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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 error bars are the quiescent galaxies. Small symbols are SDSS galaxies, with galaxies that are not on the red sequence in lightz ∼ 2.3
gray. The dotted 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.

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
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 un-
certainties. These were assessed by changing the size of the
fitting region, scrambling the subpixel positions of the galaxies,
and changing the drizzle grid.

The Keck images offer an independent test of the reliability
of the fit parameters. Fitting the Keck images with a range of
stellar PSFs (including stars in the field of view) gives results
that are consistent with the NIC2 fits within the listed uncer-
tainties. As an example, for 1030-1813, we find kpc,r p 0.73e

, and from the Keck image. In the follow-n p 1.6 b/a p 0.32
ing, we will use the values derived from the higher signal-to-
noise ratio (S/N) NIC2 images; our conclusions would not
change if we were to use the Keck results for 1030-1813, 1256-
0, and 1256-1967.

4. SIZES AND DENSITIES

The most remarkable aspect of the galaxies is theirz ∼ 2.3
compactness. The circularized effective radii range from 0.5
to 2.4 kpc, and the median is 0.9 kpc. To put this in context,
this is smaller than many bulges of spiral galaxies (including
the bulges of the Milky Way and M31, which have r ≈ 2.5e

kpc; van den Bergh 1999). In the left panel of Figure 2, the
sizes are compared to those of SDSS galaxies. The SDSS data
were taken from the New York University Value-Added Galaxy
Catalog (Blanton et al. 2005) in a narrow redshift range, with
various small corrections (M. Franx et al., in preparation). Dark
gray points are galaxies on the red sequence, here defined as

. Stellar masses for theu ! g p 0.1 log M " (0.6 ! 0.2) z ∼
galaxies were taken from Kriek et al. (2008a) and corrected2.3

to a Kroupa (2001) initial mass function (IMF). The median
mass of the galaxies is M,. The median11z ∼ 2.3 1.7 # 10

of SDSS red sequence galaxies with massesr (1.5–1.9) #e

M, is 5.0 kpc, a factor of ∼6 larger than the median size1110
of the galaxies.z ∼ 2.3

The combination of small sizes and high masses implies very

high densities. The right panel of Figure 2 shows the relation
between stellar density and stellar mass, with density defined
as (i.e., the mean stellar density within3r p 0.5M/[(4/3)pr ]e

the effective radius, assuming a constant stellar mass-to-light
[ ] ratio with radius). The median density of theM/L z ∼ 2.3
galaxies is M, kpc!3 (with a considerable rms scatter103 # 10
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). The most
elongated galaxies are also the ones with the lowest n-values
(the correlation between n and is formally significant at theb/a
199% level9), 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 all ( ) of the quiescent, massive galaxies"0100 %!11

at spectroscopically identified by Kriek et al. (2006)AzS p 2.3
are extremely compact, having a median effective radius of
only 0.9 kpc. This result extends previous work at z ∼ 1.5
(Trujillo et al. 2007; Longhetti et al. 2007; Cimatti et al. 2008)
and confirms other studies at similar redshifts that were based
on photometric redshifts and images of poorer quality (Zirm
et al. 2007; Toft et al. 2007). Our study, together with the
spectroscopy in Kriek et al. (2006) demonstrating that the H-
band light comes from evolved stars, shows that the small
measured sizes of evolved high-redshift galaxies are not caused
by photometric redshift errors, active galactic nuclei, dusty
starbursts, or measurement errors.

It is remarkable that all nine galaxies are so compact; even
the largest galaxy in the sample (HDFS1-1849) is significantly
offset from the relations of red galaxies in the nearby universe
(see Fig. 2). We do not find any galaxy resembling a fully
assembled elliptical or S0 galaxy, which means that such ob-
jects make up less than ∼10% of the population of quiescent
galaxies at . This result effectively rules out simplez ∼ 2.3

9 There is no significant correlation between and n, or between andr re e

.b/a


