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ABSTRACT

We show how the observed bimodality in the color distribution of galaxies can be explained in the framework of
the hierarchical clustering picture in terms of the interplay between the properties of the merging histories and the
feedback/star formation processes in the progenitors of local galaxies. Using a semianalytic model of hierarchical
galaxy formation, we compute the color distributions of galaxies with different luminosities and compare themwith
the observations. Our fiducial model matches the fundamental properties of the observed distributions, namely:
(1) the distribution of objects brighter than Mr P�18 is clearly bimodal, with a fraction of red objects increasing
with luminosity; (2) for objects brighter than Mr P�21, the color distribution is dominated by red objects with
color u� r � 2:2 2:4; (3) the spread on the distribution of the red population is smaller than that of the blue
population; (4) the fraction of red galaxies is larger in denser environments, even for low-luminosity objects; and
(5) the bimodality in the distribution persists up to z � 1:5. We discuss the role of the different physical processes
included in the model in producing the above results.
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1. INTRODUCTION

Recent observations indicate that the color function of gal-
axies at low redshift is characterized by a bimodal distribution
(Strateva et al. 2001; Baldry et al. 2004), which defines two
classes of galaxies: a red population, consisting mostly of non–
star-forming galaxies that have formedmost of their stellar mass
at high redshift z; and a blue population, consisting of galaxies
that are actively forming stars. The fraction of galaxies be-
longing to the red population growswith the luminosity L, being
smaller than the blue fraction for Mr > �19:5 and dominating
the distribution forMr > �21. There is also a clear dependence
on the galaxy environment, since red galaxies typically popu-
late the overdense regions (Balogh et al. 2004). The bimodal
galaxy distribution is present at least up to z � 1 2 (Bell et al.
2004; Giallongo et al. 2005).

Such a sharp, distinctive feature of the galactic population
must constitute a powerful constraint to the galaxy formation
models aiming at deriving the galactic properties ‘‘ab initio.’’
These connect the formation of stars in progenitor dark matter
(DM) halos (formed from the collapse of overdense regions in
the primordial density field) with the assemblage of galaxies
through repeated merging events involving the DM halos.

Such semianalytic models (SAMs), introduced by Kauffman
et al. (1993) and Cole et al. (1994), have been greatly improved
(Cole et al. 2000; Somerville & Primack 1999) also through the
inclusion of starbursts driven by merging (Somerville et al.
2001;Menci et al. 2002) and flyby events (Menci et al. 2004) be-
tween satellite galaxies (see also Okamoto & Nagashima 2003).
Recently, hydrodynamic simulations have also been able to pro-
vide independent insight into galaxy evolution on a cosmological
scale (Nagamine et al. 2004, 2005; Davé et al. 2005). Although
differences exist among these models, they are now in overall
agreement not only with the local properties of galaxies but also
with their statistical properties at high redshifts both in the
K band (probing the total stellar mass assembled in galaxies)
and in the B and UV bands (probing the star formation rate).

According to these models, the tendency of massive galaxies
to be red and old, and of the low-mass ones to be bluer and star-

forming, is a natural outcome of the hierarchical scenarios.
Indeed, the progenitors of present-day massive galaxies formed
in biased, high-density regions that collapsed at higher z and
contained denser gas. Conversely, feedback effects are mostly
effective at prolonging the active phase of star formation at low
masses (typically below �1011–1012 M�).

However, the existence of a clear bimodality in the galaxy
color distribution constitutes a finer probe for the physical pro-
cesses included in the models, since it suggests a dichotomy in
the star formation histories of galaxies that should be originated
by deep, fundamental properties of the galaxy formation process.

Here we investigate in detail whether the above qualitative
trend of the hierarchical models may provide a bimodal color
distribution in quantitative agreement with the observations. To
this aim, we derive in x 2 the color distribution of galaxies as
a function of their luminosity from a Monte Carlo version of
the SAM model of Menci et al. (2004) and compare in x 3 the
results with the observed distributions. In x 4 we discuss the
physical origin of the bimodal distribution in hierarchical sce-
narios, as it emerges from our results.

2. THE MODEL

As a baseline, we adopt the SAM described in Menci et al.
(2002, 2004); this connects the baryonic processes (gas cooling,
star formation, and supernova feedback) to the merging histories
of the DM halos and of the galactic subhalos there contained
following the canonical recipes adopted by SAMs. Starbursts
triggered by galaxy interactions (flyby and merging events) in
common DM halos are also included as described inMenci et al.
(2004). However, several changes have been made in both the
DM and the baryonic sector of our model with respect to our
previous papers. We describe such changes in turn.

2.1. The Dark Matter Merging Trees

To derive the whole color distribution we run a Monte Carlo
version of our SAM, where many realizations of the merging
histories of present-day DM halos (with different final masses)
are drawn by extracting merging probabilities according to the
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Fig. 1.—(a) Mass distribution of cold gas compared with the observed H i mass function, taken from Zwaan et al. (1997). The arrows show upper limits from
the Arecibo surveys (see Schneider 1997). Note that the observed mass in H i constitutes a lower limit for mc, since part of the cold gas is not in the form of H i.
(b) Comparison of the local stellar mass distributionwith the data from the TwoDegree Field (2dF ) survey (Cole et al. 2001; filled squares) and from the 2MASS survey
(Bell et al. 2004; open circles). (c) Distribution of disk sizes (exponential scale lengths) from our model compared with the data obtained by Giallongo et al. (2000;
histogram) forMI � 26 galaxies in the Hubble and NewTechnology Telescope Deep Fields at z ¼ 0:4 0:7. (d ) The Tully-Fisher relation from ourmodel (squares) with
the 1 � variance (error bars); the shaded region represents the region of the MI -v plane spanned by the observations (Mathewson et al. 1992; Willick et al. 1996;
Giovanelli et al. 1997). (e) The local B-band luminosity function from our model (solid line), assuming a Galactic dust extinction curve. The shaded area corresponds to
the LF measured by the SDSS (Blanton et al. 2001), and the circles to the data from the 2dF Galaxy Redshift Survey (2dFGRS; Madgwick et al. 2002). We also show as
filled squares the data from Zucca et al. (1997). ( f ) The UV luminosity function from our model; the shaded area represent the uncertainty in the model results due
to assuming different extinction curves (SMC, Galactic, and Calzetti 1997). The spectroscopic ( filled squares) and the photometric (open squares) data are from Steidel
et al. (1999).



extended Press-Schechter (1974) theory (Bond et al. 1991;
Lacey & Cole 1993). To generate the merging trees, we adopt
the same algorithm described in Cole et al. (2000), with a grid of
25 final DM masses ranging from 3:16 ; 109 to 1:8 ; 1015 M�
with equally spaced logarithmic values and a mass resolution of
5 ; 107 M�; a total of 100 realizations are drawn for each final
DM mass. The evolution of DM halos described above is con-
nected to the processes involving the baryons as described below.

2.2. The Radiative Cooling

The mass mc of cooled gas in a disk with radius rd and
rotation velocity vd is derived (Menci et al. 2002; Somerville &
Primack 1999) by computing, for each time step, the increment
in the cooling radius �rc of the central galaxy in all the DM
halos. The corresponding increment of mass of the cooled gas is
�mc ¼ 4�r 2c �g(rc)�rc, assuming a simple isothermal gas den-
sity profile �g(r) / r�2. The normalization is set to recover the
hot gas mass when the density profile is integrated over the vol-
ume. After merging events, we determine whether the mass of
the largest progenitor m1 comprises less than a fraction (1/2) of
the post-merger mass (as in Somerville & Primack 1999); if this
is the case (i.e., the merging partners have comparable masses),
we reset the cooling time and cooling radius to zero (as suggested
by recent, aimed hydrodynamic simulation of major galaxymerg-
ing; see Cox et al. 2004), and the gas is reheated to the virial
temperature of the DM halo. The introduction of such a process
suppresses the cooling in the massive halos, which undergo a
larger number of such major merging events compared to low-
mass halos. In addition, the steepness of the faint-end slope of
the luminosity function (LF; see x 2.5 and Fig. 1) may help to
account for the nonexistence of extremely bright (‘‘monster’’)
galaxies (see Benson et al. 2003). See also x 4 for a discussion on
this point.

2.3. The Star Formation Law and the Supernovae Feedback

As for the star formation, we assume the canonical Schmidt
form ṁ� ¼ mc/(q�d), where �d � rd/vd and q is left as a free
parameter. At each time step, the mass �mh returned from the
cold gas content of the disk to the hot gas phase due to super-
novae (SNe) activity is estimated from canonical energy bal-
ance arguments (Kauffman 1996; Kauffmann & Charlot 1998;
see also Dekel & Birnboim 2005) as �mh ¼ ESN�0�0�m�/v

2
c ,

where �m� is the mass of stars formed in the time step,
� � 3 5ð Þ ; 10�3 M�1

� is the number of SNe per unit solar mass
(depending on the assumed initial mass function [IMF]),
ESN ¼ 1051 ergs is the energy of ejecta of each SN, and vc is the
circular velocity of the galactic halo; �0 ¼ 0:01 0:5 is the ef-
ficiency of the energy transfer to the cold interstellar gas. The
above mass�mh is made available for cooling at the next time
step. The model-free parameters q ¼ 30 and �0 ¼ 0:1 are cho-
sen to match the local B-band LF and the Tully-Fisher relation
adopting a Salpeter IMF.

2.4. The Properties of the Disks

The above star formation law depends strongly on rd en-
tering the timescale �d . The disk radius, rd ¼ rvg (vc), is related
to the DM virial radius rv by the function g (vc) accounting for
the properties of the disk; we adopt as our fiducial choice the
model by Mo et al. (1998), which yields g (vc) � (k /

ffiffiffi

2
p

)½ jd /
(mc/m)� fc(vc)�1/2fR(v), where we take for the DM spin parameter
the average value k ¼ 0:05, while the ratio of the gas to DM
angular momentum is kept to jd ¼ 0:05 as in Mo et al. (1998).
The slowly varying functions fc and fR account for the gas
density profile and for the self-gravity of the disk: the former

is assumed to have the form given by Navarro et al. (1997); the
concentration parameter entering their profile depends on the
mass and is computed following the procedure given in the ap-
pendix of the above paper. The disk circular velocity vd is
computed according to the rotation curves in Mo et al. (1998) at
a distance 3rd from the disk center.

Note that our specific expression for g (v) yields a star for-
mation timescale �d / m/mc and hence appreciably affects the
star formation in the most massive halo where ṁ� is not effec-
tively balanced by supernovae feedback. In particular, such
halos are characterized by a larger ṁ� at high redshifts (where
rapid cooling yields larger mc /m ratios), which implies faster
consumption of cold gas; at low-z, conversely, the longer star
formation timescales due to the low mc /m ratio inhibits the
formation of stars in galaxies within massive DM halos.

2.5. Testing the Model

We summarize in Figure 1 some results of themodel obtained
for our fiducial choice of cosmological parameters: �0 ¼ 0:3,
�� ¼ 0:7, �b ¼ 0:05, and H0 ¼ 70 km s�1 Mpc�1; the met-
allicity and the dust extinction are computed as in Menci et al.
(2002), as well as the evolution of the stellar populations, with
emission derived from synthetic spectral energy distributions
(Bruzual & Charlot 1993), adopting a Salpeter IMF.

To test the consistency of our set of cooling, star formation,
and feedback laws with the available observations, we first com-
pare with the local observed distribution of cold gas, stars, disk
sizes measured at low-z (Figs. 1a–1c), and with the Tully-Fisher
relation in the I band (Fig. 1d ). Thenwe compare with the B band
(at low z) and the UV (at high z) luminosity functions (Figs. 1e
and 1f ) to show that the instantaneous star formation implemented
in the model is consistent with observations over a wide range of
cosmic times.

Note that the luminosity functions tend to overestimate the
number of faint galaxies, a long-standing problem of hierarchi-
cal models; although this could be alleviated by increasing the
v-dependence of the supernovae feedback, we prefer to keep
the scaling of �mh to the relation �mh � v�2

c derived from the
energy balance argument (see x 2.3) in order to keep the number
of free parameters as low as possible; in addition, increasing the
exponent of the above relation would worsen the agreement with
the Tully-Fisher relation. However, we focus on the color dis-
tribution of relatively bright galaxies where the predicted and the
observed luminosity function are still in good agreement.

The agreement of our model with the stellar mass functions up
to z � 1:5 and with the K-band luminosity functions and counts
up to the z � 2 is unchanged with respect to Menci et al. (2004).

3. RESULTS

3.1. Bimodal Color Distribution at Low and High Redshift

Here we present the color distributions of galaxies resulting
from our model and compare them with the most distinctive
observational results; these concern the dependence of the local
color distributions on the galaxy luminosity and on the envi-
ronment, and the persistence of the bimodal shape at higher z.

As for the former, we compare in Figure 2 the color distri-
bution resulting from our model for different luminosity bins
with the Gaussian fit to the observational points from the Sloan
Digital Sky Survey (SDSS), given in Baldry et al. (2004) for the
u� r colors; details on the SDSS u and r bands are given by the
above authors. We show our results for three kinds of dust
extinction laws (SMC, Galactic, and Calzetti 1997); the cor-
responding color distributions are almost identical.
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Fig. 2.—Predicted rest-frame u� r color distributions (thick lines) for different dust extinction laws compared with the Gaussian fit to the SDSS data (from
Baldry et al. 2004; stars) for different magnitude bins. The distributions are normalized to the total number of galaxies in the magnitude bin; the normalization of the
data and of the model predictions are given by the r-band LFs shown in the top right panel. The typical size of error bars is shown in Fig. 6.



The plot shows that hierarchical galaxy formation may in-
deed produce a bimodal color distribution, with the fraction of
red galaxies growing with increasing luminosities as observed.
The color (u� r � 2) that marks the transition between the two
populations is in good agreement with the observed distribu-
tions. In addition, the model naturally yields the correct be-
havior of the spread, the latter being�3 times larger for the blue
population. Note, however, that the model predicts the exis-
tence of a residual fraction of blue, bright (Mr P�22) objects.
Such an excess could be alleviated by including the feedback
from active galactic nuclei (AGNs) in the SAMs; indeed, in our
model, no feedback of this kind has been implemented. This
shows that, although AGNs might appreciably contribute to sup-
press star formation in part of the massive galaxy population,
they are not the origin of the observed bimodality in the color
distribution, whose essential features are captured by our SAM.

We checked the robustness of our predictions against
changes in the free parameters of our model, within the limits
allowed by the simultaneous matching of the Tully-Fisher re-
lation and of the B- and UV-band luminosity functions. We find
that the main features of our models remain stable against most
of these variations, although the quantitative details are sensi-
tive to the parameter choice. For instance, increasing the feed-
back parameter �0 leads to a reddening of�0.3 of the transition
color that marks the partition between the red and blue pop-
ulations. Increasing the star formation timescale within the limit
qP60 results in a progressively less pronounced bimodality
and in more concentrated distributions around the same average
color. We have checked that changing the normalization of the
dust absorption or of the stellar yield (and hence of metallicity,
implemented as described in Menci et al. 2002) does not affect
appreciably our color distributions if such normalizations are
chosen so as to match the B- and UV-band luminosity functions
from z ¼ 0 to 3. The only significant exception to this rule is the
critical dependence on the prescriptions for the star formation
laws: we return to this issue in x 3.2.

The environmental dependence of our color distributions is
shown in Figure 3, where we compare with the SDSS data from
Balogh et al. (2004); for a given luminosity range, these have
been binned according to different environmental densities de-
fined inside a given region around the fifth brightest galaxy.
Since our SAM does not include any spatial information, we
cannot perform a fully consistent comparison, so we proceed as
follows. We focus on the less luminous bin �18 < Mr < �19
considered by Balogh et al. (2004), since the environmental
effects produce the most dramatic changes in the color distri-
bution at low luminosities. Then we select the less massive and
the most massive parent DM halos in our Monte Carlo run and
compare the color distributions of the galaxies contained in such
environments with the less and the most dense environment
considered in Balogh et al. (2004). The highest density environ-
ment considered by Balogh et al. (2004) corresponds to the core
of rich clusters of galaxies, roughly consistent with our most mas-
sive DM parent halo at z ¼ 0, which has a mass 1:8 ; 1015 M�;
as for the underdense regions, we select from our Monte Carlo
the less dense environment (the less massive parent halo at z ¼ 0)
containing a galaxy with magnitude in the considered range; the
corresponding lower density environment in Balogh et al. (2004)
has a projected surface density of 0.1 Mpc�2.

Within the limits of our comparison, the model correctly
reproduces the observed shift of the distribution toward redder
colors when denser environments are considered. Indeed, the
environmental dependence appearing in Figure 3 is stronger
than the luminosity dependence; in fact, in the densest envi-

ronments (originated from the most biased regions of the pri-
mordial field) the distribution is entirely skewed toward red
(u� r > 2:3) colors, even when low luminosities (�18 < Mr <
�19) are considered. A similar agreement holds for other lu-
minosity ranges; in particular, the high-luminosity range (Mr P
�21) is dominated by red galaxies in all environments.

Finally, we show in Figure 4 the model predictions at higher
redshifts. At z � 1 we compare with data from Giallongo et al.
(2005); their composite sample (see figure legend) covers a
range spanning from UV down to the optical / IR wavelengths,
with different depths reaching mHAB

¼ 26 in the deepest field.
The bimodal distribution computed from the model persists at
z � 1, in agreement with observations (see also Bell et al.
2004); indeed, our model predicts the bimodality to be clearly
present up to z � 1:5 (dashed lines).

3.2. Star Formation Histories of Blue and Red Galaxies

The individual star formation histories of the galaxies pro-
duced in our model provide a clear visualization of the evolution-
ary paths that led to the present-day red and blue populations.We
show in Figure 5 a selection of individual star formation histo-
ries in our model, as obtained by summing over all the progenitor
clumps that havemerged to form galaxies of Mr ’ �20 at z ¼ 0.
As expected, the histories of the blue galaxies extend to much
lower redshift than the red one, resulting in their bluer colors.We
also remark the large variety of histories corresponding the blue

Fig. 3.—Dependence of the u� r color distribution on the environment
plotted for galaxies in the bin �18 < Mr < �19 to allow a comparison with
the SDSS distribution (dots; from Balogh et al. 2004) in lower (top) and highest
density (bottom) environments where the considered galaxies are found (see
text). The distributions have been normalized to yield unity when integrated
over color.
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population that is at the origin of the larger scatter observed in
their color distributions at z � 0. On the other hand, the star
formation histories of red galaxies are more similar (resulting in
smaller scatter of the color function at z � 0; see Fig. 2), with
large values of ṁ� at zk 2:5; note that such histories are broadly
peaked at z � 4 5 and sharply decline at z P 2, while the his-
tories leading to blue local galaxies typically reach their maxi-
mum at z � 2 3, since at high-z the star formation is effectively
suppressed by supernovae feedback (see x 5).

Note that bursts do not seem to constitute the physical origin
of the bimodality in the color distribution at z � 0. Indeed, the
red side of the population is mostly contributed by galaxies with
smoothly evolving ṁ� (like that represented by the thick dashed
line in the bottom panel of Fig. 5), although several histories are
characterized by major bursts, such as the extreme star forma-
tion history (marked by the thick solid line in the bottom panel),
which has undergone a major burst at z � 2:5. On the other
hand, bursts seem to be crucial in providing extremely red ob-
jects (EROs) already at high zk1:5, as shown again by the
history marked by the thick solid line; see also the other history
characterized by a major burst at z � 2 and by a drop of ṁ� at
zk1:3.

We checked that switching off starbursts triggered by en-
counters does not affect appreciably the bimodality of our color
distribution at z � 0; this is consistent with our previous results
(Menci et al. 2004), which showed such events to alter mainly

the properties of large-mass galaxies at zk1 without affect-
ing the local distributions. The above conclusion is confirmed
by the observation that galaxies residing in dense environments
are characterized by red colors at z ¼ 0 even if their luminosity/
mass is moderate (see Fig. 4); such a property is difficult to ex-
plain only in terms of starbursts triggered by major mergings,
since the merging probability of small-mass galaxies in high-
density environments is strongly suppressed not only by their
small cross section but also by the large velocity dispersion char-
acteristic of galaxy clusters.
We now proceed to discuss the fundamental processes that

are at the basis of the dichotomy between the star formation
histories shown in the top and bottom panels of Figure 5,
leading to the bimodal color distribution at low z.

4. HIERARCHICAL CLUSTERING AND THE ORIGIN
OF BIMODALITY

In hierarchical models, the scatter in the colors of galaxies
with given final DM mass is due to the different realizations of
the merging histories that lead to the considered mass; these
ultimately trace back to the properties of the primordial density
perturbations field where the galaxy progenitors first formed.
In such a context, a correlation between the galaxy mass and

the color is naturally predicted; in fact, the star formation in
progenitor clumps later included into massive galaxies is peaked
at higher redshift compared to that taking place in progenitors of

Fig. 5.—Star formation histories drawn from Monte Carlo realizations of
galaxies that, at z ¼ 0, have luminosities in the range �19:5 � Mr � �20:5.
Each curve represents the sum of the ṁ� in all the progenitor clumps (at any
given z) of galaxies belonging (at z ¼ 0) to the blue (u� r < 2; top) and red
(u� r > 2; bottom) populations. Two star formation histories relevant to our
discussion (see text) are highlighted by thick curves (solid and dashed lines)
and evidenced by the insets in the lower part of the plot.

Fig. 4.—Plot of the U � V color distribution at 0:8 < z < 1 of mHAB
< 26

galaxies in our model compared with the data by Giallongo et al. (2005)
derived from a composite sample of galaxies including a portion of the K20
field (Cimatti et al. 2002), and the Hubble Deep Field–North, Hubble Deep
Field–South, and Chandra Deep Field; the Poisson error in each color bin was
computed adopting the recipe by Gehrels (1986), valid also for small numbers.
We also show as a dashed curve the predicted color distribution at z ¼ 1:5 for
the same magnitude limit.
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small-mass galaxies, since the former form in the biased, high-
density regions of the density field, collapsing at higher z and
containing denser gas. However, the absence of a typical mass
scale in the progenitor distribution would not produce by itself a
sharp transition in the star formation rate like that needed to
originate the bimodal color distribution.

A nongravitational mass scale is naturally introduced in the
star formation properties of different merging histories by the
SNe feedback (as suggested by Dekel & Silk 1986; see Dekel &
Birnboim 2005 and references therein). In low-mass galactic
halos such feedback rapidly reheats the cold gas not converted
into stars, resulting in a self-regulated regime with�m� ��mc,
where�mc is the mass of gas cooled in the time step. The upper
mass limit for such a regime to be effective can thus be estimated
from v2c P �0�ESN � 100 km s�1 (see x 1; for a more detailed
derivation, see Dekel & Birnboim 2005), which at high z � 4 5
corresponds to DM masses as low as m0 � 109 M�. Thus, in
progenitor halos with m < m0 the star formation at high z is
self-regulated and is forced to remain below the limit set by the
equilibrium between the feedback and the star formation (White
& Frenk 1991); on the other hand, in progenitors with m > m0

the cold gas reservoir may grow (up to the maximal value �b/�)
at high z, and the star formation rate is limited only by the effi-
ciency of cold gas conversion into stars (determined by the time-
scale �d).

Thus, hierarchical clustering naturally predicts (1) the star
formation in progenitor clumps later included into massive
galaxies to peak at higher redshift compared to that taking place
in progenitors of small-mass galaxies and (2) the existence of a
mass threshold m0 below which the cold gas content of the DM
clumps at high z is effectively reheated and the star formation is
self-regulated. Such generic features are in qualitative agree-
ment with the observation that bright galaxies are typically
redder (de Vaucouleurs 1961; Bower et al. 1992).

In our model, the above two points combine with (3) a star
formation efficiency that enforces the partition between gas-
rich and gas-poor systems, above and below the threshold m0.
Specifically, we adopt �d / m/mc, derived from the disk model
developed by Mo et al. (1998; as described in x 2).

In fact, at high z, the cold gas reservoir of progenitors clumps
with m < m0 is continuously depleted by effective feedback, as
discussed above; this increases the timescale �d / m/mc, thus
suppressing star formation and avoiding the sudden conversion of
cold gas into stars. At later cosmic times, as the progenitormasses
grow above the thresholdm0, cold gas begins to accumulate in the
progenitor clumps and ismade available for star formation,which
continues down to low redshifts. Such smooth star formation
histories (Fig. 5, top panel ) lead to the local faint blue population.

On the other hand, in progenitor clumps withm > m0 at high-
z the cold gas is not effectively reheated; thus, the rapid cooling
taking place at high-z leads to large mc /m ratios, which shorten
the star formation timescale. The cold gas is rapidly converted
into stars and begins to exhaust at z P 2 (see Fig. 5); at later
times the star formation is further suppressed, since now such
galaxies have low mc /m ratios. Thereafter, such galaxies un-
dergo an almost quiescent phase characterized by a fast drop of
ṁ�; such histories are typical of massive galaxies and of gal-
axies forming in biased regions of the primordial density field
(which later become the galaxy environment) and originate the
red population at z � 0.

The more effective the star formation in high-z, gas-rich halos,
the sharper the transition between the feedback-regulated regime
and the supply-limited regime. In fact, when we adopt a star for-
mation timescale not explicitly depending on mc /m (as in most

current SAMs), we obtain a smooth (nonbimodal) color distri-
bution; this is shown in Figure 6, where the color distribution
from our model is compared with that obtained on adopting a
fixed value for the ratio mc /m ¼ 0:05 (the average value in Mo
et al. 1998) in the expression for the function g (v) defined in x 2.
Note that this model still predicts a correlation between the color
and the luminosity of present-day galaxies: aswe discussed above,
this is indeed a generic feature of hierarchical scenarios. In our
fiducial model, we achieve a redder color in an appreciable frac-
tion of galaxies compared to the model with fixed mc /m.

To summarize, in our model the star formation in massive
halos at low redshift is suppressed by three concurring pro-
cesses: (1) at high-z, the rapid conversion of gas into stars,
enhanced by our star formation timescale �d / m/mc, leads to a
fast exhaustion of the cold gas reservoir; (2) at z P 2, the cold
gas reservoir of massive galaxies is depleted by major merging
events (see x 2); and (3) as a consequence of conditions (1) and
(2), the ratio mc /m in such galaxies is particularly low, leading
to a longer star formation timescale �d / m/mc, which further
suppresses star formation.

It must be emphasized that results similar to our model might
be obtained by any mechanism enforcing the dependence of ṁ�
on the cold gas accretion (such as the cold streams discussed by
Dekel & Birnboim 2005).

Thus, the origin of bimodality is connected to the interplay
between the properties of the merging histories involving the
progenitors of local galaxies and the feedback/star formation
process. To further test such a picture, we proceed as follows.

Fig. 6.—Color distribution of our fiducial model (solid line)—i.e., star
formation timescale �d / m/mc derived from the disk model developed by Mo
et al. (1998)—compared with that obtained by the model assuming a constant
ratio mc /m ¼ 0:05 (dashed lines). The shaded area represents the uncertainty
in the Gaussian fits to the SDSS data (Baldry et al. 2004).
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We focus on the merging histories of galaxies with luminosity
(at z ¼ 0) in the bin centered at Mr ¼ �20 (so that the con-
sidered galaxies have similar total mass m � 1012 M�), and we
select the galaxies belonging to the blue and red local pop-
ulations. We then compute the mass distribution of the pro-
genitors of the (locally) red and blue galaxies, separately, which
are shown at different redshifts in Figure 7.

As expected in our picture, the two classes of merging his-
tories are qualitatively different. At the highest redshifts the
mass distribution of the progenitors of the ( present-day) red
galaxies is skewed toward larger masses compared with the
blue ones, and they rapidly reach their final mass. Conversely,
the merging histories of present-day blue galaxies are charac-
terized by the infall of low-mass progenitors well below z � 1,
leading to a refueling of gas over a longer cosmic time. More-
over, the existence of a low-mass threshold for the progenitors
of the red objects (corresponding to the mass scalem0) is clearly

shown by the plot; the numerical value of m0 obtained from the
bottom panel in Figure 7 corresponds to the critical velocity of
100 km s�1 derived above by requiring the reheating from
feedback to regulate the star formation rate.
This confirms our picture and reveals that the low-z colors of

galaxies are the final result of a partition in the star formation
histories of the progenitors occurring at high z � 4 5. Such a
partition is originated by the properties of the DM density field,
the existence of a mass threshold for self-regulating star for-
mation, and a star formation efficiency that enforces the parti-
tion between gas-rich and gas-poor systems, above and below
the threshold m0.

5. SUMMARY AND CONCLUSIONS

We quantitatively showed how the observed properties of the
bimodal color distribution of galaxies arises, in the framework of
the hierarchical clustering picture, from the interplay between
the properties of the merging histories involving the progenitors
of local galaxies and the feedback/star formation process.
Our SAM successfully matches several fundamental properties

of the galaxy color distribution: its bimodal shape at z � 0 de-
fining two classes of objects whose partition occurs at u� r � 2,
with a small spread in the distribution of red objects compared to
the blue ones (Fig. 2); the luminosity dependence of the bimodal
distribution, characterized by the red population growing with in-
creasing L and dominating the distribution forMr P�21 (Fig. 2);
its environmental dependence (characterized by redder galaxies in
denser environments), which overrides the luminosity dependence
in the sense that even the color distribution of local faint galaxies
(�18 < Mr < �19) is skewed toward red (u� r � 2:2) colors
(Fig. 3) when only dense environments are considered; and the
persistence of the bimodal distribution up to z � 1:5 (Fig. 4).
We have also shown that the two color populations result

from two classes of star formation (Fig. 5) and merging histo-
ries as follows.

1. Merging histories leading to the local red population are
characterized by a progenitor distribution skewed toward larger
masses at high z � 4 5 (Fig. 7, bottom panel ). In such pro-
genitors, feedback is ineffective in reheating/expelling the cold
gas content, and if the latter is rapidly converted into stars at
z � 4 5, the main progenitors exhaust their cold gas reservoir
at z � 2 (see Fig. 5) and thereafter undergo an almost quiescent
phase characterized by a fast drop of ṁ�. Massive galaxies and
galaxies formed in a biased region of the primordial density
field (which later become the galaxy environment) are prefer-
entially assembled through the former kind of merging history.
This straightforwardly explains the luminosity and environ-
mental dependence of the color distribution.
2. Merging histories leading to the local blue population are

characterized by a progenitor distribution dominated by small-
mass progenitors (Fig. 7, top panel ). There the star formation is
self-regulated by feedback, which limits the cold gas content
and is effective in prolonging the active phase of star formation.
In addition, such merging histories are characterized by the
infall of low-mass progenitors down to z � 1, resulting in a
refueling of gas extended over a longer cosmic time. The cor-
responding star formation histories are illustrated in the top
panel of Figure 5. Small-mass galaxies are generally built up
through this evolutionary path.

Hierarchical clustering provides a framework for the rising of
bimodality because of two natural features: (1) star formation
histories of massive galaxies and of galaxies formed in biased,

Fig. 7.—Distribution dN /d(mp/m) of progenitors of local galaxies with
luminosity �19:75 < Mr < �20:25 as a function of the progenitor mass mp

(normalized to the final mass of the galaxy m) and of the cosmic time. The top
panel refers to local galaxies with blue (u� r < 2) color, and the bottom panel
refers to the red ones (u� r 	 2). Time is in units of 1/H0; in such units,
t ¼ 0:1 corresponds to z ¼ 4:2, and t ¼ 0:4 corresponds to z ¼ 1. [See the
electronic edition of the Journal for a color version of this figure.]
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high-density regions are peaked (on average) at higher z com-
pared to lower mass galaxies; and (2) the existence of a non-
gravitational mass scale m0 (whose value corresponding to v �
100 km s�1 is set by the supernovae feedback) such that for
m < m0 the star formation is self-regulated and the cold gas
content is continuously depleted by effective feedback. These
features are generic to most hierarchical clustering models and
typically contribute to yield to a global color-magnitude rela-
tion where brighter galaxies tend to be redder.

Within such a framework, star formation laws, which enhance
the gas consumption effects described above, are necessary to
yield a bimodality in the color distribution of present-day gal-
axies. In particular, we have shown that enforcing the depen-

dence of ṁ� on the cold gas accretion above the scaling ṁ� / mc

leads to a sharper partition in the star formation histories of
clumps with progenitor masses above and below m0. Thus, the
bimodal color distribution of galaxies originates at high redshifts
z � 4 5 during the formation and merging of their progenitors.
This naturally explains the observed appearance of a bimodal
distribution already at z � 1:5.
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