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Hierarchical galaxy formation is the model whereby massive
galaxies form from an assembly of smaller units'. The most
massive objects therefore form last. The model succeeds in
describing the clustering of galaxies®, but the evolutionary
history of massive galaxies, as revealed by their visible stars
and gas, is not accurately predicted. Near-infrared observations
(which allow us to measure the stellar masses of high-redshift
galaxies®) and deep multi-colour images indicate that a large
fraction of the stars in massive galaxies form in the first 5 Gyr
(refs 4-7), but uncertainties remain owing to the lack of spectra
to confirm the redshifts (which are estimated from the colours)
and the role of obscuration by dust. Here we report the results of
a spectroscopic redshift survey that probes the most massive and
quiescent galaxies back to an era only 3 Gyr after the Big Bang.
We find that at least two-thirds of massive galaxies have appeared
since this era, but also that a significant fraction of them are
already in place in the early Universe.

Star-formation rates in the high-redshift (z > 1) Universe have
been probed by measuring rest-frame ultraviolet (UV) emission® of
galaxies. The UV is dominated by newly formed massive stars but
can be highly obscured’. Moreover, star-formation in galaxies is a
stochastic phenomenon and correlates poorly with mass: the most
massive galaxies in the local Universe are giant ellipticals and they
have very weak UV emission'’, which makes them difficult to detect
at z> 1. Direct determination of dynamical masses of galaxies
requires spatially resolved velocity measurements of galaxies—this
has been done out to z = 1 (refs 11,12), but such observations are
very challenging at higher redshifts owing to signal-to-noise
limitations.

An alternative approach is to infer the total mass in stars from red
light, which traces accumulated stellar populations. Studies® have
shown that stellar mass correlates extremely well with dynamical
mass out to z = 1. Stellar mass evolution can be predicted by using
galaxy formation models based on cosmological numerical simu-
lations augmented with analytical star-formation recipes', which
adopt simplified prescriptions for various heating and cooling
processes in the interstellar medium''*.

Deep near-infrared data provide a window on stellar masses of
galaxies at high redshift. This light is dominated by the old, evolved
stellar populations in galaxies, and is little affected by transient star-
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formation'® or dust obscuration. To a good approximation, the total
K-band light traces the accumulation of stellar mass; equivalently,
one can say that the stellar mass-to-light ratio (M/Ly) is nearly
constant, with little dependence on the previous star-formation
history (SFH). In fact, rest-frame M/L g varies only by a factor of two
between extremely young and extremely old galaxy stellar popu-
lations: in contrast, M/Ly can vary by more than a factor of ten',
and M/Lyy varies tremendously (reaching as low as 1% of the solar
value) because the UV light is dominated by the instantaneous star-
formation rate (SFR) rather than the stellar mass. Even at redshifts
up to z =2, the observed-frame K-band probes the rest-frame
R-band which is still dominated by old stellar populations. The
M/Ly variation is still less than a factor of four, partly due to the
youth of the Universe at that redshift.

We use the Gemini Deep Deep Survey (GDDS)'” to define a new
sample of 150 galaxies with K < 20.6 mag and 0.8 < z < 2 located
in four independent 30 arcmin? fields. The spectroscopic identifi-
cation completeness is 89%. The determination of stellar masses for
each galaxy follows standard multi-color stellar population fitting
techniques; this approach is fairly general and robust, and is detailed
in Methods. We find that the K-band light traces the stellar mass
quite well: evolutionary changes in galaxy numbers with redshift are
much more important than changes in colour. The findings pre-
sented below are simply driven by the presence of numerous K = 20
galaxies at z > 1.5, which must be massive objects.

Figures 1 and 2 illustrate the nature of the most massive galaxies.
They are found by the GDDS to z = 2 at K = 20, even when they are
veryred (I — K > 4). The red galaxies are predominantly red owing
to old stellar populations (these are GDDS spectral classes'” ‘001’
and ‘011, showing photospheric features from evolved stars) and
not dust reddening of young lower-mass galaxies. The red, old
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Figure 1 Stellar mass—redshift distribution for our galaxies. The 1o error bars come from
the Monte Carlo mass fitting. Symbol colours code the observed K-band magnitude (see
key on left). Solid/open symbol shapes denote spectroscopic/photometric redshifts
respectively. Circle/star symbols denote objects respectively redder/bluerin IV — /than a
model Shc galaxy template®. Symbol size is keyed to the |-band magnitude. The
horizontal line denotes the characteristic Schechter mass scale in the local Universe®.
The solid curve shows how the K-band flux limit translates into a mass completeness limit
for a maximally old simple stellar population (SSP). The dashed curve shows an example
mass limit for bluer objects (SFR = const. model).
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galaxies make a large contribution (30%) to the stellar mass in the
Universe in the redshift range 1.2 < z < 1.8. Also at z > 1 there are
a number of blue galaxies despite this being a K-selected sample.
These correspond to massive star-forming galaxies which have high
metal abundances'®.

The cumulative stellar mass density per unit volume in each
redshift bin down to various mass thresholds (Fig. 3; Table 1) is
computed following the standard maximum volume V/V ...
formalism (this corrects for the smaller redshift ranges covered by
fainter objects'”) for a K < 20.6 limit and weighting by the
sampling. We use K-corrections from our individual spectral energy
distribution (SED) fits, but the results do not depend strongly on
the details of the K-correction. Although a K-selected sample is a
good proxy for a mass-selected sample, it is still necessary to
consider incompleteness as a function of M/L. To do this, we
compute the maximum possible M/L at each redshift for a model
galaxy as old as the Universe which formed all its stars at once (a
‘simple stellar population’, or SSP). This M/L is converted to a mass
limit (via the K-band flux limit and the K-correction) and is shown
in Fig. 1. We are complete above this mass limit; bluer objects can be
seen below this limit. Bins that might miss high M/L objects are
plotted as lower limits in Fig. 3. The error bars are calculated from
shot noise on the number of galaxies in each bin. These do not
include the effects of large-scale structure, but we believe these are
not significant because our GDDS fields are large, were selected
from even larger-area images in regions near average density'” (that
is, neither highly over-dense nor under-dense) and because our
colour-dependent weights normalize to the full imaging area
(554.7 arcmin®) which would counteract the additional clustering
of red objects. Finally, we have performed the check of splitting the
sample by different fields (different independent sight-lines). The
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Figure 2 Colour—redshift distribution for our galaxies. Observed frame / — K colour is
plotted with symbol size keyed to mass, shape to optical I/ — /colour (as in Fig. 1) and
symbol colour keyed to the spectral classification (see key at top). Solid/open symbols
denote spectroscopic/photometric redshifts. Model tracks (solid lines) are shown ranging
from a maximally old SSP through to SFR = const., for synthetic solar metallicity galaxies
which form at z= 10. (Note the points red-ward of the old track at z= 0.6 may be
artificially reddened by observational aperture/metallicity effects; this is insignificant for
z>08)
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same general results are found for these, albeit with larger errors. We
have also assessed the effect of the mass fitting errors on the mass
densities with our Monte Carlo methods; this is not a significant
source of error. In every bin, galaxies with spectroscopic redshifts
dominate the mass budget, except for the 1.6 <z <2 and M >
10'%8M bin, where the spectroscopic completeness is only 50%
and we augment our spectroscopy with photometric redshifts.
Analysing the sub-sample with only spectroscopic redshifts results
in no significant changes to any bin except for this one (which is
thus 0.3 dex lower); the essential scientific result is unchanged.

There is a clear decline with redshift in stellar mass locked up in
the most massive galaxies. This trend is in accord with ideas of
gradual assembly. However, it declines only slowly towards high
redshift and, surprisingly, the massive galaxies do not decline more
rapidly than the whole population. We note that galaxies with M >
10'%8M are brighter than our flux limits (for any possible M/L
value) throughout our redshift range; a regression on these gives an
acceptable fit for p oc (1 4+ 2)~ "7 = ', At z = 1 the mass densities
for the M > 1098 M sample are 38 (+18)% of their local value;
at z= 1.8 this becomes 16 (*+6)%. These results for the most
massive galaxies are consistent with previous Hubble Deep Field
South photometric redshift determinations*?, but inconsistent with
the more rapid decline (a factor of ~6 over 0 < z < 1) found with
photometric redshifts by the Munich Near-Infrared Cluster Survey®
(however we note that their SED fitting forces maximally old
galaxies at all redshifts, which could be problematic). Overlaid on
Fig. 3 (shaded region) is the range of estimates for the growth of
total stellar mass based on the integral of the observed rest-UV
derived SFR—z relationship. (These are based on the analytic fit** of
points from Fig. 9 of ref. 9, both with and without extinction
correction, integrated using PEGASE.2*'.) Our uppermost points
represent lower limits on the total stellar mass density, and we
confirm previous findings that an extinction correction is essential
for UV SER estimates to be consistent with stellar mass measure-
ments**.

Theoretical models of galaxy formation convert gas into stars in
dark matter haloes using semi-empirical recipes, and must satisfy
three key observables: the first is the distribution of local galaxy
luminosities, the second is the distribution of galaxy colours and the
third is the abundance of massive galaxies at high redshift. The last
of these has until now been the most difficult to measure from
observations. In Fig. 3 we plot the abundance predictions of the

— 7 r
JSFR (raw and corrected)

= \%i' !
3 A T
—— A

| I
= - 4 L
\/-\/ I~ A -
4
= e GDDS log;o(M) > 10.2
g oCole et al.20 logyo(M) > 10.5 ]
6.0~ GALFORM  logo(M) > 10.8 3
o Dickinson et al.* 1oL 1
= Fontanaetal.® 9.7<log,,(M)<10.7
L L L L Il L L L L Il L L L L Il L L L n
5'00 0.5 1.0 1.5 2.0

Redshift

Figure 3 Mass density in stars versus redshift. Values from our spectroscopic sample are
compared with previous estimates which are all based on photometric redshifts"® (except
for the local z= 0.1 point®®). We plot the cumulative mass density of galaxies (converted
to our IMF choice; error bars are 1) more massive than a given mass threshold (see key
for threshold colour coding). Theoretical ‘GALFORM’ models are also plotted (see text).
The shaded region shows the result of integrating the Universal UV-derived star-formation
history with and without a dust extinction correction.
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‘GALFORM’ models'*** which satisfy the first two constraints. It is
evident in this model that massive galaxies disappear much more
rapidly than we see in our data; this is because the model stellar mass
build-up traces the merging of cold dark matter haloes. In particu-
lar, GALFORM has a strong dependence of evolutionary rate on
mass which is not seen in our data. A similar theoretical comparison
was made on the Hubble Deep South photometric data with similar
conclusions’.

We note that our measured abundance of massive galaxies at
z = 2 does not violate the boundary constraints of cold dark matter
models, by which we mean taking the predicted abundance of z = 2
massive dark matter haloes® and scaling by the cosmological baryon
/ dark matter density> (2,/2,, = 0.17). This gives a predicted
baryonic mass density of ~ 108Mg Mpc ™ in haloes with baryonic
masses > 10" Mg, a factor of ten above our measurements. Thus
the models can match our densities if only ~10% of the baryons in
massive haloes are converted to stars by z = 2. However, we note
that in the Universe today, the stellar density* 2« = 0.004 gives 2./
2, = 0.1; this would imply that massive haloes at z= 2 have
managed to convert baryons into stars with the same overall
efficiency as the average Universe had achieved by z = 0. Massive
haloes must have much greater star-formation efficiencies at earlier
times.

Models have been proposed'*** which adjust the star-formation
histories in this way, and which would be more in accord with our
findings of a high abundance of massive galaxies at early times.
However, they fail to match existing data on galaxy colours®*® or
the galaxy luminosity function', so we defer detailed comparison to
future work.

What is observationally clear is that we have measured directly
the abundance of massive galaxies out to z= 2 for the first time
from a highly complete, deep and relatively wide area survey with
secure redshifts and spectroscopic classifications for galaxies. We
find (with 99% confidence) that at least two-thirds of the mass in
these objects has formed since z = 1.8. However, we do not find a
more rapid evolution of the giant population compared to the
Universal average, as would be expected if stellar mass grew simply
proportionally to dark matter assembly. At z < 2 we find that much
of the mass is in galaxies with old stellar populations; these objects are
plausible precursors of modern massive elliptical galaxies. This is
broadly consistent with developing ideas that models of galaxy
formation have to be tuned towards earlier star-formation in high-
mass haloes. The abundance of massive galaxies at z < 2 is now firmly
established, and will provide the vital missing leg in the tripod of key
observations required to understand how galaxies form. O

Table 1 Stellar mass density measurements in the Universe

BGO3 IMF Kennicutt IMF
log Mim
zrange logp logp, logpn logp logpe logpen  Complete?

10.2 0.8-1.1 7.92 7.79 8.02 7.82 7.67 7.92 Y
10.2 1.1-13 7.56 7.43 7.66 7.47 7.34 7.58 N
10.2 1.3-16 7.82 7.73 7.90 7.71 7.62 7.79 N
10.2 1.6-20 7.43 7.30 7.54 7.34 7.21 7.44 N
10.5 0.8-1.1 7.86 7.70 7.97 7.72 7.54 7.84 Y
10.5 1.1-18 7.42 7.25 7.55 7.34 717 7.47 Y
10.5 1.3-16 7.78 7.63 7.82 7.62 7.51 7.71 Y
10.5 1.6-20 7.36 7.21 7.47 7.26 7.1 7.37 N
10.8 0.8-1.1 7.61 7.34 777 7.46 7.13 7.64 Y
10.8 1.1-18 7.21 6.94 7.37 6.92 6.49 7.14 Y
10.8 1.3-16 7.41 7.25 7.53 7.24 7.04 7.38 Y
10.8 1.6-20 7.24 7.06 7.37 6.96 6.74 7.1 Y

Measurements are shown as a function of galaxy mass threshold and redshift. p is the stellar mass
density in galaxies with stellar masses >Mm in Mo Mpc’? The values of p,; and p |, are the 1o
upper and lower limits from counting statistics. BGO3 IMF mass thresholds and mass densities
can be multiplied by 1.82 to convert to the Salpeter IMF.
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Methods

Stellar mass fitting

We adopt a cosmology” of 2,, = 0.3, 24 = 0.7, Hy = 70km s~ ' Mpc ™' and use Vega
magnitudes. For the mass-function analysis, we use GDDS galaxies with K < 20.6 and
0.8 < z < 2 (150 galaxies; 89% spectroscopic completeness based on ref. 17 identification
confidence classes =2; galaxies without spectroscopic redshifts are assigned to their
photometric redshifts). To account for the higher priority given to red galaxies in the slit-
mask design we use the ‘sampling weights’ from ref. 17, which are the selection
probabilities for spectroscopy as a function of I — K and K.

For each galaxy we derive the most likely stellar mass and a range of uncertainty. These
are derived by evaluating against model optical-IR SEDs to determine the M/L ratio, and
hence the mass. We note that a variety of approaches to accomplish this have been
described in the literature which vary in the level of detail in which they treat star
formation. For example, ref. 20 used a simple set of monotonic star-formation histories
(SFH) with a varying e-folding timescale and a fixed dust law. A potential problem is posed
by the fact that real galaxies have more complex SFHs; for example, a recent star-burst can
make an old galaxy temporarily bluer and lead to an underestimate of M/L using this
method. One approach to account for this effect is to introduce a second young SED
component’ superimposed on the old population; this can be computationally expensive
depending on the amount of freedom allowed for the second component.

In a spectroscopic sample there is no degeneracy between SED model fitting and
photometric redshift (which is also based on SED fitting). We adopt two-component
modelling (using PEGASE.2*" to calculate spectra) in order to be able to assess the possible
biases due to starbursts on the calculated masses, and allow a range of dust extinction
(0 = Ay = 2mag) and metallicity (0.0004 = Z = 0.02). The primary component is
modelled using a star-formation rate SFR oc exp (—#/7) with 7 = 0.1,0.2,0.5, 1,2, 4, 8 and
500 Gyr (the first approximates an instantaneous starburst and the last a constant SFR).
The secondary component is a starburst, modelled with a 7 = 0.1 Gyr exponential, which
can occur at any time and have a mass between 10™* and twice that of the primary
component. The model age is constrained to be less than that of the Universe at the
appropriate redshift, but any formation epoch is allowed. Like all studies of high redshift
star-formation, we must assume a universal initial mass function (IMF). We primarily use
the BG03 IMF”” which fits local cosmic luminosity densities well; it has a similar high-mass
slope to the classical Salpeter IMF*® but with a more realistic break at 0.5M¢. Stars with
masses below the break never contribute significantly to optical/IR light, so the overall
effect is to re-scale the total stellar masses to more reasonable values. Similarly we re-scale
literature Salpeter based numbers*>*° to the BG0O3 IMF using Msp = 1.82M . Our results
are robust for any reasonable choice of IMF with a similar slope; to illustrate this, we have
also calculated masses using the popular Kennicutt IMF*.

Our approach is to find via exhaustive grid search all models consistent with the VIz'K
photometry in the observed frame of each galaxy. This colour set is available for all galaxies,
and covers rest-frame UV through near IR. We do not include the actual spectra (apart from
the redshift information) in the fits because of variable quality and signal-to-noise ratio, but
we find the spectral classes are broadly consistent with the best photometric SED fits. The full
distribution function of allowed masses were calculated by Monte Carlo re-sampling of the
photometric errors. The final masses and error bars represent the mean and standard
deviation of this full distribution function. Typically, we find the masses are fitted to +0.17
dex in the K < 20.6 sample. The stellar masses are very robust against the details of the
fitting. Using the Monte Carlo machinery to investigate the effect of different assumptions
about metallicity, dust and bursts, we find that the largest effect is due to bursts. If we
disallowed bursts, then the masses typically decrease by only 0.2 dex. Finally, we note that
the variation in M/Ly over the range 1 < z < 2 is constrained by the age of the Universe
(6-3 Gyr); typically the maximum range in our sample is a factor of three.
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More than half of all stars in the local Universe are found in
massive spheroidal galaxies', which are characterized by old
stellar populations®® with little or no current star formation. In
present models, such galaxies appear rather late in the history of
the Universe as the culmination of a hierarchical merging
process, in which larger galaxies are assembled through mergers
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of smaller precursor galaxies. But observations have not yet
established how, or even when, the massive spheroidals formed*?,
nor if their seemingly sudden appearance when the Universe was
about half its present age (at redshift z = 1) results from a real
evolutionary effect (such as a peak of mergers) or from the
observational difficulty of identifying them at earlier epochs.
Here we report the spectroscopic and morphological identifi-
cation of four old, fully assembled, massive (10" solar masses)
spheroidal galaxies at 1.6 < z < 1.9, the most distant such objects
currently known. The existence of such systems when the Uni-
verse was only about one-quarter of its present age shows that the
build-up of massive early-type galaxies was much faster in the
early Universe than has been expected from theoretical simu-
lations*.

In the ACDM scenario®, galaxies are thought to build up their
present-day mass through a continuous assembly driven by the
hierarchical merging of dark matter haloes, with the most massive
galaxies being the last to form. However, the formation and
evolution of massive spheroidal early-type galaxies is still an open
question.

Recent results indicate that early-type galaxies are found up to
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Figure 1 The individual and average spectra of the detected galaxies. From bottom to top:
the individual spectra smoothed to a 16 A boxcar (26A for ID 237) and the average
spectrum of the four old galaxies (Z ayerage = 1.68). The red line is the spectrum of the old
galaxy LBDS 53w091 (z= 1.55) used to search for spectra with a similar continuum
shape. Weak features in individual spectra (for example, Mgil 2,800 A and the 2,640 A
continuum break, B2640) become clearly visible in the average spectrum. The object ID
235 has also a weak [01] 3,727 A emission (not shown here). The spectra were obtained
with ESO VLT + FORS2, grisms 200! (R(1") = 400) (D 237) and 300! (R(1") = 600)
(IDs 235, 270, 646), 1.0" wide slit and = 1" seeing conditions. The integrations times
were 3 hours for ID 237, 7.8 hours for IDs 235 and 270, and 15.8 hours for ID 646. For ID
646, the ESO/GOODS public spectrum was co-added to our K20 spectrum (see
Supplementary Table 1). ‘Dithering’ of the targets along the slits was applied to remove
efficiently the CCD fringing pattern and the strong OH sky lines in the red. The data
reduction was done with the IRAF software package'®. The spectrophotometric calibration
of all spectra was achieved and verified by observing several standard stars. The average
spectrum, corresponding to 34.4 hours integration time, was obtained by co-adding the
individual spectra convolved to the same resolution, scaled to the same arbitrary flux (that
is, with each spectrum having the same weight in the co-addition), and assigning
wavelength-dependent weights which take into account the noise in the individual spectra
due to the OH emission sky lines.

NATURE | VOL 430 | 8 JULY 2004 | www.nature.com/nature






