoving correlation length for 2 < zphot < 3:5 galaxies redder

than the RAB $ KVega color threshold.
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of minimum J $ K color threshold. We confirm the previous
result of Daddi et al. (2003) that the redder galaxies cluster more
strongly, even though their result was derived using a single
!4.5 arcmin2 field, and they measure w(! ) at !P 7000 (see their
Fig. 8). It should also be noted that their sample reaches 2Y3mag
deeper than ours, and it is not obvious that the same trends should
hold over such a wide luminosity range. There is a slight trend of
increasing median redshift with increasing J $ K color, but the
difference is %0.1 over the range of colors studied here, so it is
unlikely that the relationship between color and r0 is solely due
to redshift evolution. We note that alternate galaxy colors, such

as R$ K, are also strongly correlated with clustering (Fig. 6).
LBGs and BX galaxies have a correlation length r0 % 4 h$1 Mpc
(Adelberger et al. 2005b; Lee et al. 2006), lower than the value for
the bluest threshold shown in Figure 5, although the brightest R <
24 LBGs reach r0 ¼ 7:8 & 0:5 h$1 Mpc (Lee et al. 2006). The
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for the redder and bluer sample, respectively. We then randomly,
repeatedly split the sample of K-selected galaxies in two, mea-
suring the correlation length each time. The correlation length
reaches as high as r0 ¼ 11 h$1 Mpc only !4% of the time, in-
dicating that we have established the stronger clustering for
redder samples at the !96% level. We have also used the sim-
ulations described in x 3.3.2 to see how often a population with
the same correlation length as LBGs but with number density
and redshift distribution similar to what we infer for DRGs can
have a measured correlation length as high as that observed for
DRGs as a result of field-to-field variations; we found that this
only happens !5% of the time. Futhermore, we have verified
that the increase in clustering with color is not driven by any one
of our three ISPI fields by repeating the clustering measurements
three times, each time removing one of the fields; although the
exact values of the correlation length vary, the relationship be-
tween clustering and color is always present. Finally, we recall that
the ‘‘total’’ uncertainties,which include the estimated contribution
from field-to-field variations and are presented in Table 2, over-
estimate the uncertainties when comparing correlation lengths of
galaxies that are drawn from the same fields.
The increasing clustering with color indicates that a color-

density relationship was in place at zk 2. In the local universe,
this relationship is understood as an effect of higher metallicity
and higher stellar ages in the densest regions; both effects may
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Mass - metallicity relation at z~2.3

Erb et al. (2006)

would remain unaffected. The use of the integrated SFR as the
stellar mass rather than the mass in currently existing stars (see
x 3.1) would also steepen and shift the correlation somewhat,
with the lower mass points moving !0.1 dex to the left and the
upper mass points shifting left by!0.2 dex. AGN contamination
is highly unlikely to produce the correlation, given the low frac-
tion of AGNs in the sample. Variations in the ionization param-
eter are also unlikely to be correlated with the assembled stellar
mass. The ionization parameter of an H ii region depends on the
age of the ionizing cluster, which is very much less than the age
of the galaxy (see, e.g., Dopita 2005); since each galaxy in our
sample presumably contains many H ii regions of different ages,
the overall variation in ionization parameter from galaxy to gal-
axy should be small. There is also no dependence of electron
density on galaxy mass; the density-sensitive [S ii] lines in the
composite spectra indicate an average density ne ! 500 cm"3,
with no trend with stellar mass. We therefore have no reason to

expect the ionization parameter to depend on the total stellar mass
(other than the dependence on metallicity, which is included in
the N2 calibration).

The dashed line in Figure 3 shows the mass-metallicity rela-
tion determined for!53,000 star-forming SDSS galaxies by T04,
after an arbitrary downward shift of 0.56 dex. With this shift the
SDSS relation matches the z ! 2 galaxies remarkably well, al-
though it is slightly shallower. The empirical shift of 0.56 dex in-
cludes an offset due to the different abundance diagnostics used
in the two studies: while the SDSS metallicity determinations
take into consideration all of the strong nebular lines, ours are
based on the N2 index alone, for the reasons explained above.
For a more consistent comparison, we use the N2 calibration to
calculate the metallicities of the same 53,000 SDSS galaxies,
shown by small gray dots in Figure 3; the mean N2 metallicity,
in bins spanning the same range of stellar masses used for our
sample, is shown by the small filled triangles. The saturation of

Fig. 3.—Observed relation between stellar mass and oxygen abundance at z ! 2, shown by the large gray filled circles. Each point represents the average value of 14
or 15 galaxies, with the metallicity estimated from the [N ii]/H! ratio of their composite spectrum. Horizontal bars indicate the range of stellar masses in each bin, while
the vertical error bars show the uncertainty in the [N ii]/H! ratio. The additional error bar in the lower right corner shows the additional uncertainty in the N2 calibration
itself. The dashed line is the best-fit mass-metallicity relation of T04, shifted downward by 0.56 dex. The metallicities of different samples are best compared using the
same calibration; we therefore show, with small gray dots, the metallicities of the!53,000 SDSS galaxies of T04 determined with the N2 index. Note that the [N ii]/H!
ratio saturates near solar metallicity (horizontal dotted line). The filled triangles indicate the mean metallicity of the SDSS galaxies in the same mass bins we use for our
sample; using the more reliable, low-metallicity bins, our galaxies are!0.3 dex lower in metallicity at a given mass. [See the electronic edition of the Journal for a color
version of this figure.]

MASS-METALLICITY RELATION AT z k 2 819
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Color - size relation at z ~ 2.5

Zirm et al. 2007 (See also Trujillo et al., Toft et al. 2007) 

the same redshift range shows that their size distribution is con-
sistent with that of the star-forming DRGs (see Fig. 2).

This trend of older stellar populations to be contained in com-
pact structures is qualitatively consistent with the morphology-
color correlation observed in the local universe (Kauffmann et al.
2003; Brinchmann et al. 2004). More generally, the existence of
compact galaxies with little or no star formation supports the
suggestion by Faber et al. (2005) and others that the same event
is responsible for both the cessation of star formation and the mor-
phological transformation from late- to early-type. Furthermore,
our results show that massive, centrally-concentrated galaxies
exist within !2.5 Gyr of the big bang.

5. qDRG MASS DENSITIES

The qDRGs are of particular interest because of their small
sizes, high inferred stellar masses, and implied early formation.
Their large mass of stars and lack of vigorous current star for-
mation suggest that they have had at least one major star forma-
tion episode that has now ceased. In the left panel of Figure 4 we
plot the half-light radius versus the observed I " Ks color. For
z > 2 galaxies, redder I" Ks colors can either indicate lower
specific star formation rates or higher dust content (Labbé et al.
2005). The quiescent DRGs ( filled red circles) are clearly sepa-
rated from the star-forming populations in this plot. The two red
circles connected by a line indicates the maximal offset due to
convolution with different PSFs for object 66.

In the right panel of Figure 4 we show half-light radius versus
stellar mass for the DRGs and LBGs in the HDF-S. The over-
plotted lines show the size-mass relation for local early-type
(solid line) and late-type (dotted line) galaxies (z < 0:1) from the
Sloan Digital Sky Survey (SDSS; Shen et al. 2003). It is clear
that the qDRGs are rather different from local early-types. Re-
cent studies of the evolution in the size-mass relation (Trujillo
et al. 2004, 2006a) find that galaxies with comparable stellar
masses to the qDRGswere a factor 1.7 smaller at higher redshifts

than locally, qualitatively consistent with the observed trend in
our data. However the qDRGs are still much smaller than the evo-
lution would predict. This is likely due to the inclusion of the full
galaxy population to derive the evolution and scatter in the evo-
lution prediction. Our results also agree with direct (rest-frame
UV) size measurements of quiescent galaxies at z # 1:8 (Daddi
et al. 2005). However, by z # 1 the early-type population does
not show many galaxies in the size-mass region of the qDRGs
(McIntosh et al. 2005).
Perhaps most striking is the difference shown in Figure 5,

where we plot the average surface stellar mass density within the
half-light radius, !50, versus the stellar mass,

!50 ¼
0:5M?

"r 2e
: ð1Þ

The sDRGs and LBGs overlap the region of the local galaxy
samples. The much higher densities of the qDRGs suggest that
substantial downward density evolution must take place between
z # 2 and the present day. However, it is nearly impossible to
lower the density of a stellar distribution via secular evolution
on this timescale. The relaxation time for these compact DRGs
is still much longer than the Hubble time, despite their high
densities. Dissipationless, or ‘‘dry,’’ merging (e.g., van Dokkum
2005) would predict a linear decrease in the surface density with
accumulated mass (e.g., Nipoti et al. 2003). The diagonal lines in
Figure 5 show this power-law trend with a fiducial normalization
to the qDRGs. These lines also happen to pass through some of
the z #1 galaxies that are also ‘‘overdense’’ compared to local
early-types. These z #1 sources are clearly ellipticals (i.e., they
lie on the fundamental plane and follow r1=4-law profiles) and
these are their stellar masses from comparable SED fitting, also
using a Salpeter initial mass function (IM; van derWel et al. 2005,
2006).
Alternatively, the qDRGs may be something of a mixed pop-

ulation, both in the sense that the color and SED selection col-
lects multiple galaxy types and that measurements may lead to
misclassification of some sources. Errors in the photometric red-
shift determination and SED modeling may still allow significant

Fig. 3.—Clockwise from top left: Redshift, luminosity, stellar mass and appar-
ent magnitude distributions for the star-forming (solid red lines) and passive (dashed
red ) DRG and LBG (solid blue) populations. The amount of overlap between the
two samples is substantial in these observed properties. This strongly suggests
that a direct correspondence exists between star formation and galaxy size for the
DRGs, rather than a mutual correlation with a third parameter.

Fig. 4.—Left panel: Half-light radius vs. observed I " Ks color for the star-
forming (red stars) and quiescent ( filled red circles) DRGs, and star-forming
LBGs (blue stars) in the HDF-S. The open red circles are the quiescent z # 1:8
galaxies from Daddi et al. (2005) Two of the passive sources are undetected in
I and are therefore shown as lower limits (arrows). The error bar in the bottom
right is representative of the fits to the quiescent galaxies. The filled red circles
connected by a line show the maximal offset introduced by using a stellar rather
than a model PSF (an increase in size for object 66 of 18%). Right panel: Half-
light radius vs. stellar mass with the same symbols. The two sets of overplotted
lines are the size-mass relationships derived by Shen et al. 2003 for early-type
(black solid line) and late-type (black dotted line) galaxies in the local universe
and redshifted to z ¼ 2:5 using the inferred size-redshift evolution forM? > 3 ;
1010 M' galaxies from Trujillo et al. (2006b; red lines).
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Bimodality in the color distribution up 
to z ~ 2

Williams et al. (2008) 
(see also Cassata et al. 2008)

Quiescent galaxies in a bicolor sequence 9

FIG. 9.— Rest–frame U !V vs. V ! J colors of UDS K < 22.4 galaxies in five redshift bins. The greyscale represents the density of points in the central region
of each plot, while outlying points are plotted individually. The solid lines show the adopted divisions between the star–forming and quiescent galaxy samples
at each redshift, defined in Equation 4. Median uncertainties in the rest–frame colors of quiescent and star–forming galaxies (only taking random errors into
account) are shown in the upper left and lower right of each frame, respectively.

for zphot fitting.

6. EVIDENCE FOR QUIESCENT GALAXIES TO Z ∼ 2.5

6.1. The rest–frame colors of quiescent and star–forming
galaxies

We use the catalogs described in the previous section to ana-
lyze the rest–frame color distribution of galaxies out to z= 2.5,
following the evolution of the galaxy bimodality seen at z = 0
(Kauffmann et al. 2003). Figure 8 shows the rest–frameU !V
vs. V ! J (hereafter UVJ) diagram for this subset of UDS
galaxies. A striking bimodality emerges: one diagonal track
extends from blue to red V ! J, while a localized clump that
is red in U !V but blue in V ! J lies above this track. This
behavior has been found previously by Labbé et al. (2005,
2008) and Wuyts et al. (2007), and these authors showed that
the two populations are consistent with being actively star–
forming (the diagonal track) and quiescent (clump in the up-
per left) galaxies. Indeed, this interpretation is supported here
by both data and models: the red points overlying the “quies-
cent clump” in Figure 8 are spectroscopically–confirmed old
passively–evolving galaxies from Yamada et al. (2005), while
the star–forming and quiescent loci are reasonably coincident
with the corresponding Bruzual & Charlot (2003) stellar pop-
ulation models.
Essentially, the UVJ diagram allows the degeneracy be-

tween red star–forming and red quiescent galaxies to be bro-
ken: while galaxies with blue U !V colors in general ex-
hibit relatively unobscured star formation activity, red galax-
ies could be either quiescent galaxies with evolved stellar
populations or dust–obscured starbursts. But since dust–free
quiescent galaxies are blue in V ! J, they occupy a locus in
the UVJ plane that is distinct from the star–forming galax-

ies, allowing the two populations to be empirically separated.
Clearly, such a separation using a single color (such asU !V )
would be fraught with problems: at best, the quiescent sam-
ple derived in this manner would be contaminated by red star-
bursts, and if the number of such starbursts were sufficiently
high the bimodality would no longer be visible (see also Fig-
ure 10).
Even when photometric redshifts are derived using alterna-

tive template sets within EAZY, or an entirely different zphot
code (HYPERZ; Bolzonella, Miralles, & Pelló 2000), the ba-
sic bimodal shape of Figure 8 persists, indicating that this
method is robust to the specific numerical technique em-
ployed.

6.2. Color Evolution

Changes in rest–frame colors with redshift reflect the intrin-
sic evolution of stellar populations, since all spectra have in
principle been transformed to the same reference frame (bar-
ring possible zphot systematic errors). UVJ diagrams at five
different redshifts (in bins of width∆zphot = 0.5) are shown in
Figure 9. The most immediately apparent feature is that the
observed bimodal distribution of star–forming and quiescent
galaxies persists up to z ∼ 2. Although the scatter increases
substantially at higher redshifts, most likely due to a combi-
nation of larger photometric redshift uncertainties and weaker
observed fluxes, the two distinct populations are nonetheless
visible.
It is also notable that the shape of the star–forming sequence

appears to change: at the lowest redshifts the sequence curves,
but this may be due to the effects of using a small aperture on
relatively nearby galaxies (i.e., the outermost, bluer parts of
galaxies with large angular sizes falling outside the “color”
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A red sequence up to z ~ 2.3?

Kriek et al. (2008b)

A Red Sequence at z ∼ 2.3 7

Fig. 4.— Top panels: Rest-frame U − B color versus stellar mass for the three galaxy samples. The two lower redshift samples are
adopted from van der Wel et al. (2007). Galaxies without spectroscopic redshifts in the 0.6 < z < 1.0 sample are indicated in gray. The
U − B colors are corrected for redshift differences within the sample using equation (2). Bottom panels: The color distribution extracted
along the z ∼ 0.03 slope (0.08 mag dex−1). The peak of the red sequence is represented by the solid gray and black lines in the top and
bottom panels respectively. All galaxies above the gray dotted lines in the top panels are defined as red-sequence galaxies. The dotted and
dashed lines in the bottom panels indicate random and total 1σ uncertainties, respectively

at 2 < z < 3 are similar as for a photometric mass-
and volume-limited sample at the same redshift inter-
val. Unfortunately, we can only compare photometric
properties in order to investigate whether the subsample
is representative, and thus systematics in photometric
studies may jeopardize the real completeness. For ex-
ample, in Kriek et al. (2008) we identified systematics
between photometric redshift and SED type, such that
dusty, young galaxies were generally placed at too high
redshifts. As these dusty galaxies scattered to lower red-
shift, they are not included in the sample used in this
work. Dusty galaxies with 2 < zspec < 3 may not be
properly represented in the sample, as they were ini-
tially placed at too high redshift. Although this possible
incompleteness may not alter our findings of the color
of the red sequence, it should be kept in mind that the
sample may not be complete and representative of the
total population of 2 < z < 3 galaxies. We estimate that
completeness effects may result in a systematic error of
∼ 0.03 mag on the rest-frame U −B color of the z ∼ 2.3
red sequence.

The various effects discussed above result in total sys-
tematic uncertainties of 0.03, 0.04 and 0.05 mag for the
z ∼ 0.0, z ∼ 0.7 and z ∼ 2.3 red-sequence colors re-
spectively. We assume that the random and systematic

errors are independent and can be added in quadrature.
The color evolution of massive galaxies is shown in Fig-

ure 5. The small filled dots show individual red-sequence
galaxies, and the large filled symbols with errorbars show
the peak locations for galaxies on the red sequence. The
dotted line is a simple linear fit to the large symbols, of
the form:

(U − B)z = 0.19 + 0.33 t (2)

with t the fractional age of the universe. The fit was
used to apply differential color corrections to account for
redshift differences within each sample (see above), and
provides a remarkably good fit.

Table 1 lists the rest-frame U −B color and the width
of the red sequence for the three samples. The color of
the red sequence evolves by ∼0.25 mag between between
z ∼ 2.3 and z ∼ 0.0. In § 5 we attempt to explain this
evolution using simple models.

4.3. Evolution of the Mass and Number Density

In addition to ∆(U − B), the evolution of the number
and mass density of red-sequence galaxies places con-
straints on the build up of the red sequence. The densi-
ties for the z < 1 samples follow directly from the used
samples, as both are volume limited. To obtain the rel-
ative fractions at z ∼ 0.73 we use the full 0.6 < z < 1.0

A Red Sequence at z ∼ 2.3 7

Fig. 4.— Top panels: Rest-frame U − B color versus stellar mass for the three galaxy samples. The two lower redshift samples are
adopted from van der Wel et al. (2007). Galaxies without spectroscopic redshifts in the 0.6 < z < 1.0 sample are indicated in gray. The
U − B colors are corrected for redshift differences within the sample using equation (2). Bottom panels: The color distribution extracted
along the z ∼ 0.03 slope (0.08 mag dex−1). The peak of the red sequence is represented by the solid gray and black lines in the top and
bottom panels respectively. All galaxies above the gray dotted lines in the top panels are defined as red-sequence galaxies. The dotted and
dashed lines in the bottom panels indicate random and total 1σ uncertainties, respectively

at 2 < z < 3 are similar as for a photometric mass-
and volume-limited sample at the same redshift inter-
val. Unfortunately, we can only compare photometric
properties in order to investigate whether the subsample
is representative, and thus systematics in photometric
studies may jeopardize the real completeness. For ex-
ample, in Kriek et al. (2008) we identified systematics
between photometric redshift and SED type, such that
dusty, young galaxies were generally placed at too high
redshifts. As these dusty galaxies scattered to lower red-
shift, they are not included in the sample used in this
work. Dusty galaxies with 2 < zspec < 3 may not be
properly represented in the sample, as they were ini-
tially placed at too high redshift. Although this possible
incompleteness may not alter our findings of the color
of the red sequence, it should be kept in mind that the
sample may not be complete and representative of the
total population of 2 < z < 3 galaxies. We estimate that
completeness effects may result in a systematic error of
∼ 0.03 mag on the rest-frame U −B color of the z ∼ 2.3
red sequence.

The various effects discussed above result in total sys-
tematic uncertainties of 0.03, 0.04 and 0.05 mag for the
z ∼ 0.0, z ∼ 0.7 and z ∼ 2.3 red-sequence colors re-
spectively. We assume that the random and systematic

errors are independent and can be added in quadrature.
The color evolution of massive galaxies is shown in Fig-

ure 5. The small filled dots show individual red-sequence
galaxies, and the large filled symbols with errorbars show
the peak locations for galaxies on the red sequence. The
dotted line is a simple linear fit to the large symbols, of
the form:

(U − B)z = 0.19 + 0.33 t (2)

with t the fractional age of the universe. The fit was
used to apply differential color corrections to account for
redshift differences within each sample (see above), and
provides a remarkably good fit.

Table 1 lists the rest-frame U −B color and the width
of the red sequence for the three samples. The color of
the red sequence evolves by ∼0.25 mag between between
z ∼ 2.3 and z ∼ 0.0. In § 5 we attempt to explain this
evolution using simple models.

4.3. Evolution of the Mass and Number Density

In addition to ∆(U − B), the evolution of the number
and mass density of red-sequence galaxies places con-
straints on the build up of the red sequence. The densi-
ties for the z < 1 samples follow directly from the used
samples, as both are volume limited. To obtain the rel-
ative fractions at z ∼ 0.73 we use the full 0.6 < z < 1.0
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What we know about local galaxies...

✦ Massive galaxies are primarily red

✦ Color - density relation

✦ Mass - metallicity relation

✦ Color - size / morphology relation

✦ Color bimodality and color sequences

The galaxy relations in the z~2 universe look 
strikingly similar to those in the local universe.
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What do these similarities imply? 

✦ Red systems evolve passively from z~2 to z~0? 

✦ There is no structural evolution between z~2 and 
z~0?

✦ The metallicity in blue galaxies just gradually 
increases?

✦ etc.
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Is it really that simple?

No!

✦ The number of red, quiescent galaxies grows 
significantly between z~2 and z~0

✦ The color evolution of the red sequence is not 
consistent with just passive evolution

✦ Sizes and morphologies of z~2.3 galaxies are 
different from low-z galaxies at similar mass
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✦ The number of red, quiescent galaxies grows 
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✦ The color evolution of the red sequence is not 
consistent with just passive evolution

✦ Sizes and morphologies of z~2.3 galaxies are 
different from low-z galaxies at similar mass
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Growth of the red sequence

Bell et al. 2004 (see also Faber et al. 2007)

et al. 2002). The smooth gray lines show the expectation of
passive evolution models as shown above.

This figure shows a few key results. First, it is clear that
cosmic variance is a considerable source of uncertainty, even
for a survey with three independent fields of !0.25 deg2 each.
Cosmic variance is the limiting uncertainty for our and similar
studies of the 0 < zP1 luminosity function evolution of red-
sequence or early-type galaxies. Furthermore, Somerville et al.
(2004) shows that more than an order-of-magnitude increase in
comoving volume is required to reduce the cosmic variance
uncertainties by a factor of 2 if the areas imaged are contiguous.
Alternatively, a factor-of-4 more widely separated areas could
give the same decrease in uncertainty. Therefore, it is necessary
to cover substantially larger areas to similar depths to signifi-
cantly improve on these results. Second andmost important, the
rest-frame B-band luminosity density in red-sequence galaxies
remains more or less constant over the interval 0< z P1. In
an effort to reduce the effects of cosmic variance, we estimate
the average luminosity density in red-sequence galaxies in the
interval 0:2 " z " 0:9 at the risk of overbinning the data:
jB(0:2 " z " 0:9) ¼ 7:6 $ 1:0ð Þ ; 107L' h Mpc(3. The ob-
served luminosity density falls short of the passive evolution
prediction by at least a factor of 2 by z ! 1, although cosmic
variance and uncertainty in the passive evolution models pre-
clude a more accurate assessment.

Of some importance in establishing this result is the local
estimate of red-sequence luminosity density. This was the
primary motivation for carefully constructing an SDSS com-
parison sample. As discussed in Bell et al. (2003), this esti-
mate is accurate to 10% in a systematic and random sense,
largely because of the excellent completeness properties of
SDSS (used for galaxy selection) and the Two Micron All-
Sky Survey (which is used to normalize the luminosity function
to the all-sky number density of 10 < K < 13:5 galaxies).
Furthermore, the U(V colors were synthesized to allow iden-
tical selection criteria to be applied to the low-redshift and

COMBO-17 samples, strongly limiting that source of sys-
tematic uncertainty. Furthermore, the 2dFGRS estimate of
Madgwick et al. (2002) agrees with our SDSS estimate,
lending further credibility to the low-redshift comparison data.
Therefore, we believe that it is safe to conclude that the rest-
frame B-band luminosity density of color-selected early-type
galaxies does not significantly evolve in the interval 0< z P1.
Furthermore, because a passively evolving population would
have to fade by a factor of 2 or 3 from redshift 1 to the present
day in the rest-frame B band, this nonevolving jB corresponds
to an increase in stellar mass in red galaxies of a factor of 2–3
from redshift unity to the present day.

6. DISCUSSION

6.1. Comparison with Previous Work

The data presented here are based on a larger galaxy sample
than all previous work in this field combined. Furthermore, we
adopt an empirically motivated definition of ‘‘early-type gal-
axy’’ that accounts for evolution of the stars in these galaxies
in a natural and model-independent fashion. Nevertheless, on
the whole there is pleasing agreement between our con-
clusions and the results of many of the previous studies of this
topic. The essentially passive evolution of the stars in early-
type galaxies (not the galaxy population as a whole), as esti-
mated from the color intercept of the CMR, is in excellent
agreement with the colors (e.g., Kodama & Arimoto 1997;
Kodama et al. 1999; van Dokkum et al. 2001), line strengths
(e.g., Kuntschner 2000; Kelson et al. 2001; Ziegler et al.
2001), and stellar M/L values (e.g., van Dokkum & Franx
2001; Treu et al. 2002) of individual early-type galaxies in the
range 0P z P1, as extensively discussed in the introduction.
There is also good agreement between our detection of a

factor-of-2 evolution in stellar mass on the red sequence and
other works in the literature. Morphologically selected surveys
(Im et al. 1996, 2002; Schade et al. 1999; Menanteau et al.

Fig. 4.—Evolution of the rest-frame B-band luminosity function of the red-sequence galaxy population from COMBO-17. Left: Evolution of M)
B , the ‘‘knee’’ of

the luminosity function. We show the expectations of a passive evolution model as smooth gray lines (with formation redshift shown in the figure legend). The solid
point shows the M)

B of the SDSS low-redshift comparison sample, transformed from ugr data (see the Appendix for more details). Middle: Evolution of !). Again,
open circles denote COMBO-17 data, and the solid point denotes the local SDSS sample. The error bars attempt to indicate uncertainty because of cosmic variance;
the black error bars show the observed field-to-field variation divided by

ffiffiffi
3

p
, whereas the gray error bars show the predicted cosmic variance by using the

prescription of Somerville et al. (2004). A passive evolution model predicts no evolution in the number density with redshift (gray line). Right: Rest-frame B-band
luminosity density per comoving Mpc3 is shown by open circles, with error bars again denoting the uncertainties from cosmic variance. To reduce the cosmic
variance uncertainty, we show also the averaged 0:2 " z " 0:9 luminosity density jB by the solid black circle, which has only a 13% uncertainty from cosmic
variance. The upward pointing triangles denote a lower limit to the luminosity density, where only the observed luminosity density is accounted for (i.e., no
extrapolation to zero luminosity). The filled gray point denotes the luminosity density of spectral type–selected early-type galaxies in the 2dFGRS. We show also the
blind prediction of the Cole et al. (2000) semianalytic galaxy formation model as a solid gray curve, for which model galaxies were selected using exactly the same
color cut methodology as used in this paper.
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et al. 2002). The smooth gray lines show the expectation of
passive evolution models as shown above.

This figure shows a few key results. First, it is clear that
cosmic variance is a considerable source of uncertainty, even
for a survey with three independent fields of !0.25 deg2 each.
Cosmic variance is the limiting uncertainty for our and similar
studies of the 0 < zP1 luminosity function evolution of red-
sequence or early-type galaxies. Furthermore, Somerville et al.
(2004) shows that more than an order-of-magnitude increase in
comoving volume is required to reduce the cosmic variance
uncertainties by a factor of 2 if the areas imaged are contiguous.
Alternatively, a factor-of-4 more widely separated areas could
give the same decrease in uncertainty. Therefore, it is necessary
to cover substantially larger areas to similar depths to signifi-
cantly improve on these results. Second andmost important, the
rest-frame B-band luminosity density in red-sequence galaxies
remains more or less constant over the interval 0< z P1. In
an effort to reduce the effects of cosmic variance, we estimate
the average luminosity density in red-sequence galaxies in the
interval 0:2 " z " 0:9 at the risk of overbinning the data:
jB(0:2 " z " 0:9) ¼ 7:6 $ 1:0ð Þ ; 107L' h Mpc(3. The ob-
served luminosity density falls short of the passive evolution
prediction by at least a factor of 2 by z ! 1, although cosmic
variance and uncertainty in the passive evolution models pre-
clude a more accurate assessment.

Of some importance in establishing this result is the local
estimate of red-sequence luminosity density. This was the
primary motivation for carefully constructing an SDSS com-
parison sample. As discussed in Bell et al. (2003), this esti-
mate is accurate to 10% in a systematic and random sense,
largely because of the excellent completeness properties of
SDSS (used for galaxy selection) and the Two Micron All-
Sky Survey (which is used to normalize the luminosity function
to the all-sky number density of 10 < K < 13:5 galaxies).
Furthermore, the U(V colors were synthesized to allow iden-
tical selection criteria to be applied to the low-redshift and

COMBO-17 samples, strongly limiting that source of sys-
tematic uncertainty. Furthermore, the 2dFGRS estimate of
Madgwick et al. (2002) agrees with our SDSS estimate,
lending further credibility to the low-redshift comparison data.
Therefore, we believe that it is safe to conclude that the rest-
frame B-band luminosity density of color-selected early-type
galaxies does not significantly evolve in the interval 0< z P1.
Furthermore, because a passively evolving population would
have to fade by a factor of 2 or 3 from redshift 1 to the present
day in the rest-frame B band, this nonevolving jB corresponds
to an increase in stellar mass in red galaxies of a factor of 2–3
from redshift unity to the present day.

6. DISCUSSION

6.1. Comparison with Previous Work

The data presented here are based on a larger galaxy sample
than all previous work in this field combined. Furthermore, we
adopt an empirically motivated definition of ‘‘early-type gal-
axy’’ that accounts for evolution of the stars in these galaxies
in a natural and model-independent fashion. Nevertheless, on
the whole there is pleasing agreement between our con-
clusions and the results of many of the previous studies of this
topic. The essentially passive evolution of the stars in early-
type galaxies (not the galaxy population as a whole), as esti-
mated from the color intercept of the CMR, is in excellent
agreement with the colors (e.g., Kodama & Arimoto 1997;
Kodama et al. 1999; van Dokkum et al. 2001), line strengths
(e.g., Kuntschner 2000; Kelson et al. 2001; Ziegler et al.
2001), and stellar M/L values (e.g., van Dokkum & Franx
2001; Treu et al. 2002) of individual early-type galaxies in the
range 0P z P1, as extensively discussed in the introduction.
There is also good agreement between our detection of a

factor-of-2 evolution in stellar mass on the red sequence and
other works in the literature. Morphologically selected surveys
(Im et al. 1996, 2002; Schade et al. 1999; Menanteau et al.

Fig. 4.—Evolution of the rest-frame B-band luminosity function of the red-sequence galaxy population from COMBO-17. Left: Evolution of M)
B , the ‘‘knee’’ of

the luminosity function. We show the expectations of a passive evolution model as smooth gray lines (with formation redshift shown in the figure legend). The solid
point shows the M)

B of the SDSS low-redshift comparison sample, transformed from ugr data (see the Appendix for more details). Middle: Evolution of !). Again,
open circles denote COMBO-17 data, and the solid point denotes the local SDSS sample. The error bars attempt to indicate uncertainty because of cosmic variance;
the black error bars show the observed field-to-field variation divided by

ffiffiffi
3

p
, whereas the gray error bars show the predicted cosmic variance by using the

prescription of Somerville et al. (2004). A passive evolution model predicts no evolution in the number density with redshift (gray line). Right: Rest-frame B-band
luminosity density per comoving Mpc3 is shown by open circles, with error bars again denoting the uncertainties from cosmic variance. To reduce the cosmic
variance uncertainty, we show also the averaged 0:2 " z " 0:9 luminosity density jB by the solid black circle, which has only a 13% uncertainty from cosmic
variance. The upward pointing triangles denote a lower limit to the luminosity density, where only the observed luminosity density is accounted for (i.e., no
extrapolation to zero luminosity). The filled gray point denotes the luminosity density of spectral type–selected early-type galaxies in the 2dFGRS. We show also the
blind prediction of the Cole et al. (2000) semianalytic galaxy formation model as a solid gray curve, for which model galaxies were selected using exactly the same
color cut methodology as used in this paper.
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Growth of the red sequence

Kriek et al. (2008b), see also Taylor et al. (2009)
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Is it really that simple?

No!

✦ The number of red, quiescent galaxies grows 
significantly between z~2 and z~0

✦ The color evolution of the red sequence is not 
consistent with just passive evolution

✦ Sizes and morphologies of z~2.3 galaxies are 
different from low-z galaxies at similar mass
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Evolution of the Red Sequence

Kriek et al. (2008b)

A Red Sequence at z ∼ 2.3 7

Fig. 4.— Top panels: Rest-frame U − B color versus stellar mass for the three galaxy samples. The two lower redshift samples are
adopted from van der Wel et al. (2007). Galaxies without spectroscopic redshifts in the 0.6 < z < 1.0 sample are indicated in gray. The
U − B colors are corrected for redshift differences within the sample using equation (2). Bottom panels: The color distribution extracted
along the z ∼ 0.03 slope (0.08 mag dex−1). The peak of the red sequence is represented by the solid gray and black lines in the top and
bottom panels respectively. All galaxies above the gray dotted lines in the top panels are defined as red-sequence galaxies. The dotted and
dashed lines in the bottom panels indicate random and total 1σ uncertainties, respectively

at 2 < z < 3 are similar as for a photometric mass-
and volume-limited sample at the same redshift inter-
val. Unfortunately, we can only compare photometric
properties in order to investigate whether the subsample
is representative, and thus systematics in photometric
studies may jeopardize the real completeness. For ex-
ample, in Kriek et al. (2008) we identified systematics
between photometric redshift and SED type, such that
dusty, young galaxies were generally placed at too high
redshifts. As these dusty galaxies scattered to lower red-
shift, they are not included in the sample used in this
work. Dusty galaxies with 2 < zspec < 3 may not be
properly represented in the sample, as they were ini-
tially placed at too high redshift. Although this possible
incompleteness may not alter our findings of the color
of the red sequence, it should be kept in mind that the
sample may not be complete and representative of the
total population of 2 < z < 3 galaxies. We estimate that
completeness effects may result in a systematic error of
∼ 0.03 mag on the rest-frame U −B color of the z ∼ 2.3
red sequence.

The various effects discussed above result in total sys-
tematic uncertainties of 0.03, 0.04 and 0.05 mag for the
z ∼ 0.0, z ∼ 0.7 and z ∼ 2.3 red-sequence colors re-
spectively. We assume that the random and systematic

errors are independent and can be added in quadrature.
The color evolution of massive galaxies is shown in Fig-

ure 5. The small filled dots show individual red-sequence
galaxies, and the large filled symbols with errorbars show
the peak locations for galaxies on the red sequence. The
dotted line is a simple linear fit to the large symbols, of
the form:

(U − B)z = 0.19 + 0.33 t (2)

with t the fractional age of the universe. The fit was
used to apply differential color corrections to account for
redshift differences within each sample (see above), and
provides a remarkably good fit.

Table 1 lists the rest-frame U −B color and the width
of the red sequence for the three samples. The color of
the red sequence evolves by ∼0.25 mag between between
z ∼ 2.3 and z ∼ 0.0. In § 5 we attempt to explain this
evolution using simple models.

4.3. Evolution of the Mass and Number Density

In addition to ∆(U − B), the evolution of the number
and mass density of red-sequence galaxies places con-
straints on the build up of the red sequence. The densi-
ties for the z < 1 samples follow directly from the used
samples, as both are volume limited. To obtain the rel-
ative fractions at z ∼ 0.73 we use the full 0.6 < z < 1.0

A Red Sequence at z ∼ 2.3 7

Fig. 4.— Top panels: Rest-frame U − B color versus stellar mass for the three galaxy samples. The two lower redshift samples are
adopted from van der Wel et al. (2007). Galaxies without spectroscopic redshifts in the 0.6 < z < 1.0 sample are indicated in gray. The
U − B colors are corrected for redshift differences within the sample using equation (2). Bottom panels: The color distribution extracted
along the z ∼ 0.03 slope (0.08 mag dex−1). The peak of the red sequence is represented by the solid gray and black lines in the top and
bottom panels respectively. All galaxies above the gray dotted lines in the top panels are defined as red-sequence galaxies. The dotted and
dashed lines in the bottom panels indicate random and total 1σ uncertainties, respectively

at 2 < z < 3 are similar as for a photometric mass-
and volume-limited sample at the same redshift inter-
val. Unfortunately, we can only compare photometric
properties in order to investigate whether the subsample
is representative, and thus systematics in photometric
studies may jeopardize the real completeness. For ex-
ample, in Kriek et al. (2008) we identified systematics
between photometric redshift and SED type, such that
dusty, young galaxies were generally placed at too high
redshifts. As these dusty galaxies scattered to lower red-
shift, they are not included in the sample used in this
work. Dusty galaxies with 2 < zspec < 3 may not be
properly represented in the sample, as they were ini-
tially placed at too high redshift. Although this possible
incompleteness may not alter our findings of the color
of the red sequence, it should be kept in mind that the
sample may not be complete and representative of the
total population of 2 < z < 3 galaxies. We estimate that
completeness effects may result in a systematic error of
∼ 0.03 mag on the rest-frame U −B color of the z ∼ 2.3
red sequence.

The various effects discussed above result in total sys-
tematic uncertainties of 0.03, 0.04 and 0.05 mag for the
z ∼ 0.0, z ∼ 0.7 and z ∼ 2.3 red-sequence colors re-
spectively. We assume that the random and systematic

errors are independent and can be added in quadrature.
The color evolution of massive galaxies is shown in Fig-

ure 5. The small filled dots show individual red-sequence
galaxies, and the large filled symbols with errorbars show
the peak locations for galaxies on the red sequence. The
dotted line is a simple linear fit to the large symbols, of
the form:

(U − B)z = 0.19 + 0.33 t (2)

with t the fractional age of the universe. The fit was
used to apply differential color corrections to account for
redshift differences within each sample (see above), and
provides a remarkably good fit.

Table 1 lists the rest-frame U −B color and the width
of the red sequence for the three samples. The color of
the red sequence evolves by ∼0.25 mag between between
z ∼ 2.3 and z ∼ 0.0. In § 5 we attempt to explain this
evolution using simple models.

4.3. Evolution of the Mass and Number Density

In addition to ∆(U − B), the evolution of the number
and mass density of red-sequence galaxies places con-
straints on the build up of the red sequence. The densi-
ties for the z < 1 samples follow directly from the used
samples, as both are volume limited. To obtain the rel-
ative fractions at z ∼ 0.73 we use the full 0.6 < z < 1.0
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Evolution of the Red Sequence

Kriek et al. (2008b)
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Kriek et al. (2008b)

Evolution of the Red Sequence
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Is it really that simple?

No!

✦ The number of red, quiescent galaxies grows 
significantly between z~2 and z~0

✦ The color evolution of the red sequence is not 
consistent with just passive evolution

✦ Sizes and morphologies of z~2.3 galaxies are 
different from low-z galaxies at similar mass
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Morphologies of z~2.3 massive galaxies

Kriek et al. (2009b)

The Massive Hubble Sequence beyond z = 2 3

Fig. 2.— Left: Rest-frame U −B color versus stellar mass for a massive galaxy sample at z ∼ 2.3 with rest-frame optical spectroscopy. We
use the HST NIC2 images as symbols. The color coding reflect the specific SFR of the galaxy. The emission-line galaxies can be recognized
by their italic ID numbers, and A indicates the AGNs. The galaxies clearly separate into two classes: the large (irregular) star-forming
galaxies in the blue cloud, and the compact, quiescent galaxies on the red sequence. We do caution that this sample is small and not
complete. The ellipse represents the average 1σ confidence interval. Right: Stacked SEDs, composed of the rest-frame UV photometry and
rest-frame optical spectra of all blue (bottom panel) and red galaxies (top panel) at 2 < z < 3 in our spectroscopic sample. We also show
the stack and full range of best-fit stellar population synthesis (SPS) models. The SPS models do not have emission lines and thus they
are correspondingly removed from the stacks.

might be of nuclear origin. Altogether, this diagram illus-
trates that structures and stellar population properties
of massive galaxies at z ∼ 2.3 are strongly correlated.

Our results confirm previous studies based on lower
resolution HST NIC3 or ground-based imaging of pho-
tometric galaxy samples (e.g., Toft et al. 2007; Zirm et
al. 2007; Franx et al. 2008; Williams et al. 2009). More-
over, due to the higher spatial resolution, we better re-
solve the structures of the massive star-forming galax-
ies. This work extends the results by Elmegreen et al.
(2007, 2009) and Förster Schreiber et al. (2009) to higher
masses, suggesting that star formation in irregular and
clumpy galaxies may represent the major star-forming
mode beyond z = 2.

The massive Hubble sequence at z ∼ 2.3 is quite dif-
ferent from that in the local universe. First, quiescent
galaxies are much more compact than local early-type
galaxies (ETGs) at similar mass. Second, the galaxies
with the highest SFRs (! 100 M! yr−1) in our sample
(1030-1531, ECDFS-4511, and ECDFS-12514) have ir-
regular and clumpy structures, and thus do not resemble
classical disk or spiral galaxies. Massive irregular galax-
ies with such high specific SFRs are very rare in the lo-
cal universe. Star-forming galaxies 1030-807, HDFS1-
1849, and ECDFS-6956 are structurally more similar to
local massive disk galaxies, but their SFRs are also lower
(" 25 M! yr−1).

4. DO BLUE GALAXIES HAVE DENSE CORES?

An obvious question is whether the blue star-forming
galaxies are simply compact quiescent galaxies sur-
rounded by active star-forming regions or disk with much
lower mass-to-light ratios (M/L). We assess this by ex-
amining how much of the stellar mass could be in a dense
core for the six galaxies with the highest specific SFR in
the total sample. For the core we assume an re of 0.9 kpc,
an n of 3 (van Dokkum et al. 2008), and the median M/L
of the compact red-sequence galaxies. We apply the ap-
propriate PSF and fit the brightest clump or core, leav-
ing the axis ratio and the inclination as free parameters.
The maximum mass fraction is set to 100%, to ensure
that unrealistic values do not occur (since star-forming
populations have lower M/L). Figure 3 shows the com-
pact cores and the residual images. The uncertainties on
the mass fractions are dominated by variations in M/L
of the quiescent galaxies.

ECDFS-4713 , ECDFS-6956 and 1030-1531 can hide a
major fraction of their stellar mass in a compact core.
Thus, aside from active outer star-forming regions, they
may be similar to the compact quiescent galaxies. The
remaining galaxies do not seem to have such a strong
light or mass concentration. However, this exercise is
complicated by the effects of dust. For example, HDFS1-
1849 (AV = 1.6 mag) is likely a dusty edge on disk, and

The Massive Hubble Sequence beyond z = 2 3

Fig. 2.— Left: Rest-frame U −B color versus stellar mass for a massive galaxy sample at z ∼ 2.3 with rest-frame optical spectroscopy. We
use the HST NIC2 images as symbols. The color coding reflect the specific SFR of the galaxy. The emission-line galaxies can be recognized
by their italic ID numbers, and A indicates the AGNs. The galaxies clearly separate into two classes: the large (irregular) star-forming
galaxies in the blue cloud, and the compact, quiescent galaxies on the red sequence. We do caution that this sample is small and not
complete. The ellipse represents the average 1σ confidence interval. Right: Stacked SEDs, composed of the rest-frame UV photometry and
rest-frame optical spectra of all blue (bottom panel) and red galaxies (top panel) at 2 < z < 3 in our spectroscopic sample. We also show
the stack and full range of best-fit stellar population synthesis (SPS) models. The SPS models do not have emission lines and thus they
are correspondingly removed from the stacks.

might be of nuclear origin. Altogether, this diagram illus-
trates that structures and stellar population properties
of massive galaxies at z ∼ 2.3 are strongly correlated.

Our results confirm previous studies based on lower
resolution HST NIC3 or ground-based imaging of pho-
tometric galaxy samples (e.g., Toft et al. 2007; Zirm et
al. 2007; Franx et al. 2008; Williams et al. 2009). More-
over, due to the higher spatial resolution, we better re-
solve the structures of the massive star-forming galax-
ies. This work extends the results by Elmegreen et al.
(2007, 2009) and Förster Schreiber et al. (2009) to higher
masses, suggesting that star formation in irregular and
clumpy galaxies may represent the major star-forming
mode beyond z = 2.

The massive Hubble sequence at z ∼ 2.3 is quite dif-
ferent from that in the local universe. First, quiescent
galaxies are much more compact than local early-type
galaxies (ETGs) at similar mass. Second, the galaxies
with the highest SFRs (! 100 M! yr−1) in our sample
(1030-1531, ECDFS-4511, and ECDFS-12514) have ir-
regular and clumpy structures, and thus do not resemble
classical disk or spiral galaxies. Massive irregular galax-
ies with such high specific SFRs are very rare in the lo-
cal universe. Star-forming galaxies 1030-807, HDFS1-
1849, and ECDFS-6956 are structurally more similar to
local massive disk galaxies, but their SFRs are also lower
(" 25 M! yr−1).

4. DO BLUE GALAXIES HAVE DENSE CORES?

An obvious question is whether the blue star-forming
galaxies are simply compact quiescent galaxies sur-
rounded by active star-forming regions or disk with much
lower mass-to-light ratios (M/L). We assess this by ex-
amining how much of the stellar mass could be in a dense
core for the six galaxies with the highest specific SFR in
the total sample. For the core we assume an re of 0.9 kpc,
an n of 3 (van Dokkum et al. 2008), and the median M/L
of the compact red-sequence galaxies. We apply the ap-
propriate PSF and fit the brightest clump or core, leav-
ing the axis ratio and the inclination as free parameters.
The maximum mass fraction is set to 100%, to ensure
that unrealistic values do not occur (since star-forming
populations have lower M/L). Figure 3 shows the com-
pact cores and the residual images. The uncertainties on
the mass fractions are dominated by variations in M/L
of the quiescent galaxies.

ECDFS-4713 , ECDFS-6956 and 1030-1531 can hide a
major fraction of their stellar mass in a compact core.
Thus, aside from active outer star-forming regions, they
may be similar to the compact quiescent galaxies. The
remaining galaxies do not seem to have such a strong
light or mass concentration. However, this exercise is
complicated by the effects of dust. For example, HDFS1-
1849 (AV = 1.6 mag) is likely a dusty edge on disk, and
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Morphologies of massive, quiescent 
galaxies at z~2.3 

2 Sizes of Quiescent Galaxies at z∼ 2.3

FIG. 1.— HST NIC2 images of the nine confirmed quiescent z > 2 galaxies from Kriek et al. (2006). Each panel spans 3.′′8× 3.′′8; North is
up and East is to the left. The small panels below each galaxy show the best-fitting Sersic model (convolved with the PSF) and the residual
after subtraction of the best-fitting model. The red ellipses are constructed from the best-fitting effective radii, axis ratios, and position angles.
Note that the ellipses are significantly smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby
Universe. Gemini GNIRS spectra from Kriek et al. (2006) are also shown. Insets show Keck LGS/AO images of three galaxies.

Each orbit was split in two (dithered) exposures. The reduc-
tion followed the procedures outlined in Bouwens & Illing-
worth (2006), and R. Bouwens et al., in preparation. Before
combining, the individual exposures were drizzled to a new
grid with 0.′′0378 pixels to ensure that the PSF is well sam-
pled. Images of the nine galaxies are shown in Fig. 1.
Three of the galaxies (1030–1813, 1256–0, and 1256–1967)

were also observed with Keck, using laser guide star assisted
adaptive optics to correct for the atmosphere. The data were
obtained on 2007 May 14 and 2008 January 13 using the
NIRC2 wide field camera, which gives a pixel size of 0.′′04.
The reduction followed standard procedures for near-IR imag-
ing data. The Keck images are shown as insets in Fig. 1. They
show the same qualitative features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sersic (1968) radial surface
brightness profile, using the 2D fitting code GALFIT (Peng
et al. 2002). The Sersic n parameter allows for a large range
of profile shapes, and provides a crude estimate of the bulge-
to-disk ratio. For each galaxy a synthetic NIC2 PSF was cre-
ated by generating subsampled PSFs with Tiny Tim 6.3 (Krist
1995), shifting them to replicate the location of the galaxy on
the individual exposures, binning these to the native NIC2 res-
olution, and finally drizzling these “observations” to the grid
of the galaxy images. The resulting fit parameters are listed
in Table 1; ellipses corresponding to the best-fit parameters
are indicated in red in Fig. 1. The (circularized) effective
radii were transformed to kpc using H0 = 70 km s

!1 Mpc!1,
Ωm = 0.3, and ΩΛ = 0.7.
Uncertainties in the structural parameters of faint galaxies

are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image
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The reduction followed standard procedures for near-IR imag-
ing data. The Keck images are shown as insets in Fig. 1. They
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Each galaxy was fitted with a Sersic (1968) radial surface
brightness profile, using the 2D fitting code GALFIT (Peng
et al. 2002). The Sersic n parameter allows for a large range
of profile shapes, and provides a crude estimate of the bulge-
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ated by generating subsampled PSFs with Tiny Tim 6.3 (Krist
1995), shifting them to replicate the location of the galaxy on
the individual exposures, binning these to the native NIC2 res-
olution, and finally drizzling these “observations” to the grid
of the galaxy images. The resulting fit parameters are listed
in Table 1; ellipses corresponding to the best-fit parameters
are indicated in red in Fig. 1. The (circularized) effective
radii were transformed to kpc using H0 = 70 km s

!1 Mpc!1,
Ωm = 0.3, and ΩΛ = 0.7.
Uncertainties in the structural parameters of faint galaxies

are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image

van Dokkum, Franx, Kriek et al. (2008)
See also Trujillo et al.; Toft et al.; Zirm et al.; Damjanov et al; Daddi et al. etc. 
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Structural evolution from z~2.3 to z~0.0

van Dokkum, Franx, Kriek et al. (2008)

van Dokkum et al. 3

FIG. 2.— Relations between size and (total) stellar mass (left panel) and between the average stellar density inside the effective radius and
stellar mass (right panel). Large symbols with errorbars are the quiescent z ∼ 2.3 galaxies. Small symbols are SDSS galaxies, with galaxies
that are not on the red sequence in light grey. Broken lines indicate the expected location of galaxies with stellar velocity dispersions of 200,
300, and 500 km s!1. The high redshift galaxies are much smaller and denser than SDSS galaxies of the same stellar mass.

of each of the other galaxies (excluding 1256-1967) in turn,
repeated the fit, and determined the rms of the seven values
obtained from these fits. The uncertainties listed in Table 1
are 2× these rms values, to account for additional systematic
uncertainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galax-
ies, and changing the drizzle grid.

TABLE 1
STRUCTURAL PARAMETERS

ID z r(1)e ± n ± b/a ±

1030-1813 2.56 0.76 0.06 1.9 0.5 0.30 0.03

1030-2559 2.39 0.92 0.18 2.3 0.6 0.39 0.04

1256-0 2.31 0.78 0.17 3.2 0.9 0.71 0.10

1256-1967 2.02 1.89 0.15 3.4 0.1 0.75 0.07

1256-142 2.37 0.93 0.04 0.9 0.3 0.35 0.04

ECDFS-5856 2.56 1.42 0.35 4.5 0.4 0.83 0.07

ECDFS-11490 2.34 0.47 0.03 2.8 0.8 0.63 0.07

HDFS1-1849 2.31 2.38 0.11 0.5 0.2 0.29 0.02

HDFS2-2046 2.24 0.49 0.02 2.3 0.8 0.76 0.08

(1) Circularized effective radius in kpc.

The Keck images offer an independent test of the reliability
of the parameters listed in Table 1, as the PSF is very different
from that of NICMOS. Fitting the Keck images with a range
of PSFs (obtained on the same nights as the observations, and
including stars that happened to fall in the field-of-view) gives
results that are consistent with the NIC2 fits within the listed
uncertainties.

4. SIZES AND DENSITIES

The most remarkable aspect of the z ∼ 2.3 galaxies is their
compactness. The circularized effective radii range from 0.5
– 2.4 kpc, and the median is 0.9 kpc. To put this in con-
text, this is smaller than many bulges of spiral galaxies (in-
cluding the bulges of the Milky Way and M31, which have
re ≈ 2.5 kpc; van den Bergh 1999). In the left panel of Fig. 2

the sizes are compared to those of SDSS galaxies. The SDSS
data were taken from the NYU Value Added Galaxy Catalog
(Blanton et al. 2005) in a narrow redshift range, with various
small corrections (see Franx et al. [2008] for details). Dark
grey points are galaxies on the red sequence, here defined as
u!g = 0.1log(M)+ (0.6±0.2). Stellar masses for the z∼ 2.3
galaxies were taken from Kriek et al. (2008a) and corrected to
a Kroupa (2001) IMF. The median mass of the z∼ 2.3 galax-
ies is 1.7× 1011 M!. The median re of SDSS red sequence
galaxies with masses 1.5! 1.9× 1011M! is 5.0 kpc, a factor
of∼ 6 larger than the median size of the z∼ 2.3 galaxies.
The combination of small sizes and high masses implies

very high densities. The right panel of Fig. 2 shows the rela-
tion between stellar density and stellar mass, with density de-

fined as ρ = 0.5M/( 4
3
πr3e ) (i.e., the mean stellar density within

the effective radius, assuming a constant stellar mass-to-light
(M/L) ratio with radius). The median density of the z ∼ 2.3
galaxies is 3×1010 M! kpc

!3 (with a considerable rms scatter
of 0.7 dex), a factor of∼ 180 higher than the densities of local
red sequence galaxies of the same mass.
We note that it is difficult to determine the morphologies of

the galaxies, as they are so small. Nevertheless, it is striking
that several galaxies are quite elongated (see Fig. 1). Themost
elongated galaxies are also the ones with the lowest n values
(the correlation between n and b/a is formally significant at
the > 99% level8), and a possible interpretation is that the
light of a subset of the galaxies is dominated by very compact,
massive disks (see § 5).

5. DISCUSSION

We find that the nine quiescent, massive galaxies at 〈z〉 = 2.3
spectroscopically identified by Kriek et al. (2006) are ex-
tremely compact, having a median effective radius of only
0.9 kpc. This result extends previous work at z∼ 1.5 (Trujillo
et al. 2007; Cimatti et al. 2008), and confirms other studies

8 There is no significant correlation between re and n, or re and b/a.
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Structural evolution

van der Wel et al. (2008)

van der Wel et al. 9

van Dokkum et al. (2008), and Buitrago et al. (2008).

6.2. Comparison with Model Predictions

The fact that we see considerable evolution in galaxy
size with redshift is not surprising from a theoretical per-
spective. Most semianalytic models of galaxy formation
in a ΛCDM universe predict substantial size evolution
over the past several billion years. A comparison be-
tween the observed and model-predicted amount of size
evolution will help to identify the mechanism(s) that are
responsible. In Fig. 5 we directly compare the observed
evolution in surface density with the predictions from
the semianalytic work by Khochfar & Silk (2006a). For
galaxies with a given mass the model significantly under-
predicts the evolution in size and density, except, per-
haps, for the most massive galaxies. In our data set we
see no indication that the magnitude of size and den-
sity evolution increases with galaxy mass, as predicted
by the models. In fact, the most massive galaxies in our
sample are precisely the only ones that are not different
from local massive galaxies. Note, however, that statisti-
cally speaking the evidence for mass-dependent evolution
is weak (see § 5.2). Moreover, the most massive galax-
ies in our distant sample are a special subset, brightest
cluster galaxies. Such galaxies have been shown to have
properties that deviate from those of other massive galax-
ies (see, e.g., von der Linden et al. 2007; Bernardi et al.
2007).

By including the z = 1.5 − 2.5 photometric samples
discussed in § 6.1 we can place further constraints on the
models. In Fig. 7 we compare the observed size evolution
of the available samples, normalized to z = 1, with the
model predictions from Khochfar & Silk (2006a). Repre-
senting the model predictions by a single line is justified
by the fact that the predicted evolution of log(Reff) with
log(1+z) is very close to linear. Again, the observed size
evolution is stronger than that predicted by the model.

It is interesting to note that, in qualitative agreement
with the model prediction, we see a hint that size evo-
lution depends on mass in the compilation presented in
Fig. 7. The samples containing on average the lowest-
mass galaxies display marginally less evolution. It has
to be kept in mind, however, that small sample sizes
and systematic effects are more important for determin-
ing second-order effects such as mass dependence (see
§ 5.2). A clue that systematic uncertainties may play
a role is the remaining difference between the kinematic
and photometric samples. Alternatively, it may signify
non-linear evolution of log(Reff) with log(1 + z).

6.3. Size Evolution of Individual Galaxies

It appears that the observed size evolution of a fac-
tor of ∼2 between z = 1 and the present for early-type
galaxies with masses ∼ 1011 M! is similar to the pre-
dicted evolution for early-type galaxies that are an order
of magnitude more massive (see Figs. 5 and 7). This
suggests that the mechanism responsible for increasing
the average size of early-type galaxies with time may be
well understood, but that it is not implemented correctly
in the current semianalytic model from Khochfar & Silk
(2006a). The process of size evolution may occur at dif-
ferent times and under different circumstances than is
now assumed. This may be related to the late assem-
bly of very massive galaxies in models of this kind (see
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Fig. 6.— Size evolution with redshift as derived in this paper
with dynamically determined masses (large filled circles) compared
with previous results based on photometric masses (small filled
circles). The solid line connects our samples at z ∼ 0.06 and
z ∼ 1, the dashed line is a linear least-squares fit to the small
filled data points. The open circles are samples of cluster galaxies
with photometrically measured masses and serve as an illustration
that size evolution shows a continuous trend between z = 2.5 and
the present. The broad agreement in size evolution as derived
from galaxies with dynamically and photometrically determines
masses reinforces the conclusions of previous, photometric studies
whose results were potentially mitigated by considerable systematic
effects that do not affect our analysis.

also, e.g., De Lucia et al. 2006), a prediction that is chal-
lenged by various observations (e.g., Cimatti et al. 2006;
Scarlata et al. 2007; Cool et al. 2008).

It is beyond the scope of this paper to fully discuss
these possible discrepancies. Instead we will explore the
question whether the proposed physical processes respon-
sible for size evolution are consistent with the observed
trends. In the semi-analytic models it is assumed (and
this is confirmed by numerical simulations) that mergers
drive size evolution. The gas content of merging galaxies
largely determines the relative size of the merger rem-
nant compared to its ancestors. Because gas fractions
were higher in the past, galaxies that form early will be
smaller than galaxies that form late. In the framework
of cosmological simulations this means that galaxies at
high redshift will be smaller because they were formed
through gas-rich mergers and that those merger rem-
nants can grow over time through subsequent mergers
with other galaxies that are progressively more devoid of
gas.

The question is whether the observed size evolu-
tion is dominated by size evolution of individual galax-
ies or simply by the addition of larger galaxies over
time. At z = 1 only about 30–50% of the present-
day early-type galaxy evolution had formed (Bell et al.
2004; Brown et al. 2007; Scarlata et al. 2007; Faber et al.
2007). If we assume that these galaxies will make up the
30–50% most dense early-type galaxies in the present-day
universe, then the scatter in the local Mdyn-Reff relation
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It is beyond the scope of this paper to fully discuss
these possible discrepancies. Instead we will explore the
question whether the proposed physical processes respon-
sible for size evolution are consistent with the observed
trends. In the semi-analytic models it is assumed (and
this is confirmed by numerical simulations) that mergers
drive size evolution. The gas content of merging galaxies
largely determines the relative size of the merger rem-
nant compared to its ancestors. Because gas fractions
were higher in the past, galaxies that form early will be
smaller than galaxies that form late. In the framework
of cosmological simulations this means that galaxies at
high redshift will be smaller because they were formed
through gas-rich mergers and that those merger rem-
nants can grow over time through subsequent mergers
with other galaxies that are progressively more devoid of
gas.

The question is whether the observed size evolu-
tion is dominated by size evolution of individual galax-
ies or simply by the addition of larger galaxies over
time. At z = 1 only about 30–50% of the present-
day early-type galaxy evolution had formed (Bell et al.
2004; Brown et al. 2007; Scarlata et al. 2007; Faber et al.
2007). If we assume that these galaxies will make up the
30–50% most dense early-type galaxies in the present-day
universe, then the scatter in the local Mdyn-Reff relation
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Is it really that simple?

No!

✦ The number of red, quiescent galaxies grows 
significantly between z~2 and z~0

✦ The color evolution of the red sequence is not 
consistent with just passive evolution

✦ Sizes and morphologies of z~2.3 galaxies are 
different from low-z galaxies at similar mass
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Implications

In both numbers and structure, the massive galaxy 
population has evolved significantly from z~2 to the 
present

Questions

✦ How do the compact high-z galaxies evolve into 
local early types?

✦ How are these compact, quiescent high-z galaxies 
formed in first place?
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How do compact high-z galaxies evolve 
into local ETGs?

✦ Mergers at high redshift are more gas-rich, and 
thus will result in denser systems

‣ e.g., Khochfar & Silk (2006); Hopkins et al. (2007a; 
2009d)

✦ Inside-out growth by minor mergers

✦ The size evolution may appear more extreme due 
to systematic effects
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Formation at higher redshift results in 
denser systems

Khochfar & Silk (2006)
(See also Hopkins et al. 2007a; 2009d)

No. 1, 2006 SIZE EVOLUTION OF ELLIPTICAL GALAXIES L23

Fig. 3.—Evolution of sizes for early-type galaxies with respect to the sizes
of their local counterparts at a redshift . The upper panel shows thez p 0.1
size evolution for early-type galaxies larger than and the10 !23# 10 h M70 ,

lower panel for early-type galaxies larger than .10 !26.6# 10 h M70 ,

Fig. 4.—Predicted evolution of sizes for early-type galaxies with respect to
the sizes of their local counterparts at a redshift divided into fourz p 0.1
different mass bins.

distribution of elliptical galaxies. We now make the simplified
assumption that for each mass bin

ln (1!M /M ) ∝ ln R , (3)q bul e

where is in units of kiloparsecs and the proportionality con-Re
stant reflects the average physical conditions that led to the
formation of the elliptical galaxy. We note that other effects
may influence the relative sizes of elliptical galaxies too and
that we here only focus on the contribution to it by the merger
component. Using the assumption of proportionality, one can
now calculate the relative sizes of elliptical galaxies of the same
mass by knowing their different merger components and using

1/dR (z ) p R (z ) with z 1 z , (4)e 1 e 0 1 0

with as the dissi-d { ln (1!M /M )/ ln (1!M /M )q, 0 bul q, 1 bul

pation factor, which gives a measure of the relative amount of
dissipation that led to the formation of an elliptical. The scatter
in the size distribution of ellipticals decreases with mass and
later becomes constant. The reason for the same behavior in
the scatter of the merger component is that most massive el-
lipticals have their last major merger in a small redshift window
not too far back in time. As a consequence, the conditions
regarding the gas fraction involved in the merger are very
similar and the scatter is small.

4. SIZE EVOLUTION OF ELLIPTICALS

We now can test size evolution as a function of redshift
predicted by equation (4) for elliptical galaxies of a given mass
and compare it to the observations. Since we can only predict
relative sizes between elliptical galaxies of approximately the
same mass, we normalize sizes to the SDSS sample. We cal-
culate the size evolution for the same redshifts presented in
Trujillo et al. (2006). The authors took the mean effective radii
of the distribution for galaxies above two mass thresholdsln Re
of and from the SDDS10 !2 10 !23# 10 h M 6.6# 10 h M70 , 70 ,

sample of early-type galaxies and divided the effective radii of
early-type galaxies at higher redshifts by this value. After ar-
ranging their galaxies in various redshift bins, they calculated
the means of these ratios and presented these values. We here
use the same method to compare our results to theirs. Our zero
point for individual galaxies is taken to be the mean value of

in our distribution for galaxies1!M /M ln (1!M /M )q bul q bul

of the same mass at a redshift of . In Figure 3, wez p 0.1
show the expected evolution of sizes. For both cases of limiting
masses, the agreement is excellent. It appears that the difference
in sizes is more significant for massive early-type galaxies. In
Figure 4, we predict the size evolution in four different mass
ranges based on the relative amount of their merger component.
While local early-type galaxies between 1010 and are1110 M,

around 1.25 times larger than their counterparts at , localz p 2
early types with masses larger than will be ap-115# 10 M,

proximately 4 times larger than their counterparts at .z p 2
This dramatic change in sizes in our model results frommassive
galaxies at high redshifts forming in gas-rich mergers while
galaxies of the same mass at low redshifts form from gas-poor
mergers (KS). This size evolution might be an overestimate as
the modeled galaxies suffer from overcooling of gas (KS),
which is likely to overestimate the merger component at high
redshift and the quiescent component at low redshift due to the
shorter time between consecutive major mergers at high red-
shifts compared to low redshifts.

5. DISCUSSION AND CONCLUSIONS

We have connected the scatter in the merger components
with the scatter in the sizes of elliptical galaxies.1!M /Mq bul

Following KS, the scatter in the merger components of elliptical
galaxies is a result of different formation epochs. Ellipticals
forming early have larger merger components, as they were
formed in gas-rich mergers; hence, ellipticals with smaller ef-
fective radii must have formed earlier. We tested this assump-
tion by predicting the size evolution of elliptical galaxies at
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How do compact high-z galaxies evolve 
into local ETGs?

✦ Mergers at high redshift are more gas-rich, and 
thus will result in denser systems

✦ Inside-out growth due to (minor) mergers

‣ e.g., Naab et al (2007; 2009); Bezanson et al. (2009); 
Hopkins et al. (2009); Nipoti et al. (2009)

✦ The size evolution may appear more extreme due 
to systematic effects
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(see also Boylan-Kolchin et al. 2006, 2007)
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a mass Mi, a gravitational radius rg,i, and the mean
square speed of the stars is 〈v2
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We then assume that systems are accreted with ener-
gies totaling Ea, masses totaling Ma, gravitational radii
ra,i and mean square speeds of 〈v2
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The mass of the final system is Mf = Mi + Ma =
(1+η)Mi. Therefore the ratio of the final to initial mean
square speeds is
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Similarly, the ratio of the final to initial gravitational
radius is
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and for the ratio of the densities we get

ρf

ρi
=

(1 + ηε)3

(1 + η)5
. (5)

An intuitive explanation of this result is that from Eq.
4 radius scales as mass squared if the total energy is
constant (see also Hopkins et al. 2009). If during one or
more mergers the initial stellar system increases its mass
by a factor of two then η = 1. This mass increase can
be caused by one equal-mass merger in which case the
mean square velocities of the two systems are identical
and remain unchanged in the final system (Eqn. 3). The
radius increases by a factor of two (Eqn. 4) and the
density drops by a factor of four (Eqn. 5). If, however,
the mass increase is caused by accretion of very small
systems with 〈v2

a〉 << 〈v2
i 〉 or ε << 1, then the final

velocity dispersion is reduced by a factor two, the final
radius is four times larger and the density is reduced by a
factor of 32 with respect to the initial system. We know

Fig. 1.— Mass assembly history of the stellar system (squares)
separated into stars made in-situ (open diamonds) in the galaxy
and stars formed outside the galaxy that have been accreted (stars)
later on. At high redshift (z > 2) the system assembles by the
formation of in-situ stars, at low redshift (z < 1) accretion is more
dominant.

from the shape of the Schechter function for the distri-
bution of stellar masses that a massive system (m > M∗)
accretes most of its mass from lower mass systems and
thus the simple calculation above makes it very plausible
that even though major mergers do occur minor mergers
are the main driver for the evolution in size and density
of massive galaxies.

In this Letter we use, as a proof of principle, a sin-
gle very high resolution cosmological simulation of the
formation of a spheroid with no major mergers below
z = 2 to provide evidence that the observed rapid size
growth and density evolution of spheroidal galaxies can
indeed be explained by minor mergers and small accre-
tion events. The nature of the problem makes it compu-
tationally very expensive. At high redshift the observed
ellipticals have half-mass sizes of < 1kpc with accreting
subsystems of even smaller size. Typically, as we know
from isolated merger simulations (see e.g. Naab et al.
1999; Naab & Burkert 2003), to resolve such a system
reasonably well we require a force softening of at least
10% of the effective radius, which in our case is of the
order of 100pc. At this resolution we require particle
numbers of ≈ 107 to simulate the galaxy in a full cos-
mological context over a Hubble time. In addition, to
accurately follow the kinematics we need high force and
integration accuracy. Even with present day supercom-
puters and parallel software, simulations of this kind take
months and we cannot build a statistical sample of sys-
tems. From a physical point of view statistics is not even
required we only want to demonstrate how in principle
a compact spheroidal system at high redshift can, in a
cosmological context, evolve into an extended system at
low redshift.

2. HIGH RESOLUTION SIMULATIONS OF AN INDIVIDUAL
GALAXY HALO

For the analysis presented in this letter we have per-
formed a cosmological N-body/SPH high-resolution re-
simulation of an individual galaxy halo. The process
of setting up the initial conditions is described in de-
tail in Naab et al. (2007) and is here briefly reviewed.
We have re-run galaxy A at 2003 particles resolution us-
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from the shape of the Schechter function for the distri-
bution of stellar masses that a massive system (m > M∗)
accretes most of its mass from lower mass systems and
thus the simple calculation above makes it very plausible
that even though major mergers do occur minor mergers
are the main driver for the evolution in size and density
of massive galaxies.

In this Letter we use, as a proof of principle, a sin-
gle very high resolution cosmological simulation of the
formation of a spheroid with no major mergers below
z = 2 to provide evidence that the observed rapid size
growth and density evolution of spheroidal galaxies can
indeed be explained by minor mergers and small accre-
tion events. The nature of the problem makes it compu-
tationally very expensive. At high redshift the observed
ellipticals have half-mass sizes of < 1kpc with accreting
subsystems of even smaller size. Typically, as we know
from isolated merger simulations (see e.g. Naab et al.
1999; Naab & Burkert 2003), to resolve such a system
reasonably well we require a force softening of at least
10% of the effective radius, which in our case is of the
order of 100pc. At this resolution we require particle
numbers of ≈ 107 to simulate the galaxy in a full cos-
mological context over a Hubble time. In addition, to
accurately follow the kinematics we need high force and
integration accuracy. Even with present day supercom-
puters and parallel software, simulations of this kind take
months and we cannot build a statistical sample of sys-
tems. From a physical point of view statistics is not even
required we only want to demonstrate how in principle
a compact spheroidal system at high redshift can, in a
cosmological context, evolve into an extended system at
low redshift.

2. HIGH RESOLUTION SIMULATIONS OF AN INDIVIDUAL
GALAXY HALO

For the analysis presented in this letter we have per-
formed a cosmological N-body/SPH high-resolution re-
simulation of an individual galaxy halo. The process
of setting up the initial conditions is described in de-
tail in Naab et al. (2007) and is here briefly reviewed.
We have re-run galaxy A at 2003 particles resolution us-
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Fig. 2.— Density profile of the stars formed in-situ in
the galaxy (upper plot) and of stars formed outside the galaxy
and then accreted later-on (bottom plot) at redshifts z=5,3,2,1,0
(red,orange,blue,green,black). The spherical half mass radii r1/2

are indicated by the dashed vertical lines in the respective colors.

ing a WMAP-1 (Spergel et al. 2003) cosmology with a
slightly lower Hubble parameter of h = 0.65 (≡ H0=100h
kms−1Mpc−1) with σ8=0.86, fb = Ωb/Ωm=0.2, Ω0=0.3,
and Λ0=0.7. To re-simulate the target halo at high reso-
lution we increased the particle number to 2003 gas and
dark matter particles within a cubic volume at redshift
z = 24 containing all particles that end up within the
virialized region (conservatively we assumed a fixed ra-
dius of 0.5 Mpc) of the halos at z = 0. The tidal forces
from particles outside the high resolution cube were ap-
proximated by increasingly massive dark matter parti-
cles in 5 nested layers of decreasing resolution. The
galaxy was not contaminated by massive boundary par-
ticles within the virial radius.

The simulation was performed with GADGET-2
(Springel 2005) on Woodhen at the Princeton PICSciE
HPC center using a total of 177,000 CPU hours on 64
CPUs. We used a fixed comoving softening until z = 9,
and thereafter the softening, e.g. for the stars, remained
fixed at 125pc in physical coordinates. The mass of an in-
dividual stellar particle is 1.3×105M" and we spawn two
stars per SPH particle (for further details see Naab et al.
2007).

We include star formation and feedback from su-
pernovae using the sub-grid multiphase model of
(Springel & Hernquist 2003) where stars can form from
a cold gas phase in pressure equilibrium with the hot
ambient medium. In this model the threshold density

Fig. 3.— Time evolution of the circular projected stellar half-
mass radius within fixed physical 30kpc (black diamonds). From
z = 3 − 2 to z = 0 the size increases by a factor of ≈ 3 − 4.For
comparison we show the evolution of the rest-frame K-band (red
cross) and V-band (green triangle) half-light radius assuming solar
metalicity.

for star formation is determined self-consistently by re-
quiring that the equation-of-state is continuous at the
onset of star formation. In addition we require an over-
density contrast of ∆ > 55.7 for the onset of star forma-
tion in order to avoid spurious star formation at high
redshift. The threshold number density for star for-
mation is nthres = 0.205cm−3 and the star formation
time-scale is t∗ = 1.5h−1Gyrs. We also included an
uniform UV background radiation field of a modified
Haardt & Madau (1996) spectrum, where re-ionization
takes place at z # 6 (Davé et al. 1999) and the intensity
of the UV background field peaks at z # 2 − 3.

At present the galaxy has a total virial mass of 1.9 ×
1012M" and a total stellar mass of 1.5×1011M". The ra-
tio of central stellar mass to halo mass is about a factor
of two larger than predicted from gravitational lensing
studies (Mandelbaum et al. 2006), however, it is compa-
rable to some recent predictions derived for the Milky
Way halo ( e.g. Xue et al. 2008, see however Li & White
2008). The central stellar component resembles an ellip-
tical galaxy with properties very similar to the results
presented in Naab et al. (2007) and in this letter we only
focus on particular aspects of the assembly and size evo-
lution of the stellar component.

3. RESULTS

During the formation and evolution of the central
galaxy we have separated the stars within a fiducial ra-
dius of 30kpc in fixed physical coordinates into stars that
have formed in-situ from gas within the galaxy and stars
that have formed outside this radius and were accreted
later-on. The mass assembly history of the in-situ and
accreted components of the stellar system are shown in
Fig. 1. The early mass evolution at z > 2 is mainly
driven by the assembly of in-situ stars with a decreasing
contribution towards z ≈ 0.7. Below this redshift only
few stars are formed within 30kpc. The final 20% of stars
are added thereafter by accretion of systems formed out-
side the main stellar system at radii larger than 30kpc.

In the upper panel of Fig. 2 we show the the den-
sity profiles of the in-situ stars at redshifts z=5,3,2,1,0.
Between z=5 and z=3 the central galaxy is still build-
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Fig. 4.— K-band surface brightness profiles assuming solar met-
alicity at z = 3 (black dots) and z = 0 (red dots). The black and
red lines indicate the best fitting Sersic profile. At high redshift the
galaxy has a higher central surface brightness and is more compact.

ing up from gas flows feeding the central region of the
galaxy directly, subsequently forming a concentrated
stellar system. The central stellar densities are as high as
≈ 6 × 1011M!kpc−3. Towards lower redshift the profile
of these in-situ stars becomes shallower and the central
densities decrease by more than an order of magnitude to
≈ 3× 1010M!kpc−3 at present. The spherical half-mass
radii of the in-situ stellar component, indicated by the
vertical lines, show that the in-situ system is very com-
pact (see also Joung et al. 2009) at z = 3 (0.5 − 0.6kpc)
and its size increases by about a factor of four (≈ 2kpc)
until z=0. In the bottom panel of Fig. 2 we show the
density profiles for the stars that have formed outside
30kpc and have been accreted later-on. This component
is more extended at all redshifts and has in general a
shallower density profile. Its central density stays almost
constant at ≈ 1010M!kpc−3 while the density at larger
radii subsequently increases towards z = 0. However, the
half-mass radius of this component is significantly larger
than for the in-situ stars (> 3kpc) at all redshifts. Fur-
thermore, the importance of this component increases
steadily with time. The central part of the galaxy is
always dominated by in-situ stars whereas at redshifts
below z ≈ 2 − 3 and at radii larger than ≈ 2 − 3kpc the
system is dominated by accreted stars.

In Fig. 3 we show the time evolution of the pro-
jected half mass radius of stars in the central galaxy as a
function of time. The black diamonds indicate the pro-
jected circular half-mass radius within the central phys-
ical 30kpc. At high redshift the stellar system looks like
a compact disk-like or rather bar-like object with a peak
ellipticity of ε = 0.65 (in the edge on projection) and
a size of ≈ 0.3 − 0.7kpc at z=3. Thereafter its size in-
creases by a factor of ≈ 3 − 4 to its present value of
2.7kpc. For a more direct comparison with observations
we also plot the projected half-light radii in the rest frame
K- and V-band using the stellar population models of
Bruzual & Charlot (2003) assuming solar metalicity. In
general the half-mass radii trace the half-light radii even
at larger redshifts reasonably well.

The K-band rest-frame surface brightness profiles for
edge-on projections, again assuming solar metalicity for
the stars, at z=0 and z=3 are shown in Fig. 4 in com-
bination with the best fitting Sersic profiles. We have

used the fitting procedure as detailed in Naab & Trujillo
(2006) excluding the central three softening lengths
which are likely to be affected by force softening. At
high redshift the system is very compact, re = 0.69kpc,
and has a moderate Sersic index of n ≈ 2.3. This is in
agreement with the system being flattened and disk-like.
At low redshift the system is more extended re = 2.4kpc,
and its Sersic index increases up to n = 3.3. The errors
given in the figure are bootstrap errors for a fixed projec-
tion. As we have shown before the evolution in surface
brightness is mainly driven by an evolution in surface
density and not by stellar evolution.

We also note that the stellar population of the sys-
tem is already evolved at high redshift. At z = 2 the
galaxy has a stellar mass of 7.5 × 1010M! and a local
star formation rate of only ≈ 6M!yr−1 and an average
stellar age of 1.6Gyrs. In addition, the mean projected
line-of-sight velocity dispersion within r1/2 of the stel-
lar system decreases by about 20% from z = 3 to its
present day value of σeff ≈ 190kms−1. This evolution is
in qualitative agreement with first direct observations of
Cenarro & Trujillo (2009).

4. CONCLUSION & DISCUSSION

We show in this paper that the observed size evolu-
tion of massive spheroids agrees with what is to be ex-
pected from high resolution cosmological simulations of
spheroidal galaxy formation. In the simulations, a first
phase (2 < z < 6) dominated by in-situ star forma-
tion from inflowing cold gas (see e.g. Dekel et al. 2009
and references therein) produces massive and dense stel-
lar systems with sizes r1/2 ≤ 1kpc. This phase is fol-
lowed by an extended phase (0 < z < 2) during which
there is little in-situ starformation but significant accre-
tion of stellar material. This material can be stripped
at larger radii and increases the size of the system with
time. At the same time the central concentration is re-
duced by dynamical friction from the surviving cores (see
El-Zant et al. (2001); Romano-Dı́az et al. (2008) for a
similar effect on the central dark matter). The appar-
ent size increase is caused by the initial dominance of
the in-situ component being heated and, at larger radii,
overshadowed ultimately by the accreted stars.

If, as in the case presented here, the stars are primar-
ily in systems which are considerably less massive (and
have lower velocity dispersion) than the host galaxy, we
expect a stronger effect than for mass accretion histo-
ries dominated by major mergers. It is important to
note that, due to the significant mass increase over time
systems of a given mass at different times have quite dif-
ferent evolutionary paths and the rare massive systems
observed at high redshift are much more massive at low
redshift. In addition, due to the shape of the mass func-
tion, they are more likely to experience minor mergers,
than lower mass galaxies. If the size evolution is indeed
driven by minor mergers we would expect a differential
size increase, e.g. more massive high redshift systems
grow larger than lower mass systems.

We demonstrate that a strong size and density evo-
lution for spheroidal galaxies can be a natural con-
sequence of mass assembly by minor mergers. This
is of fundamental importance as both theoretical (see
e.g. Khochfar & Burkert 2001; Genel et al. 2008b;
Fakhouri & Ma 2008; Genel et al. 2008a) as well as re-
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agreement with the system being flattened and disk-like.
At low redshift the system is more extended re = 2.4kpc,
and its Sersic index increases up to n = 3.3. The errors
given in the figure are bootstrap errors for a fixed projec-
tion. As we have shown before the evolution in surface
brightness is mainly driven by an evolution in surface
density and not by stellar evolution.

We also note that the stellar population of the sys-
tem is already evolved at high redshift. At z = 2 the
galaxy has a stellar mass of 7.5 × 1010M! and a local
star formation rate of only ≈ 6M!yr−1 and an average
stellar age of 1.6Gyrs. In addition, the mean projected
line-of-sight velocity dispersion within r1/2 of the stel-
lar system decreases by about 20% from z = 3 to its
present day value of σeff ≈ 190kms−1. This evolution is
in qualitative agreement with first direct observations of
Cenarro & Trujillo (2009).

4. CONCLUSION & DISCUSSION

We show in this paper that the observed size evolu-
tion of massive spheroids agrees with what is to be ex-
pected from high resolution cosmological simulations of
spheroidal galaxy formation. In the simulations, a first
phase (2 < z < 6) dominated by in-situ star forma-
tion from inflowing cold gas (see e.g. Dekel et al. 2009
and references therein) produces massive and dense stel-
lar systems with sizes r1/2 ≤ 1kpc. This phase is fol-
lowed by an extended phase (0 < z < 2) during which
there is little in-situ starformation but significant accre-
tion of stellar material. This material can be stripped
at larger radii and increases the size of the system with
time. At the same time the central concentration is re-
duced by dynamical friction from the surviving cores (see
El-Zant et al. (2001); Romano-Dı́az et al. (2008) for a
similar effect on the central dark matter). The appar-
ent size increase is caused by the initial dominance of
the in-situ component being heated and, at larger radii,
overshadowed ultimately by the accreted stars.

If, as in the case presented here, the stars are primar-
ily in systems which are considerably less massive (and
have lower velocity dispersion) than the host galaxy, we
expect a stronger effect than for mass accretion histo-
ries dominated by major mergers. It is important to
note that, due to the significant mass increase over time
systems of a given mass at different times have quite dif-
ferent evolutionary paths and the rare massive systems
observed at high redshift are much more massive at low
redshift. In addition, due to the shape of the mass func-
tion, they are more likely to experience minor mergers,
than lower mass galaxies. If the size evolution is indeed
driven by minor mergers we would expect a differential
size increase, e.g. more massive high redshift systems
grow larger than lower mass systems.

We demonstrate that a strong size and density evo-
lution for spheroidal galaxies can be a natural con-
sequence of mass assembly by minor mergers. This
is of fundamental importance as both theoretical (see
e.g. Khochfar & Burkert 2001; Genel et al. 2008b;
Fakhouri & Ma 2008; Genel et al. 2008a) as well as re-
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Fig. 4.— K-band surface brightness profiles assuming solar met-
alicity at z = 3 (black dots) and z = 0 (red dots). The black and
red lines indicate the best fitting Sersic profile. At high redshift the
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The K-band rest-frame surface brightness profiles for
edge-on projections, again assuming solar metalicity for
the stars, at z=0 and z=3 are shown in Fig. 4 in com-
bination with the best fitting Sersic profiles. We have

used the fitting procedure as detailed in Naab & Trujillo
(2006) excluding the central three softening lengths
which are likely to be affected by force softening. At
high redshift the system is very compact, re = 0.69kpc,
and has a moderate Sersic index of n ≈ 2.3. This is in
agreement with the system being flattened and disk-like.
At low redshift the system is more extended re = 2.4kpc,
and its Sersic index increases up to n = 3.3. The errors
given in the figure are bootstrap errors for a fixed projec-
tion. As we have shown before the evolution in surface
brightness is mainly driven by an evolution in surface
density and not by stellar evolution.

We also note that the stellar population of the sys-
tem is already evolved at high redshift. At z = 2 the
galaxy has a stellar mass of 7.5 × 1010M! and a local
star formation rate of only ≈ 6M!yr−1 and an average
stellar age of 1.6Gyrs. In addition, the mean projected
line-of-sight velocity dispersion within r1/2 of the stel-
lar system decreases by about 20% from z = 3 to its
present day value of σeff ≈ 190kms−1. This evolution is
in qualitative agreement with first direct observations of
Cenarro & Trujillo (2009).

4. CONCLUSION & DISCUSSION

We show in this paper that the observed size evolu-
tion of massive spheroids agrees with what is to be ex-
pected from high resolution cosmological simulations of
spheroidal galaxy formation. In the simulations, a first
phase (2 < z < 6) dominated by in-situ star forma-
tion from inflowing cold gas (see e.g. Dekel et al. 2009
and references therein) produces massive and dense stel-
lar systems with sizes r1/2 ≤ 1kpc. This phase is fol-
lowed by an extended phase (0 < z < 2) during which
there is little in-situ starformation but significant accre-
tion of stellar material. This material can be stripped
at larger radii and increases the size of the system with
time. At the same time the central concentration is re-
duced by dynamical friction from the surviving cores (see
El-Zant et al. (2001); Romano-Dı́az et al. (2008) for a
similar effect on the central dark matter). The appar-
ent size increase is caused by the initial dominance of
the in-situ component being heated and, at larger radii,
overshadowed ultimately by the accreted stars.

If, as in the case presented here, the stars are primar-
ily in systems which are considerably less massive (and
have lower velocity dispersion) than the host galaxy, we
expect a stronger effect than for mass accretion histo-
ries dominated by major mergers. It is important to
note that, due to the significant mass increase over time
systems of a given mass at different times have quite dif-
ferent evolutionary paths and the rare massive systems
observed at high redshift are much more massive at low
redshift. In addition, due to the shape of the mass func-
tion, they are more likely to experience minor mergers,
than lower mass galaxies. If the size evolution is indeed
driven by minor mergers we would expect a differential
size increase, e.g. more massive high redshift systems
grow larger than lower mass systems.

We demonstrate that a strong size and density evo-
lution for spheroidal galaxies can be a natural con-
sequence of mass assembly by minor mergers. This
is of fundamental importance as both theoretical (see
e.g. Khochfar & Burkert 2001; Genel et al. 2008b;
Fakhouri & Ma 2008; Genel et al. 2008a) as well as re-
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Inside-out growth by minor mergers...

Bezanson et al. (2009), see also Hopkins et al. (2009a)
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How do compact high-z galaxies evolve 
into local ETGs?

✦ Mergers at high redshift are more gas-rich, and 
thus will result in denser systems

✦ Inside-out growth by minor mergers

✦ The size evolution may appear more extreme due 
to systematic effects
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Systematic effects

Mass and structural measurements hampered by 
many uncertainties

✦ in redshifts and stellar populations

✦ in the IMF and SPS models

✦ did we miss low surface-brightness features?

✦ color gradients (recent central starbursts)

✦ contribution from an AGN?
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29 hrs GNIRS spectrum of a compact 
quiescent galaxy at z=2.2

Kriek et al. (2009a)
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Kriek et al. (2009a)

Thursday, October 22, 2009



Mariska Kriek                                                        UC Berkeley                                                    October 2o, 2009              

Systematic effects

Mass and structural measurements hampered by 
many uncertainties

✦ in redshifts and stellar populations

✦ in the IMF and SPS models

✦ did we miss low surface-brightness features?

✦ color gradients (recent central starbursts)

✦ contribution from an AGN?

Thursday, October 22, 2009



Mariska Kriek                                                        UC Berkeley                                                    October 2o, 2009              

Evolving IMF?

van Dokkum (2007)

van Dokkum 19

is a constant offset (to account for the difference between a
Salpeter (1955) IMF and a standard Chabrier (2003) IMF) in
addition to the relation shown in panel (a).
The grey and black lines show the evolution of the stel-

lar mass density as implied by the observed evolution of the
star formation rate shown in Fig. 12. Mass loss was taken
into account using the same scheme as employed by Bruzual
& Charlot (2003). Note that mass loss is a larger effect for
Chabrier-like IMFs than for a Salpeter (1955) IMF, as a larger
fraction of the total mass is in high mass stars.
The median difference between the data points and the

curve is a factor of 2.3 for a non-evolving IMF, and a factor of
1.7 for the evolving Chabrier-like IMF. Considering that this
type of comparison has many systematic uncertainties quite
independent of the IMF (Hopkins & Beacom 2006; Fardal
et al. 2007), the fact that the two independent measures of
the build-up of stellar mass in the Universe agree to within a
factor of ∼ 2 can be considered a success. In any case, the
discrepancy is smaller for the evolving IMF than for a non-
evolving IMF, because the star formation rate is reduced by a
larger fraction than the mass density. Our evolving IMF has
a qualitatively similar effect as the “paunchy” IMF with an
increased contribution from stars around 1.5–4M! proposed
by Fardal et al. (2007), which was specifically designed to
give better agreement between the star formation history of
the Universe (as implied by the extragalactic background ra-
diation) and the observed evolution of the mass density.

8. SUMMARY AND CONCLUSIONS

This paper compares the color evolution of massive cluster
galaxies to their luminosity evolution, with the aim of con-
straining the form of the IMF at the time when the stars in
these galaxies were formed. It is found that the evolution
of the rest-frame U !V color is not consistent with the pre-
viously determined evolution of the rest-frame M/LB ratio,
unless the IMF slope is significantly flatter than the Salpeter
value around 1M!. For standard IMFs with a slope of 1.3 at
m ≥ 1M! the luminosity evolution is too fast for the mea-
sured color evolution, and the implied stellar ages derived
from M/L evolution and color evolution are not consistent
with each other. The only models that are able to fit the
color evolution and the luminosity evolution simultaneously
have IMF slopes of ∼ 0 around 1M! and mean luminosity-
weighted stellar formation redshifts of ∼ 4 (for Solar metal-
licity).
This result is somewhat uncertain, as the currently available

sample of cluster galaxies with accurate rest-frameU !V col-
ors and dynamical masses is somewhat limited and there are
many systematic effects which may play a role. In particu-
lar, it is an open question whether stellar population synthesis
models are able to predict color evolution with the required
accuracy. The commonly used Bruzual & Charlot (2003) and
Maraston (2005) models give broadly similar answers, but
that may be because they share many of the same assump-
tions.
As discussed in § 6 the higher stellar ages implied by a flat

IMF are consistent with many other studies, which lends some
credibility to the results presented here. Of particular impor-
tance is the agreement with the data on Balmer line strengths
of Kelson et al. (2001), as they do not suffer from the same
systematic uncertainties as the color data. Formation redshifts
substantially larger than two also fit more comfortably with
the direct detection of old galaxies at high redshifts. A firm
independentmeasurement of the star formation epoch of mas-

sive cluster galaxies, combined with a better understanding of
selection effects at high redshift, would leave the IMF as the
only free parameter and greatly simplify the problem.
The implications discussed in § 7 are obviously somewhat

speculative. Although the interpretation in terms of an evolv-
ing characteristic mass is physically plausible according to
some models (e.g., Larson 2005), many other forms of the
IMF are consistent with the data. The observations described
in this paper are only sensitive to a narrow mass range near
1M!, and the IMF proposed in Eq. 18 represents a very sub-
stantial extrapolation. This is illustrated in Fig. 15: both the
top-heavy IMF (red line) and the “bottom-light” IMF (green
line) are consistent with the data presented in this paper. The
main reason for preferring the bottom-light IMF over a top-
heavy form is that the absolute M/L ratios of galaxies are
within a reasonable range. As shown in Fig. 13 the M/LV ra-
tios are similar to those implied by a standard Chabrier (2003)
IMF, which means that they are consistent with dynamical
measurements at z = 0 (Cappellari et al. 2006).

FIG. 15.— Illustration of the key results of this paper. In § 4 the
slope of the IMF of massive cluster galaxies x is estimated to be
approximately !0.3 in a narrow region around 1M! (thick black
line). The red dashed line and the green solid line show two possible
interpretations: a global change of the slope of the IMF (with respect
to a standard Chabrier or Salpeter IMF) at all masses (red dashed
line), or a change in the characteristic mass (solid green line). The
“top-heavy” interpretation is inconsistent with the dynamical M/L
ratios of nearby elliptical galaxies (see § 6.6), whereas the “bottom-
light” interpretation is consistent with all data that we are aware of.
The blue and yellow areas illustrate that stars with masses ! 10M!

drive star formation measurements, whereas stars with masses 1 !
5M! drive M/L measurements (see § 7.3-7.5).

An “unintended” effect of an evolving IMF of the form pro-
posed here is that it reduces the discrepancy between the ob-
served stellar mass density and the density implied by the cos-
mic star formation history. This result is in excellent (albeit
qualitative) agreement with several other recent studies (e.g.,
Hopkins & Beacom 2006, Fardal et al. 2007, Pérez-González
et al. 2007; Wilkins, Trentham, & Hopkins 2007; Davé 2007;
see also, e.g., Fields 1999). The differences between a non-
evolving IMF and an evolving IMF are fairly large at z∼ 4 (as
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Figure 1.Direct comparison of the (major axis) surface stellar mass density profiles of z!2 compact massive spheroids (M∗ ∼ 1011M", best-fit Re ∼kpc; red

dashed) and local, massive ellipticals (M∗ ≥ 1011M", Re !4−5kpc; solid). BothΣ and R are in physical units. The high-z profiles are the PSF de-convolved

fit, plotted over the observed range in radius given the best-case limitations in seeing and surface brightness (from vanDokkum et al. 2008). The low-z profiles

combine space and ground-based photometry to obtain very large dynamic range; they are from the Kormendy et al. (2009) Virgo elliptical sample (left) and

the Lauer et al. (2007) local massive elliptical sample (right). The former is a volume-limited sample, so contains fewer very massive galaxies with high central

surface brightness. Although the high-z systems have much smaller Re, their densities at any physical radius are not unusual compared to the local objects: the

central∼ 1−2 kpc of massive ellipticals today are just as dense. The difference in Re owes to the presence of the large wings/envelopes at low surface density

in the low-redshift objects.

from photometry and spectroscopy in Kriek et al. (2006, 2008b,a).

We plot the profile of each system over the maximum radial range

observed: from the scale of a single pixel at the observed redshift to

the limiting surface brightness depth of the best images. Both the

low and high-redshift systems are plotted in terms of major-axis

radii (a non-negligible correction).

At low redshift, the stellar mass-to-light ratios of ellipticals

appear to be nearly independent of radius (reflected in e.g. their

observed weak color gradients), but the stellar mass-to-light ra-

tio may depend significantly on radius in the high-redshift sys-

tems (Trager et al. 2000; Côté et al. 2006; Sánchez-Blázquez et al.

2007). However, based on the observed stellar population gra-

dients in local ellipticals, the observed ages/colors of the high-

redshift systems, or the outcomes of numerical simulations, the

expected variation in M∗/L is such that a young, recently-formed
post-starburst stellar population at the center of the high-redshift

galaxy will have higher L/M∗ than older stars at larger Re (see e.g.

Hopkins et al. 2008b). This would make the high-redshift systems

less dense than we assume here; we conservatively allow for the

maximal stellar mass densities in those systems.

The comparison in Figure 1 is quite striking: although the

best-fit effective radii and effective surface densities of the high-

redshift systems are quite different from their low-redshift ana-

logues, the actual stellar surface mass densities at any given ob-

served radius do not appear significantly higher than a substantial

fraction of the low-redshift population. In other words, inside the

same observed radii ∼ 1− 5 kpc, many of today’s massive ellipti-
cals are just as dense as the high-redshift systems. The difference in

effective radius stems primarily from the fact that the low-redshift

systems have substantial extended wings/envelopes of low surface-

brightness material (Σ # 109M$ kpc
−2); by contrast, the infer-

ence from fitting the high-redshift systems is that their profiles fall

more rapidly at large radii (as we discuss further below).

For the sake of comparison with these and future high-redshift

observations, it is useful to define the “upper envelope” of low-

redshift galaxy density profiles. Formally, we can take e.g. the

+1σ ≈ 86% contour of the combined sample of density profiles

shown in Figure 1, but we find that this can be conveniently ap-

proximated with a simple Sersic function. This envelope is approx-

imately given by

Σ+1σ(z= 0) ≈ 4.5× 1012M$ kpc
−2
e
−11.67

`

R
40 kpc

´1/6

. (1)

This is a Sersic profile with ns = 6, Re = 40kpc, and total stellar

mass M∗ = 1.7× 1012M$. Note that most single galaxies do not
remain along this envelope over its entire extent. Rather, at each

radius, this represents the +1σ upper extent of observed densities
within the spheroid population (i.e. the most dense systems at each

radius); Most individual systems approach it over some more lim-

ited dynamic range. This is a useful comparison quantity in par-

ticular because, although the mean profiles of z = 0 ellipticals are

well-known, there has been relatively little parameterization of the

scatter in profile shapes. Thus, even if high-redshift ellipticals are

more dense than the median system today, if they do not exceed the

relation given by Equation 1, then their densities can be accommo-

dated within some portion of the present-day spheroid population,

so long as they do not represent a large fraction of the present-day

abundance of spheroids. As expected, we find that at their centers,

the z = 2 systems are at most comparable to this upper envelope,

i.e. comparable to the most dense z= 0 spheroid cores, and at large

radii, they fall well below the envelope.
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Figure 1.Direct comparison of the (major axis) surface stellar mass density profiles of z!2 compact massive spheroids (M∗ ∼ 1011M", best-fit Re ∼kpc; red

dashed) and local, massive ellipticals (M∗ ≥ 1011M", Re !4−5kpc; solid). BothΣ and R are in physical units. The high-z profiles are the PSF de-convolved

fit, plotted over the observed range in radius given the best-case limitations in seeing and surface brightness (from vanDokkum et al. 2008). The low-z profiles

combine space and ground-based photometry to obtain very large dynamic range; they are from the Kormendy et al. (2009) Virgo elliptical sample (left) and

the Lauer et al. (2007) local massive elliptical sample (right). The former is a volume-limited sample, so contains fewer very massive galaxies with high central

surface brightness. Although the high-z systems have much smaller Re, their densities at any physical radius are not unusual compared to the local objects: the

central∼ 1−2 kpc of massive ellipticals today are just as dense. The difference in Re owes to the presence of the large wings/envelopes at low surface density

in the low-redshift objects.

from photometry and spectroscopy in Kriek et al. (2006, 2008b,a).

We plot the profile of each system over the maximum radial range

observed: from the scale of a single pixel at the observed redshift to

the limiting surface brightness depth of the best images. Both the

low and high-redshift systems are plotted in terms of major-axis

radii (a non-negligible correction).

At low redshift, the stellar mass-to-light ratios of ellipticals

appear to be nearly independent of radius (reflected in e.g. their

observed weak color gradients), but the stellar mass-to-light ra-

tio may depend significantly on radius in the high-redshift sys-

tems (Trager et al. 2000; Côté et al. 2006; Sánchez-Blázquez et al.

2007). However, based on the observed stellar population gra-

dients in local ellipticals, the observed ages/colors of the high-

redshift systems, or the outcomes of numerical simulations, the

expected variation in M∗/L is such that a young, recently-formed
post-starburst stellar population at the center of the high-redshift

galaxy will have higher L/M∗ than older stars at larger Re (see e.g.

Hopkins et al. 2008b). This would make the high-redshift systems

less dense than we assume here; we conservatively allow for the

maximal stellar mass densities in those systems.

The comparison in Figure 1 is quite striking: although the

best-fit effective radii and effective surface densities of the high-

redshift systems are quite different from their low-redshift ana-

logues, the actual stellar surface mass densities at any given ob-

served radius do not appear significantly higher than a substantial

fraction of the low-redshift population. In other words, inside the

same observed radii ∼ 1− 5 kpc, many of today’s massive ellipti-
cals are just as dense as the high-redshift systems. The difference in

effective radius stems primarily from the fact that the low-redshift

systems have substantial extended wings/envelopes of low surface-

brightness material (Σ # 109M$ kpc
−2); by contrast, the infer-

ence from fitting the high-redshift systems is that their profiles fall

more rapidly at large radii (as we discuss further below).

For the sake of comparison with these and future high-redshift

observations, it is useful to define the “upper envelope” of low-

redshift galaxy density profiles. Formally, we can take e.g. the

+1σ ≈ 86% contour of the combined sample of density profiles

shown in Figure 1, but we find that this can be conveniently ap-

proximated with a simple Sersic function. This envelope is approx-

imately given by

Σ+1σ(z= 0) ≈ 4.5× 1012M$ kpc
−2
e
−11.67

`

R
40 kpc

´1/6

. (1)

This is a Sersic profile with ns = 6, Re = 40kpc, and total stellar

mass M∗ = 1.7× 1012M$. Note that most single galaxies do not
remain along this envelope over its entire extent. Rather, at each

radius, this represents the +1σ upper extent of observed densities
within the spheroid population (i.e. the most dense systems at each

radius); Most individual systems approach it over some more lim-

ited dynamic range. This is a useful comparison quantity in par-

ticular because, although the mean profiles of z = 0 ellipticals are

well-known, there has been relatively little parameterization of the

scatter in profile shapes. Thus, even if high-redshift ellipticals are

more dense than the median system today, if they do not exceed the

relation given by Equation 1, then their densities can be accommo-

dated within some portion of the present-day spheroid population,

so long as they do not represent a large fraction of the present-day

abundance of spheroids. As expected, we find that at their centers,

the z = 2 systems are at most comparable to this upper envelope,

i.e. comparable to the most dense z= 0 spheroid cores, and at large

radii, they fall well below the envelope.
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2 Sizes of Quiescent Galaxies at z∼ 2.3

FIG. 1.— HST NIC2 images of the nine confirmed quiescent z > 2 galaxies from Kriek et al. (2006). Each panel spans 3.′′8× 3.′′8; North is
up and East is to the left. The small panels below each galaxy show the best-fitting Sersic model (convolved with the PSF) and the residual
after subtraction of the best-fitting model. The red ellipses are constructed from the best-fitting effective radii, axis ratios, and position angles.
Note that the ellipses are significantly smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby
Universe. Gemini GNIRS spectra from Kriek et al. (2006) are also shown. Insets show Keck LGS/AO images of three galaxies.

Each orbit was split in two (dithered) exposures. The reduc-
tion followed the procedures outlined in Bouwens & Illing-
worth (2006), and R. Bouwens et al., in preparation. Before
combining, the individual exposures were drizzled to a new
grid with 0.′′0378 pixels to ensure that the PSF is well sam-
pled. Images of the nine galaxies are shown in Fig. 1.
Three of the galaxies (1030–1813, 1256–0, and 1256–1967)

were also observed with Keck, using laser guide star assisted
adaptive optics to correct for the atmosphere. The data were
obtained on 2007 May 14 and 2008 January 13 using the
NIRC2 wide field camera, which gives a pixel size of 0.′′04.
The reduction followed standard procedures for near-IR imag-
ing data. The Keck images are shown as insets in Fig. 1. They
show the same qualitative features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sersic (1968) radial surface
brightness profile, using the 2D fitting code GALFIT (Peng
et al. 2002). The Sersic n parameter allows for a large range
of profile shapes, and provides a crude estimate of the bulge-
to-disk ratio. For each galaxy a synthetic NIC2 PSF was cre-
ated by generating subsampled PSFs with Tiny Tim 6.3 (Krist
1995), shifting them to replicate the location of the galaxy on
the individual exposures, binning these to the native NIC2 res-
olution, and finally drizzling these “observations” to the grid
of the galaxy images. The resulting fit parameters are listed
in Table 1; ellipses corresponding to the best-fit parameters
are indicated in red in Fig. 1. The (circularized) effective
radii were transformed to kpc using H0 = 70 km s

!1 Mpc!1,
Ωm = 0.3, and ΩΛ = 0.7.
Uncertainties in the structural parameters of faint galaxies

are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image
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Systematic effects

Mass and structural measurements hampered by 
many uncertainties

✦ in redshifts and stellar populations

✦ in the IMF and SPS models

✦ did we miss low surface-brightness features?

✦ color gradients (recent central starbursts)

✦ contribution from an AGN?
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2 Sizes of Quiescent Galaxies at z∼ 2.3

FIG. 1.— HST NIC2 images of the nine confirmed quiescent z > 2 galaxies from Kriek et al. (2006). Each panel spans 3.′′8× 3.′′8; North is
up and East is to the left. The small panels below each galaxy show the best-fitting Sersic model (convolved with the PSF) and the residual
after subtraction of the best-fitting model. The red ellipses are constructed from the best-fitting effective radii, axis ratios, and position angles.
Note that the ellipses are significantly smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby
Universe. Gemini GNIRS spectra from Kriek et al. (2006) are also shown. Insets show Keck LGS/AO images of three galaxies.

Each orbit was split in two (dithered) exposures. The reduc-
tion followed the procedures outlined in Bouwens & Illing-
worth (2006), and R. Bouwens et al., in preparation. Before
combining, the individual exposures were drizzled to a new
grid with 0.′′0378 pixels to ensure that the PSF is well sam-
pled. Images of the nine galaxies are shown in Fig. 1.
Three of the galaxies (1030–1813, 1256–0, and 1256–1967)

were also observed with Keck, using laser guide star assisted
adaptive optics to correct for the atmosphere. The data were
obtained on 2007 May 14 and 2008 January 13 using the
NIRC2 wide field camera, which gives a pixel size of 0.′′04.
The reduction followed standard procedures for near-IR imag-
ing data. The Keck images are shown as insets in Fig. 1. They
show the same qualitative features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sersic (1968) radial surface
brightness profile, using the 2D fitting code GALFIT (Peng
et al. 2002). The Sersic n parameter allows for a large range
of profile shapes, and provides a crude estimate of the bulge-
to-disk ratio. For each galaxy a synthetic NIC2 PSF was cre-
ated by generating subsampled PSFs with Tiny Tim 6.3 (Krist
1995), shifting them to replicate the location of the galaxy on
the individual exposures, binning these to the native NIC2 res-
olution, and finally drizzling these “observations” to the grid
of the galaxy images. The resulting fit parameters are listed
in Table 1; ellipses corresponding to the best-fit parameters
are indicated in red in Fig. 1. The (circularized) effective
radii were transformed to kpc using H0 = 70 km s

!1 Mpc!1,
Ωm = 0.3, and ΩΛ = 0.7.
Uncertainties in the structural parameters of faint galaxies

are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image

Kriek et al. (2009a)
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Note that the ellipses are significantly smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby
Universe. Gemini GNIRS spectra from Kriek et al. (2006) are also shown. Insets show Keck LGS/AO images of three galaxies.
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tion followed the procedures outlined in Bouwens & Illing-
worth (2006), and R. Bouwens et al., in preparation. Before
combining, the individual exposures were drizzled to a new
grid with 0.′′0378 pixels to ensure that the PSF is well sam-
pled. Images of the nine galaxies are shown in Fig. 1.
Three of the galaxies (1030–1813, 1256–0, and 1256–1967)

were also observed with Keck, using laser guide star assisted
adaptive optics to correct for the atmosphere. The data were
obtained on 2007 May 14 and 2008 January 13 using the
NIRC2 wide field camera, which gives a pixel size of 0.′′04.
The reduction followed standard procedures for near-IR imag-
ing data. The Keck images are shown as insets in Fig. 1. They
show the same qualitative features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sersic (1968) radial surface
brightness profile, using the 2D fitting code GALFIT (Peng
et al. 2002). The Sersic n parameter allows for a large range
of profile shapes, and provides a crude estimate of the bulge-
to-disk ratio. For each galaxy a synthetic NIC2 PSF was cre-
ated by generating subsampled PSFs with Tiny Tim 6.3 (Krist
1995), shifting them to replicate the location of the galaxy on
the individual exposures, binning these to the native NIC2 res-
olution, and finally drizzling these “observations” to the grid
of the galaxy images. The resulting fit parameters are listed
in Table 1; ellipses corresponding to the best-fit parameters
are indicated in red in Fig. 1. The (circularized) effective
radii were transformed to kpc using H0 = 70 km s

!1 Mpc!1,
Ωm = 0.3, and ΩΛ = 0.7.
Uncertainties in the structural parameters of faint galaxies

are difficult to estimate, as they are usually dominated by sys-
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Note that the ellipses are significantly smaller than 10 kpc, which is the effective diameter of typical massive elliptical galaxies in the nearby
Universe. Gemini GNIRS spectra from Kriek et al. (2006) are also shown. Insets show Keck LGS/AO images of three galaxies.

Each orbit was split in two (dithered) exposures. The reduc-
tion followed the procedures outlined in Bouwens & Illing-
worth (2006), and R. Bouwens et al., in preparation. Before
combining, the individual exposures were drizzled to a new
grid with 0.′′0378 pixels to ensure that the PSF is well sam-
pled. Images of the nine galaxies are shown in Fig. 1.
Three of the galaxies (1030–1813, 1256–0, and 1256–1967)

were also observed with Keck, using laser guide star assisted
adaptive optics to correct for the atmosphere. The data were
obtained on 2007 May 14 and 2008 January 13 using the
NIRC2 wide field camera, which gives a pixel size of 0.′′04.
The reduction followed standard procedures for near-IR imag-
ing data. The Keck images are shown as insets in Fig. 1. They
show the same qualitative features as the NICMOS data.

3. FITTING

Each galaxy was fitted with a Sersic (1968) radial surface
brightness profile, using the 2D fitting code GALFIT (Peng
et al. 2002). The Sersic n parameter allows for a large range
of profile shapes, and provides a crude estimate of the bulge-
to-disk ratio. For each galaxy a synthetic NIC2 PSF was cre-
ated by generating subsampled PSFs with Tiny Tim 6.3 (Krist
1995), shifting them to replicate the location of the galaxy on
the individual exposures, binning these to the native NIC2 res-
olution, and finally drizzling these “observations” to the grid
of the galaxy images. The resulting fit parameters are listed
in Table 1; ellipses corresponding to the best-fit parameters
are indicated in red in Fig. 1. The (circularized) effective
radii were transformed to kpc using H0 = 70 km s

!1 Mpc!1,
Ωm = 0.3, and ΩΛ = 0.7.
Uncertainties in the structural parameters of faint galaxies

are difficult to estimate, as they are usually dominated by sys-
tematic effects. For each galaxy, we added the residual image

post-starburst:
max 10% to the 
mass, 40% to H

Kriek et al. (2009a)
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Mass and structural measurements hampered by 
many uncertainties

✦ in redshifts and stellar populations

✦ in the IMF and SPS models

✦ did we miss low surface-brightness features?

✦ color gradients (recent central starbursts)

✦ contribution from an AGN?
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Dynamical masses up to z~1

typical galaxies in the distant sample (!eA ! 250 km s"1; ReA !
3 kpc) are rare in the local universe. In the nearby sample, galax-
ies with !eA ! 250 km s"1 have much larger sizes, and galaxies
with sizes ReA ! 3 kpc have dispersions of !eA ! 150 km s"1.
These numbers are only intended to guide the eye. A quantitative
analysis of the differences between nearby and distant galaxies is
presented below.

The distant sample is not directly comparable with the nearby
sample in its entirety (Fig. 3, left), as the nearby sample reaches
to much lower masses. In order to assess the question whether the
true, underlying !eA-ReA distribution of distant galaxies is differ-
ent from the !eA-ReA distribution of nearby galaxies, we need to
remove the galaxies in the nearby sample that would not be in-
cluded at z ! 1 due to sample selection effects. The subsample
of nearby galaxies that is observable at z ¼ 1 is shown in the right
panel of Figure 3. The two criteria that the galaxies in the observ-
able subsample satisfy are L > Lmin and ReA < ReA;max. Lmin !
1010L$;B is the luminosity limit for the field z ! 1 surveys (see,
e.g., van der Wel et al. 2005) after correcting for luminosity evo-
lution between z ¼ 1 and the present (0.555 dex; van Dokkum&
van derMarel 2007). For theMS 1054"0321 cluster sample from
Wuyts et al. (2004) this is 1:8 ; 1010L$;B. The second criterion
ReA < ReA;max takes into account that high signal-to-noise ratio
(S/N) spectra are harder to obtain for low surface brightness gal-
axies than for high surface brightness galaxieswith the same lumi-
nosity; i.e., the distant sample is biased in favor of small galaxies.
The S/N of the spectra of van derWel et al. (2005) and Treu et al.
(2005b) do not precisely scale linearly with luminosity L ¼ IR2

eA,
where I is the surface brightness, but as S/N / IR1:6

eA . This implies
that, at fixed luminosity L, S/N / R"0:4. Since a dispersion mea-
surement requires a minimum S/N (!12 8"1), a galaxy with lu-
minosity L has a maximum radius ReA;max / L2:5 for which its
dispersion can be determined. We use the luminosity limits of the
surveys discussed above to normalize the dependence between
luminosity and maximum size; we simply assume that for the
smallest galaxies (ReA ¼ 1 kpc) the luminosity limit coincides
with the size limit such that we have

ReA; max (kpc) ¼ L

Lmin

! "2:5
: ð5Þ

One would expect that for galaxies smaller than 3 kpc the
signal-to-noise ratio of the spectra would not depend on size
any longer since seeing generally dominates the apparent sizes
of such small galaxies at z ! 1. Because of the variety of tele-
scopes, weather conditions, and data reduction techniques, this,
however, is washed out and not apparent in the data. We note
that the introduction of, effectively, a rudimentary surface bright-
ness criterion is a step forward in modeling the selection effects
with respect to earlier attempts that only take total luminosity into
account.

The difference between the !eA-ReA distributions at low and
high redshift is highly significant, even after taking selection effects
into account (Fig. 3, right). The two-dimensional Kolgomorov-
Smirnov statistic has a high value (D ¼ 3:71), which implies that
it is extremely unlikely that the nearby and distant samples are
drawn from the same distribution. By repeatedly drawing sam-
ples from the nearby sample with the same size as the distant
sample we confirm this: less than 0.001% of the simulated sam-
ples have D ¼ 3:71 or higher.

5.2. Evolution of the Mass-Radius Relation

The structural difference between the nearby and distant sam-
ples described in the previous section implies that the Mdyn-ReA

andMdyn-!eA relations evolve with redshift. In Figure 4 we show
the Mdyn-ReA relation for the distant sample and compare this
with the equivalent relation for nearby galaxies derived in x 2.2.
Clearly, the relation shifts to smaller radii from low to high redshift.

Parameterized as in equation (4) we find Rc ¼ 2:58 ' 0:17
and b ¼ 0:65 ' 0:06 with a scatter of 0:117 ' 0:013 dex (after
subtracting the observational uncertainties in quadrature). The
errors are estimated with a bootstrap/Monte Carlo simulation in
which the data points are randomly sampled and varied accord-
ing to the (correlated) measurement errors, which are assumed to
be Gaussian. The systematic error in ReA of 5% (see x 4) is also
taken into account.

The treatment of the selection effects described in the previous
section shows that the observed size evolution seen in Figure 4 is
not an artifact. However, given the nature of the selection ef-
fects, which favor small galaxies over large galaxies, the intrin-
sic amount of size evolution and possible evolution in the slope
and scatter of the Mdyn-ReA relation must be inferred through
careful modeling. The goal is to derive the intrinsicMdyn-ReA re-
lation at z ! 1 that reproduces the observedMdyn-ReA distribution
after applying the selection criteria. We take an iterative approach
due to the interdependence of the selection criteria and the amount
of evolution in zero point, slope, and scatter of the Mdyn-ReA
relation. In the following we de-evolve the properties of the
nearby sample to constrain the form of the true, underlying
z ! 1 Mdyn-ReA relation.

The simplest evolutionary scenario is a change in the zero point
Rc (see eq. [4]). For each object in the nearby sample the size is re-
duced by the same amount"log (ReA), and those that do not sat-
isfy the selection criteria described in the previous section are

Fig. 4.—Mass-size relation for the nearby sample (solid line) and at z ! 1
(dashed line); the symbols are the same as in Fig. 3. For the derivation of the
Mdyn-ReA relation for the nearby sample see x 2.2; for the derivation of the
Mdyn-ReA relation for the distant sample see x 5.2. The smaller, inset panel shows
the distribution of the two samples around the Mdyn-ReA relation of the nearby
sample (the solid line in the large panel ). The distant galaxies are 1:8 ' 0:1 times
smaller than the nearby galaxies. It appears that the most massive galaxies do not
show as large an offset. This indicates that size evolution may be slower for the
highest mass galaxies than for low-mass galaxies, but it has to be kept in mind
that these very massive galaxies are brightest cluster galaxies and may therefore
have developed differently from other galaxies. [See the electronic edition of the
Journal for a color version of this figure.]

RECENT STRUCTURAL EVOLUTION OF EARLY-TYPE GALAXIES 53No. 1, 2008

van der Wel et al. (2008)
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29 hrs GNIRS spectrum of a compact 
quiescent galaxy at z=2.2

Kriek et al. (2009a)
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Structural evolution from z~2.3 to z~0.0

van Dokkum, Franx, Kriek et al. (2008)

van Dokkum et al. 3

FIG. 2.— Relations between size and (total) stellar mass (left panel) and between the average stellar density inside the effective radius and
stellar mass (right panel). Large symbols with errorbars are the quiescent z ∼ 2.3 galaxies. Small symbols are SDSS galaxies, with galaxies
that are not on the red sequence in light grey. Broken lines indicate the expected location of galaxies with stellar velocity dispersions of 200,
300, and 500 km s!1. The high redshift galaxies are much smaller and denser than SDSS galaxies of the same stellar mass.

of each of the other galaxies (excluding 1256-1967) in turn,
repeated the fit, and determined the rms of the seven values
obtained from these fits. The uncertainties listed in Table 1
are 2× these rms values, to account for additional systematic
uncertainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galax-
ies, and changing the drizzle grid.

TABLE 1
STRUCTURAL PARAMETERS

ID z r(1)e ± n ± b/a ±

1030-1813 2.56 0.76 0.06 1.9 0.5 0.30 0.03

1030-2559 2.39 0.92 0.18 2.3 0.6 0.39 0.04

1256-0 2.31 0.78 0.17 3.2 0.9 0.71 0.10

1256-1967 2.02 1.89 0.15 3.4 0.1 0.75 0.07

1256-142 2.37 0.93 0.04 0.9 0.3 0.35 0.04

ECDFS-5856 2.56 1.42 0.35 4.5 0.4 0.83 0.07

ECDFS-11490 2.34 0.47 0.03 2.8 0.8 0.63 0.07

HDFS1-1849 2.31 2.38 0.11 0.5 0.2 0.29 0.02

HDFS2-2046 2.24 0.49 0.02 2.3 0.8 0.76 0.08

(1) Circularized effective radius in kpc.

The Keck images offer an independent test of the reliability
of the parameters listed in Table 1, as the PSF is very different
from that of NICMOS. Fitting the Keck images with a range
of PSFs (obtained on the same nights as the observations, and
including stars that happened to fall in the field-of-view) gives
results that are consistent with the NIC2 fits within the listed
uncertainties.

4. SIZES AND DENSITIES

The most remarkable aspect of the z ∼ 2.3 galaxies is their
compactness. The circularized effective radii range from 0.5
– 2.4 kpc, and the median is 0.9 kpc. To put this in con-
text, this is smaller than many bulges of spiral galaxies (in-
cluding the bulges of the Milky Way and M31, which have
re ≈ 2.5 kpc; van den Bergh 1999). In the left panel of Fig. 2

the sizes are compared to those of SDSS galaxies. The SDSS
data were taken from the NYU Value Added Galaxy Catalog
(Blanton et al. 2005) in a narrow redshift range, with various
small corrections (see Franx et al. [2008] for details). Dark
grey points are galaxies on the red sequence, here defined as
u!g = 0.1log(M)+ (0.6±0.2). Stellar masses for the z∼ 2.3
galaxies were taken from Kriek et al. (2008a) and corrected to
a Kroupa (2001) IMF. The median mass of the z∼ 2.3 galax-
ies is 1.7× 1011 M!. The median re of SDSS red sequence
galaxies with masses 1.5! 1.9× 1011M! is 5.0 kpc, a factor
of∼ 6 larger than the median size of the z∼ 2.3 galaxies.
The combination of small sizes and high masses implies

very high densities. The right panel of Fig. 2 shows the rela-
tion between stellar density and stellar mass, with density de-

fined as ρ = 0.5M/( 4
3
πr3e ) (i.e., the mean stellar density within

the effective radius, assuming a constant stellar mass-to-light
(M/L) ratio with radius). The median density of the z ∼ 2.3
galaxies is 3×1010 M! kpc

!3 (with a considerable rms scatter
of 0.7 dex), a factor of∼ 180 higher than the densities of local
red sequence galaxies of the same mass.
We note that it is difficult to determine the morphologies of

the galaxies, as they are so small. Nevertheless, it is striking
that several galaxies are quite elongated (see Fig. 1). Themost
elongated galaxies are also the ones with the lowest n values
(the correlation between n and b/a is formally significant at
the > 99% level8), and a possible interpretation is that the
light of a subset of the galaxies is dominated by very compact,
massive disks (see § 5).

5. DISCUSSION

We find that the nine quiescent, massive galaxies at 〈z〉 = 2.3
spectroscopically identified by Kriek et al. (2006) are ex-
tremely compact, having a median effective radius of only
0.9 kpc. This result extends previous work at z∼ 1.5 (Trujillo
et al. 2007; Cimatti et al. 2008), and confirms other studies

8 There is no significant correlation between re and n, or re and b/a.
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Velocity dispersion for a z=2.2 compact 
quiescent galaxy

van Dokkum, Kriek, & Franx (2009), see also Cappellari et al. (2009); Cenarro & Trujillo (2009)

Velocity Dispersion of a Compact Galaxy 7

Figure 1 | Spectrum and HST images of 1255–0 at z = 2.186. a, Spectrum that was used

to measure the velocity dispersion. Light grey shows the spectrum at a resolution of 5 Å (≈

100 km s−1), which was used for the actual measurement. A smoothed version of the same

data (using a 25 Å boxcar filter) is shown in black. Regions around detected emission lines

are shown in orange and were excluded from the fits. The most prominent absorption lines

are Hβ at λ4861 Å and Mg at λ5172 Å. The best-fitting stellar population synthesis model,14

smoothed to the best-fitting velocity dispersion, is shown in red. The inset shows the results

of Monte Carlo simulations to determine the uncertainty in the best-fitting velocity dispersion.

The curves show how often a dispersion of 510 km s−1 is measured given the true dispersion

and noise. The two curves are for two different methods of simulating noise: shuffling the

residuals of the fit in the wavelength direction (blue curve), and extracting “empty” 1D spectra

from the 2D spectrum (red curve). b-d, The HST NICMOS2 image of the galaxy in the H160

filter, the best-fitting model of the galaxy (with the effective radius indicated in red), and the

residual obtained by subtracting the model from the data. The galaxy is a single, very compact

object with an effective radius of 0.78 kpc. Its coordinates are α = 12h54m59.6s, δ = +01◦11m30s

(J2000), its K band observed magnitude is 19.26 (Vega) and its R band observed magnitude is

24.98 (Vega).16 Alternative names that have been used for this object are 1256-15115 and 1256-

0.3,16
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Comparison to local galaxies

van Dokkum, Kriek, & Franx (2009)

8 van Dokkum et al.

Figure 2 | Properties of 1255–0 compared to nearby galaxies. a, Relation between stellar

mass and dynamical mass. Small symbols are galaxies in the SDSS6 in the redshift range 0.05−

0.07, and the large red symbol is galaxy 1255–0 at z = 2.186. Our definition of dynamical

mass, log Mdyn = 5.87+2 log(σ)+log(re), leads to a one-to-one correspondence between stellar

mass and dynamical mass for SDSS galaxies. Despite its small size 1255–0 has a very high mass,

similar to elliptical galaxies today. The dynamical mass is consistent (within 1σ) with the stellar

mass that was estimated14 from fitting stellar population synthesis models to the photometry.

b-d, Relations between velocity dispersion, effective radius, and dynamical mass. Note that

these three panels do not depend on stellar populations (except indirectly through the fact that

the spectrum and the Hubble Space Telescope image are weighted by luminosity, not mass). It

is clear that the structure and kinematics of 1255–0 are fundamentally different from those of

nearby galaxies, and significant evolution is required to bring this object to the local relations.
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How do compact high-z galaxies evolve 
into local ETGs?

✦ Mergers at high redshift are more gas-rich, and 
thus will result in denser systems

✦ Inside-out growth by minor mergers

✦ The size evolution may appear more extreme due 
to systematic effects

➡ Combination of these different effects?
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Implications

In both numbers and structure, the massive galaxy 
population has evolved significantly from z~2 to the 
present

Questions

✦ How do the compact high-z galaxies evolve into 
local early types?

✦ How are these compact, quiescent high-z galaxies 
formed in first place?
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Progenitors of distant compact galaxies

Kriek et al. (2009b)
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Connection between large star-forming 
& compact quiescent galaxies

✦ Scenario 1: Blue galaxies quench and move to red 
sequence

‣ Fading of outer star-forming regions

‣ Build compact core by clump collisions

✦ Scenario 2: RS galaxies grow at the outskirts by 
star formation and thus periodically turn blue

✦ Scenario 3: The two classes are not related at all 
and follow their own evolution altogether
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The “Hubble Sequence” beyond z=2

Hot halos

Cold flows
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Galaxy formation by cold streams 13

Figure 5. Analytic prediction for the regimes dominated by cold flows and shock-heated
medium in the plane of halo mass and redshift, based on Fig. 7 of DB06. The nearly
horizontal curve marks the robust threshold mass for a stable shock based on spherical
infall analysis, Mshock(z). Below this curve the flows are predicted to be predominantly
cold and above it a shock-heated medium is expected to extend out to the halo virial
radius. The inclined solid curve is the conjectured upper limit for cold streams, valid at
redshifts higher than zcrit ∼ 2. The hot medium in haloes of Mv > Mshock at z > zcrit is
predicted to host penetrating cold streams, while haloes of a similar mass at z < zcrit are
expected to be all hot, shutting off most of the gas supply to the inner galaxy. Also shown
is the characteristic Press-Schechter halo mass M∗(z); it is much smaller than Mshock at
z>2.

expected to develop along narrow, cold, radial streams that penetrate through the halo,
because the cooling there is more efficient than in the surrounding halo.

The appearance of intense streams at high z, as opposed to their absence at low z, is
likely to reflect the interplay between the shock-heating scale and the independent charac-
teristic scale of nonlinear clustering, i.e., the Press-Schechter36 mass M∗ that corresponds
to the typical dark-matter haloes forming at a given epoch. The key difference between the
two epochs is that the rapid growth of M∗ with time, as seen in Fig. 5, makes Mshock"M∗

at z>2 while Mshock∼M∗ at lower redshifts.

Cosmological N -body simulations9,37 reveal that while the rare dark-matter haloes of
Mv "M∗ tend to form at the nodes of intersection of a few filaments of the cosmic web,
the typical haloes of Mv∼M∗ tend to reside inside such filaments. Since the filament width
is comparable to the typical halo size R∗∝M1/3

∗ and seems not to vary much with position
along the filament, one expects the rare haloes to be fed by a few streams that are narrow

Dekel et al. (2009)

Cold streams in early massive hot halos
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Dekel et al. (2009)

Cold streams in early massive hot halos
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✦ Scenario 1: Blue galaxies quench and move to red 
sequence

‣ Build compact core by clump coalescence

‣ Fading of outer star-forming regions

✦ Scenario 2: RS galaxies grow inside-out by star 
formation and thus periodically turn blue

✦ Scenario 3: The two classes are not related at all 
and follow their own evolution altogether

Connection between large star-forming 
& compact quiescent galaxies
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Kriek et al. (2009b)

Dense cores in massive star-forming 
galaxies?
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Kriek et al. (2009b)

Dense cores in massive star-forming 
galaxies?
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✦ Scenario 1: Blue galaxies quench and move to red 
sequence

‣ Fading of outer star-forming regions

‣ Build compact core by clump collisions

✦ Scenario 2: RS galaxies grow inside-out by star 
formation and thus periodically turn blue

✦ Scenario 3: The two classes are not related at all 
and follow their own evolution altogether

Connection between large star-forming 
& compact quiescent galaxies
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The “Hubble Sequence” beyond z=2
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Inside-out growth

Bezanson et al. (2009)
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Kriek et al. (2009b)

Dense cores in massive star-forming 
galaxies?
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✦ Scenario 1: Blue galaxies quench and move to red 
sequence

‣ Fading of outer star-forming regions

‣ Build compact core by clump collisions

✦ Scenario 2: RS galaxies grow inside-out by star 
formation and thus periodically turn blue

✦ Scenario 3: The two classes are not related at all 
and follow their own evolution altogether

Connection between large star-forming 
& compact quiescent galaxies
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Descendants of sub-mm bright galaxies?

Tacconi et al. (2008)
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Conclusions

✦ The imprints of local galaxy correlations are already 
visible beyond z=2

✦ Nonetheless, in both numbers and structure the massive 
galaxy population has evolved significantly from z~2 to 
the present

✦ The structural evolution seems to be primarily driven by 
minor mergers

✦ Formation of compact galaxies is still not well 
understood: by mergers of “clumpy” cold streams or by a 
“sub-mm bright” major merger?
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NIR median bands

van Dokkum et al. (2009a)

– 15 –

Fig. 1.— Medium-bandwidth filters designed for NEWFIRM and used in the NMBS. The
throughput of the filters ranges from ≈ 70% for J1 to ≈ 90% for H2 (excluding effects of the

atmosphere). The top panel shows the atmospheric transmission spectrum, for two different
water columns: the broken line is for a column of 1.6mm and the solid line is for 3.0mm.
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Separating dusty and quiescent red 
galaxies

Brammer et al. (2009)

Brammer et al. 3

Fig. 2.— AV vs rest-frame U − V color [corrected for the CMR
slope and its evolution with redshift (B04; see Figure 1)] for galax-
ies at 0.5 < z < 2.0. The grey points show the best-fit AV from
the FAST SED fit. A grid of ∆AV = 0.1 was used for the fit;
here the points are shown with a small random offset for clarity.
The blue lines show the median and interquartile range of AV in
bins of U − V color with equal numbers of objects. The reddening
vector is shown for the Calzetti et al. (2000) law with ∆AV = 1.
The U − V color distributions of all MIPS-detected objects and of
objects above and below the cut, AV = 1, are shown in the bot-
tom panel. The vertical dashed line shows the red-sequence color
selection used by B04.

z < 0.5 of blue galaxies in Figure 1 as galaxies with in-
creasingly faint luminosities and larger corrections satisfy
the sample selection at lower redshifts. Objects shown in
red in Figure 1 are detected with MIPS at 24µm with a
detection threshold S24 > 200 µJy.

A number of observations can be made immediately
from the top panel of Figure 1. First, known overden-
sities in the NMBS COSMOS field at z ∼ 0.7/0.9 are
apparent, demonstrating the high-quality of our photo-
metric redshifts. Second, and a key result of this Letter
is that a bimodal color distribution persists up to the
highest redshifts (z ∼ 2) where the NMBS is reasonably
complete (§5). Third, the average color of the red se-
quence galaxies gets redder with time at a rate largely
consistent with the evolution found by B04 at z ≤ 1.
Finally, the MIPS-detected objects have rest-frame col-
ors that fall between the red and blue sequences, a result
that has been found previously by Cowie & Barger (2008)
and Salim et al. (2009) at z ! 1 but that we extend here
to significantly higher redshift.

4. DUST CORRECTED U − V COLORS

Galaxies can have red rest-frame optical colors because
they contain evolved stellar populations or because they
have intrinsically blue SEDs that are reddened by dust.
A number of recent studies have shown that samples of
galaxies with the reddest rest-frame optical colors in the
CMD do in fact contain both dusty-starburst and “red
and dead” galaxies (Wyder et al. 2007; Williams et al.
2009; Gallazzi et al. 2009), and therefore extra care needs
to be taken when comparing the properties red and blue
galaxy samples (Wolf et al. 2009).

Fig. 3.— Optical to NIR observed-frame SEDs of objects with
nearly identical rest-frame U − V colors. The left two panels show
two objects at z ∼ 1.2 and the right two panels show objects at
z ∼ 1.8. The objects in the top panels have SEDs dominated
by evolved stellar populations and show no evidence for signifi-
cant dust reddening, while the objects in the bottom two panels
have AV > 2 determined from the SED fits (shown in light gray).
Note how the medium-width NIR filters (filled circles) trace the
Balmer/4000Å break at z = 1.8.

Figure 2 shows the distribution of AV as a function of
U − V color, which is now corrected for both the slope
of the color-magnitude relation and for the evolution of
the CMR zeropoint with redshift (Figure 1). Objects
on the red sequence are clearly visible as the clump at
U − V ∼ 2 with low AV values. Even modest values
of AV 0.5 could still be somewhat higher than expected
for truly “red and dead” galaxies, but the 1σ error on
AV estimated by FAST include zero for most of these
galaxies. Figure 2 demonstrates that the green valley is
indeed populated at redder colors by increasingly dusty
objects. A green valley sequence with colors determined
by aging stellar populations would be horizontal on this
figure. Comparing the slope of the reddening vector to
the slope of the median AV as a function of color (thick
blue line), we estimate that roughly 80% of the color
evolution through the green valley is due to effects of
dust.

There is some question as to how well AV can be es-
timated from the SED fit, since there are complicated
degeneracies between the parameters of the fit (AV , age,
SFH, Z). We show four representative SEDs in Fig-
ure 3, all with the same uncorrected U − V color but
at different redshifts and best-fit AV . The combina-
tion of the medium-band NIR filters and the IRAC pho-
tometry at λrest > 1µm pinpoints the Balmer/4000Å
break and determines the SED slope redward of the
break (i.e. the V − J color), which allows the separation
of dusty (bottom panels) and passive (bottom panels)
SED types with similar U − V colors (see also Wuyts
et al. 2007 and Williams et al. 2009). We note that
AV as estimated with FAST is also shown to predict
the FUV[24µm]/NUV ratio with reasonable precision (I.
Labbé, in prep; after e.g. Meurer, Heckman, & Calzetti
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Bimodality up to z~2.5

Brammer et al. in prep
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