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Is a red sequence already in place 
beyond z=2?

✦ Identification of galaxies with quiescent stellar 
populations beyond z=2

✤ (e.g., Franx et al. 2003, Labbe et al. 2005, Daddi et al. 
2005, Cimatti et al. 2008)  
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30 hour spectrum of a massive, 
quiescent galaxy at z~2.2
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Stellar populations of z~2.3 galaxies

Kriek et al. 2006
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Stellar populations of z~2.3 galaxies

Kriek et al. 2006

red
sequence?
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Is a red sequence already in place 
beyond z=2?

✦ Identification of galaxies with quiescent stellar 
populations beyond z=2

✤ (e.g., Franx et al. 2003, Labbe et al. 2005, Daddi et al. 
2005, Cimatti et al. 2008)  

✦ Several studies show that the red sequence 
disappears at z>1.5 

✤ (e.g., Conselice et al. 2005, Cirasuolo et al. 2008)



 

Mariska Kriek                                                                           Aspen                                                                       February 13, 2008

The disappearance of the red sequence 
at z>1.5? 9
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Figure 5. Rest-frame (U − B) colour versus absolute magnitude in the B band in six redshift intervals for sources in the UDS galaxy
sample. The small insets show the distribution of the rest-frame (U − B) colour in each redshift bin. The diagonal line represents the
luminosity-dependent colour cut (see Equation 2) adopted by van Dokkum et al. (2000) to divide the populations of red and blue galaxies.

high (∼ 20 − 30% ; Strateva et al. 2001; Ilbert et al. 2006;
Franzetti et al. 2007).

As a first step we sub-divided the UDS galaxy sam-
ple adopting the luminosity-dependent colour cut shown by
Equation 2 (van Dokkum et al. 2000). The resulting LFs
for the red and blue galaxies are shown in Figure 6. As for
the LF of the total sample of K-band selected galaxies (see
Section 5) we used both the 1/Vmax and maximum likeli-
hood methods. The best fit parameters for the likelihood are

shown in Table 2. Due to the limiting magnitude KAB≤ 22.5
the determination of the best fit parameters in the redshift
bin 1.75 ≤ z ≤ 2.25 is particularly challenging. Therefore,
in the following discussion we consider only the redshift bins
in the range 0.25 ≤ z ≤ 1.75 and simply comment on the
behaviour in the highest z bin.

The limiting magnitude KAB≤ 22.5 also does not allow
us to obtain a precise determination of the faint end of the
LF, as already discussed in Section 5. Therefore, the maxi-
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high (∼ 20 − 30% ; Strateva et al. 2001; Ilbert et al. 2006;
Franzetti et al. 2007).

As a first step we sub-divided the UDS galaxy sam-
ple adopting the luminosity-dependent colour cut shown by
Equation 2 (van Dokkum et al. 2000). The resulting LFs
for the red and blue galaxies are shown in Figure 6. As for
the LF of the total sample of K-band selected galaxies (see
Section 5) we used both the 1/Vmax and maximum likeli-
hood methods. The best fit parameters for the likelihood are

shown in Table 2. Due to the limiting magnitude KAB≤ 22.5
the determination of the best fit parameters in the redshift
bin 1.75 ≤ z ≤ 2.25 is particularly challenging. Therefore,
in the following discussion we consider only the redshift bins
in the range 0.25 ≤ z ≤ 1.75 and simply comment on the
behaviour in the highest z bin.

The limiting magnitude KAB≤ 22.5 also does not allow
us to obtain a precise determination of the faint end of the
LF, as already discussed in Section 5. Therefore, the maxi-

Cirasuolo et al. 2008
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Is a red sequence already in place 
beyond z=2?

✦ Identification of galaxies with quiescent stellar 
populations beyond z=2

✤ (e.g., Franx et al. 2003, Labbe et al. 2005, Daddi et al. 
2005, Cimatti et al. 2008)  

✦ Several studies show that the red sequence 
disappears at z>1.5 

✤ (e.g., Conselice et al. 2005, Cirasuolo et al. 2008)

Contradiction?
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Is it possible to recover a red sequence 
with only broadband photometry?
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Is it possible to recover a red sequence 
with only broadband photometry?

Rest-frame colors not 
accurate enough to 
recover a red sequence
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What is needed to recover a possible red 
sequence at z>2?

✤ Spectroscopic survey

✤ mass-limited sample

✤ Near-infrared spectroscopy

typical massive 
galaxy at 2<z<3

van Dokkum et al. 2006
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✦ Selection: 2 ≲ zphot ≲ 3; K<19.7; MUSYC survey

✦ Observations: GNIRS X-dispersed spectra; 1–2.5 μm

✦ Sample: 36 galaxies

✤ 10 galaxies at  z<2

✤ 11 galaxies at 2<z<3 with little or no star formation

✤ 5 AGN hosts at 2<z<3, with mainly quiescent stellar populations

✤ 10 star burst galaxies at 2<z<3

✦ Public: www.astro.princeton.edu/~mariska
✦ Follow-up: Keck/NIRSPEC+NIRC2-AO, VLT/SINFONI, HST/NICMOS, 

Spitzer/IRAC+MIPS, Magellan/LDSS3

A Public NIR spectroscopic survey for 
massive galaxies at z~2.5

http://www.astro.princeton.edu/~mariska
http://www.astro.princeton.edu/~mariska
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A Red Sequence at z~2.3?

Kriek et al. submitted
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Kriek et al. submitted

A Red Sequence at z~2.3?
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Red-sequence galaxies at z~2.3

Kriek et al. submitted

average spectrum

average best-fit model

2 Gyr SSP
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Red-sequence galaxies at z~2.3

Kriek et al. submitted

average spectrum

average best-fit model

2 Gyr SSP

Post-starburst spectral shape: 

red sequence just starting to 

build up?
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Comparison to low-z spectroscopic mass-
limited samples

z=0.7 z=0.0z=2.3
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Evolution of the Red Sequence

Kriek et al. submitted
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Evolution of the Red Sequence

Kriek et al. submitted
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Fig. 3.—

Fig. 4.— Evolution of restframe U −B color for different SFHs.
All SFHs have a constant SFR, a formation redshift of z = 10, and
stop forming stars at a stellar mass of 1011M!. The solid sections
of the curves indicate that the galaxies would be identified as red
sequence galaxies in this work. This diagram shows that newly
quenched galaxies decline the evolution of the rest-frame U − B

color of the red sequence (see van Dokkum & Franx, 2001).
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Growth of the Red Sequence
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Evolution of the Red Sequence

Kriek et al. submitted
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Evolution of the Red Sequence

Kriek et al. submitted
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Red mergers
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?

Kriek et al. submitted

Evolution of the Red Sequence
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Morphologies of massive quiescent 
galaxies at z~2.3

van Dokkum et al. submitted2 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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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

Reff < 1 Kpc
See also Trujillo et al. 2006, 2007; 
Zirm et al. 2007; Toft et al. 2007; 
Cimatti et al. 2008
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Sizes and stellar densities of massive 
quiescent galaxies at z~2.3

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.

van Dokkum et al. submitted
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Summary...

✦ A red sequence of massive field galaxies with quiescent 
stellar populations was already in place at z~2.3

✦ The massive end of the red sequence grows by a factor of 
~8 from z~2.3 to the present

✦ The color evolution of the red sequence is more 
complicated than just aging

✦ The z~2.3 red-sequence galaxies still experience active 
evolution in their future
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Kriek et al. 2008

Is it possible to recover a red sequence 
with only broadband photometry?

open: galaxies with shallow 
NIR photometry (K < 20)
filled: galaxies with deeper 
NIR photometry (K < 21)


