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ABSTRACT
How is mass distributed in the Universe? How does it compare with the distribution of light
and stars? We address these questions by examining the distribution of mass, determined from
weak lensing observations, and starlight, around >105 Sloan Digital Sky Survey MaxBCG
groups and clusters as a function of environment and scale, from deep inside clusters to large
cosmic scales of 22 h−1 Mpc. The observed cumulative mass-to-light profile, M/L (< r), rises
on small scales, reflecting the increasing M/L of the central bright galaxy of the cluster, then
flattens to a nearly constant ratio on scales above ∼300 h−1 kpc, where light follows mass
on all scales and in all environments. A trend of slightly decreasing M/L (r) with scale is
shown to be consistent with the varying stellar population following the morphology–density
relation. This suggests that stars trace mass remarkably well even though they represent only
a few per cent of the total mass. We determine the stellar mass fraction and find it to be
nearly constant on all scales above ∼300 h−1 kpc, with M∗/Mtot � 0.01 ± 0.004. We further
suggest that most of the dark matter in the Universe is located in the large haloes of individual
galaxies (∼300 kpc for L∗ galaxies); we show that the entire M/L (r) profile – from groups
and clusters to large-scale structure – can be accounted for by the aggregate masses of the
individual galaxies (whose haloes may be stripped off but still remain in the clusters), plus gas.
We use the observed M/L ratio on large scales to determine the mass density of the Universe:
�m = 0.24 ± 0.02b2

M/L = 0.26 ± 0.02.

Key words: galaxies: clusters: general – galaxies: groups: general – cosmological parame-
ters – cosmology: observations – dark matter – large-scale structure of Universe.

1 IN T RO D U C T I O N

Understanding the distribution of mass on large scales is a funda-
mental quest in cosmology. How does it compare with the distribu-
tion of stars, light, and gas? We know that individual galaxies are
surrounded by large dark matter haloes, and that groups and clusters
of galaxies are dominated by dark matter comprising 5–10 times
more mass than baryonic matter (stars and gas). It is generally be-
lieved that the relative contribution of dark matter increases with
scale – from galaxies, to groups, to clusters, and to large-scale struc-
ture; larger scale systems are believed to contain more dark matter,
relative to light or stars, than do galaxies (Ostriker, Peebles & Yahil
1974; Rubin, Thonnard & Ford 1978; Davis et al. 1980; and more
recently Guo et al. 2010; Leauthaud et al. 2012). In this paper we
investigate the distribution of mass, light, and stars and explore how
light and stars trace mass as a function of environment and scale.
We discuss the implications for the distribution of dark matter and
for the stellar mass fraction.

� E-mail: akulier@princeton.edu

One of the classical methods to investigate the distribution of
mass in the Universe is to compare it directly with the distribution
of stellar light: how does mass follow light? This method was first
used on large scales by Zwicky (1937); this was followed by many
additional investigations (see Bahcall, Lubin & Dorman 1995; Carl-
berg et al. 1996; Bahcall et al. 2000; Sheldon et al. 2009b, and ref-
erences therein). The comparison between the distribution of mass
and light is represented by the mass-to-light ratio, M/L, which can
be studied as a function of scale and environment. Ostriker et al.
(1974), Davis et al. (1980), and others showed that M/L increases
systematically with scale, from the small scale of galaxies to the
larger scale of groups, clusters, and larger scale structure, indicating
a growing dominance of dark matter with scale (see also Guo et al.
2010, and references therein). Bahcall et al. (1995) investigated the
overall M/L (< r) function from galaxies to large scales, separating
galaxies into ellipticals (older) and spirals (younger). They showed
that M/L (< r) rises from the small scales of galaxies up to a few
hundred kpc, reflecting the large dark matter haloes around galaxies,
then flattens to a constant value, where light approximately traces
mass, with comparable relative contribution of dark matter on all
scales. Bahcall et al. (1995) thus suggest that most of the dark mat-
ter in the Universe may be located in the large dark matter haloes
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around individual galaxies and that the dark matter in groups and
clusters may simply be the sum of their individual galaxy members
(plus gas). More recently, Sheldon et al. (2009b) used gravitational
lensing observations of clusters from the Sloan Digital Sky Survey
(SDSS) and found a similar trend of increasing M/L with radius that
flattens on scales of several Mpc. The flattening of M/L on large
scales indicates that light follows mass on these scales and the M/L
approaches a mean cosmic value (Bahcall et al. 1995, 2000; Tinker
et al. 2005; Sheldon et al. 2009b).

In this paper we use the SDSS observations of weak lensing
mass and the observed distribution of light around 132 473 stacked
groups and clusters of galaxies at 0.1 <z< 0.3 (Johnston et al. 2007;
Sheldon et al. 2009a,b) to analyse the M/L profile as a function of
environment, from small groups of a few galaxies to the richest
clusters, and as a function of scale, from the small scale of 25 kpc
inside clusters to large cosmic scales of ∼30 h−1 Mpc. These scales
reach to ∼20–40 virial radii of the systems, well into the large-
scale cosmic environment. We investigate how light traces mass on
these scales, how the M/L profile is affected by the varying stellar
population, and how the stars trace the underlying mass distribution.
We estimate the approximate stellar mass fraction as a function of
environment and scale. We show that light and stars trace mass on
scales above several hundred kpc, and that the mean stellar mass
fraction is nearly constant on all these scales in all environments,
M∗/Mtot � 0.01 ± 0.004 (Section 5). We further show that most of
the dark matter may be located in the large haloes around individual
galaxies (Section 4).

We discuss the data in Section 2 and the analysis and results in
Section 3. We investigate the contribution of individual galaxies to
the total M/L(r) function in Section 4, determine the distribution of
the stellar mass fraction in Section 5, and calculate �m in Section 6.
We summarize our conclusions in Section 7. We use a flat � cold
dark matter (�CDM) cosmology with �m = 0.27, �� = 0.73, and
H0 = 100 h km s−1 Mpc−1 (where h = 0.7 should be inserted for
�CDM; Spergel et al. 2007).

2 DATA

2.1 Cluster sample

The MaxBCG cluster catalogue (Koester et al. 2007a,b) was ob-
tained from the SDSS (York et al. 2000) Data Release 4 (Adelman-
McCarthy et al. 2006). The cluster finder is based on the red-
sequence method; it maximizes the likelihood that a galaxy is a
brightest cluster galaxy (BCG) at the centre of an overdensity of
red-sequence galaxies (Koester et al. 2007a). All clusters are se-
lected from a 7500 deg2 region on the sky and are in the photometric
redshift range 0.1 < z < 0.3. The cluster richness N200 is defined by
the number of galaxies on the red sequence with rest-frame i-band
luminosity Li > 0.4L∗ located within a radius r

gals
200 from the BCG

(where the i-band L∗ is the z = 0.1 value from Blanton et al. 2003,
corresponding to M∗ − 5log (h) = −20.82 ± 0.02, and r

gals
200 is the

radius within which the local galaxy overdensity is 200; see Hansen
et al. 2005). The radius r

gals
200 , which is used only to define the cluster

richness N200, differs from the r200 we use throughout this paper,
which defines a mass overdensity of 200 times the critical density.
The published catalogue contains 13 823 clusters with N200 ≥ 10;
Sheldon et al. (2009a, hereafter S09A) augment the catalogue to in-
clude small groups of galaxies with N200 ≥ 3, resulting in a sample
of 132 473 groups and clusters with N200 ≥ 3. The cluster photo-
metric redshifts are accurate to 0.004, with a scatter of �z ∼ 0.01

for N200 ≥ 10, degrading to �z ∼ 0.02 for the poorest systems, with
the same accuracy.

2.2 Lensing mass measurements

The cluster sample was partitioned into 12 richness bins rang-
ing from small groups with N200 = 3 to the richest clusters with
71 ≤ N200 ≤ 220 (Johnston et al. 2007, hereafter J07). The number
of clusters per bin decreases from 58 788 for the poorest bin to 47
for the richest. The weak lensing mass measurements were carried
out by S09A and J07 on the stacked clusters in each richness bin,
all centred on the cluster BCG. Because lensing is not sensitive
to a uniform mass distribution (‘mass sheet’), the measured mass
reflects the mean mass density of the lens sample above the mean
density of the Universe.

The average tangential shear of background galaxies due to lens-
ing by the foreground stacked clusters was measured by S09A and
used to calculate the mass density distribution around the clusters
as a function of projected radius from the centre out to scales of
30 h−1 Mpc. S09A made corrections to the density profile for con-
tamination of the lensed sample by cluster members and residual
additive biases in the tangential shear. The mass density contrast
of the lensing clusters in each richness bin was measured in log-
arithmically spaced bins of projected clustercentric radius from
25 h−1 kpc to 22 h−1 Mpc. The 2D density contrast profile was then
deprojected to a 3D density excess profile �ρ(r) ≡ ρ(r) − ρ̄ using
an Abel inversion (see J07 for details). This measurement reflects
the cluster-mass cross-correlation function times the mean density
of the Universe, �ρ(r) = ξcm(r)ρ̄. This was used to calculate the
cumulative excess mass �M(< r) within each radius r, as well as
to find r200, the radius within which the average mass density is
200 times the critical density.

We correct the mass profiles presented by Sheldon et al. (2009b,
hereafter S09B) for an improved photometric redshift distribution
of the lensed background galaxies; a full description is given in
Section 2.5.

2.3 Luminosity measurements

The light distribution around the stacked clusters, using galaxy lumi-
nosities as defined below, was measured (by S09B) as a function of
radius for the same scales as above, from 25 h−1 kpc to 30 h−1 Mpc.
A uniform background was subtracted using similar measurements
around random points. The luminosity measured reflects the lumi-
nosity density of the systems above the mean, ��(r) = �(r) − �̄,
thus representing the cluster-light cross-correlation function as a
function of radius, ��(r) = ξc�(r)�̄, comparable to the mass mea-
surements described above.

All galaxy luminosities used are in the i band, with K-correction
applied to bring them to the mean cluster redshift of z = 0.25;
these are denoted 0.25i. All galaxy magnitudes are SDSS model
magnitudes. A volume- and magnitude-limited sample of galaxies
was chosen with z < 0.3 and L0.25i > 109.5 h−2 L	 = 0.19L∗

0.25i

(S09B).
The projected luminosity profiles discussed above were inverted

to obtain the 3D luminosity density profile (S09B), similar to the
mass inversion. This was then integrated to obtain the excess cu-
mulative luminosity �L(< r) within the same clustercentric radial
bins as above, from 25 h−1 kpc to 22 h−1 Mpc. Because the lumi-
nosity density was not measured within the innermost 25 h−1 kpc
where the BCG is located, the average luminosity of the BCG in
each stacked richness bin was added to the cumulative luminosity,

MNRAS 439, 2505–2514 (2014)

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article-abstract/439/3/2505/1091230 by Princeton U
niversity user on 15 O

ctober 2018



Tracing mass and light in the Universe 2507

so that the central LBCG is included in the light (see S09B for more
details).

2.4 Mass to light ratio

The excess mass within radius r from the centre of the stacked
clusters, �M(< r), divided by the excess luminosity within radius
r, �L(< r), gives the M/L:

�M

�L
(< r) =

∫ r

0 dr [ρ(r) − ρ̄] r2∫ r

0 dr [�(r) − �̄] r2
=

∫ r

0 dr ρ̄ ξcm r2∫ r

0 dr �̄ ξc� r2
. (1)

On small scales of virialized systems, this represents the mean
cluster M/L. On large scales, as the density approaches the mean,
this measures approximately the mean M/L of the Universe and
reflects how mass traces light on large scales. A small correction
factor reflecting the bias of the galaxy light tracers relative to the
mass relates the observed large-scale asymptotic �M(< r)/�L(< r)
to the mean cosmic value 〈M/L〉:(

�M

�L

)
asym

=
〈

M

L

〉
b−2

M/L,

b−2
M/L = bcm

bc�

1

b2
�m

. (2)

The bias factor bM/L depends on the ratio of the bias of clusters rela-
tive to mass and light, bcm/bc�, which is near unity since the cluster
bias essentially cancels out in this ratio. The bias of the galaxy trac-
ers relative to the mass, b�m, is ≈1 for galaxies near L∗ (Sheth &
Tormen 1999; Seljak & Warren 2004; Zehavi et al. 2011) and varies
very slowly for galaxies below L∗ (Tegmark et al. 2004; Zehavi
et al. 2011). Since the luminosity threshold of the galaxy tracers
is only 0.19L∗ (and the mean luminosity of all the galaxies within
10 h−1 Mpc is 0.65L∗), this implies a bias of 1.05 (for σ 8 = 0.83;
Zehavi et al. 2011). Thus, on large scales, �M(< r)/�L(< r) should
approach a constant value, representing the cosmic M/L (with only
minor bias correction).

2.5 Corrections and uncertainties

We correct the lensing masses of J07 and S09B using the correction
from Rozo et al. (2009) that reflects an improved treatment of the
photometric redshift distribution of the background source galaxies
based on a detailed analysis by Mandelbaum et al. (2008). This
correction increases the lensing mass by 18 ± 2 per cent (stat.)
±2 per cent (sys.). We also correct the r200 values by the small
correction needed (∼5 per cent) due to this mass increase.

The mass and luminosity determinations discussed above use
BCGs as the centre for the stacked clusters. If the BCG is slightly
offset from the centre of the cluster (e.g. Niederste-Ostholt et al.
2010), both the lensing mass and luminosity in the central regions
will be slightly underestimated (relative to the central mass and light
of the cluster dark matter halo) although the effect will partially
cancel in the M/L. The effect is strongest near the centre of the
clusters, as well as in poor groups for which miscentring is more
likely to occur. However, the effect is negligible on large scales.
Discussion of the effect can be found in S09B, Mandelbaum et al.
(2008) and Tinker et al. (2012). We do not correct for this effect
as the corrections are uncertain and are typically small (except
in the poorest groups); they are not important for our main goal of
understanding the behaviour of the M/L profile on larger scales. Our
results thus reflect the M/L around BCG galaxies, not necessarily

around the centre of the dark matter haloes, especially for small
groups.

We further note that unless otherwise stated (e.g. Sections 3.2–
5) the luminosity accounts only for galaxies above the luminosity
threshold of L0.25i > 109.5 h−2 L	, as discussed above. It does not
include the entire luminosity of the systems. This is discussed in
Section 3.2.

3 A NA LY SI S AND RESULTS

We combine the 12 stacked bins of groups and clusters (Sec-
tion 2) into three broader richness bins to study the overall M/L
as a function of radius around poor (3 ≤ N200 ≤ 8), intermediate
(9 ≤ N200 ≤ 25), and rich (26 ≤ N200 ≤ 220) systems. We use
the same radial bins as in S09B. We investigate both the cumu-
lative, �M(< r)/�L(< r), and the local, differential M/L profile,
�m(r)/��(r). For simplicity, we refer to these as M/L (< r) and
m/� (r), respectively.

The integrated M/L profile M/L (< r) is presented in Fig. 1 as
a function of radius from 25 h−1 kpc to 22 h−1 Mpc for each of
the three richness bins. The observed increase of M/L (< r) with
radius on small scales is caused by the central BCG galaxy which
dominates the cluster luminosity in the central regions (typically
�300 kpc): these regions reflect primarily M/L (< r) of the BCG
galaxy. The three top curves in Fig. 1 present M/L (< r) when the
mean BCG luminosity is excluded from each richness bin, revealing
the impact of the BCG. A comparison of the two sets of curves shows
that the BCG luminosity accounts for the increasing M/L (< r) in the
central regions, and has negligible effect on the M/L on large scales.
When the BCG light is excluded, the integrated M/L profile is nearly
flat on all scales, except for the rise on small scales that results from
excluding the light (i.e. LBCG) but not the mass. If we further exclude
the mass within the central region (see below), M/L (< r) flattens on
all scales. On large scales M/L (< r) is essentially independent of
cluster richness; all environments, from the smallest groups to the
richest clusters, exhibit the same overall M/L, reaching a universal
value on scales of a few Mpc. On intermediate scales of ∼0.5–
5 h−1 Mpc, while M/L (< r) is nearly flat, small differences are
observed as a function of richness and radius. We discuss these

Figure 1. The cumulative M/L, M/Li (< r), for poor (3 ≤ N200 ≤ 8),
intermediate (9 ≤ N200 ≤ 25), and rich (26 ≤ N200 ≤ 220) clusters. The
dashed curves and related points show M/L including both the light and
mass of the central BCG, whereas the solid curves and related points show
M/L(< r) excluding the BCG light.
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2508 N. A. Bahcall and A. Kulier

Figure 2. The cumulative M/L, M/Li (< r), outside the central regions,
with the BCG light and central mass excluded (see Section 3).

trends below and show that they are consistent with the varying
mean stellar population age as a function of richness and radius.

The rise in M/L (< r) on small scales is considerably faster for
rich clusters than for poor groups (Fig. 1). Rich clusters reach a
nearly flat M/L (< r) distribution at only ∼0.3 h−1 Mpc (typically
near the edge of the bright BCG). Poor groups have a slow rise of
M/L (< r) with radius: the BCG luminosity dominates the group’s
luminosity and thus M/L (< r) to scales of a few Mpc. This is
because the BCG luminosity, while known to increase with clus-
ter richness (LBCG ∼ M0.30

200 ∼ N0.38
200 ; Hansen et al. 2009), is con-

siderably more dominant in poor groups (LBCG/L200 ∼ M−0.53
200 ∼

N−0.67
200 ; Hansen et al. 2009). This is easily understood: in a poor

group of a few galaxies, the BCG typically contains most of the
group luminosity; as the group’s luminosity �L(< r) is integrated
over radius, the BCG light dominates the group luminosity to large
scales. In rich clusters, on the other hand, the BCG is brighter but
constitutes only a small fraction of the total cluster luminosity at
nearly all scales outside the innermost region.

Because the effect of the BCG is dominant in the innermost
regions, and our interest is mostly in understanding the general be-
haviour of M/L (< r) on larger scales, we present in Fig. 2 the cumu-
lative M/L(< r) profile excluding both the central BCG luminosity
(as in Fig. 1) as well as the central mass. For the latter, we exclude
all the mass within a central radius of 50 h−1 kpc for the poorest
systems (which have the smallest BCGs) up to 150 h−1 kpc for the
richest clusters. Selecting somewhat different radii for the central
mass exclusion has only a small effect on the overall M/L (< r)
profiles (e.g. compare with Fig. 1 where no central mass has been
excluded); it does not affect the main results discussed below. The
M/L (< r) profile outside the innermost regions (Fig. 2) shows a
nearly flat distribution on all scales, for all systems rich and poor,
from the surprisingly small scale of few hundred kpc to the largest
cosmic scales at 22 h−1 Mpc. The fact that the distribution is nearly
flat on all scales indicates that stars, which make up only a few per
cent of the total mass, trace the distribution of mass well.

While M/L (< r) is nearly flat, we observe a small trend with
richness and with radius: M/L (< r) increases slightly with richness
at a given radius (on scales of �5 Mpc), and decreases slightly with
radius (up to few Mpc) for all richnesses. As we show below, these
trends are consistent with the different mix of stellar populations –
old in E/S0 galaxies and younger in spiral galaxies – as a function
of radius and richness. Following the density–morphology relation
(Dressler 1980; Postman & Geller 1984; Dressler et al. 1997; van

Figure 3. The cumulative M/L, M/Li (< r), outside the innermost cluster
regions (BCG mass and light excluded). Same as Fig. 2, but plotted against
the clustercentric radius in units of r200. The dashed line shows the expected
trend of the varying stellar population age as a function of scale (Section 3).
The vertical band shows the location of the group and cluster correlation
scale.

Figure 4. The local M/L profile, m/�i (r), plotted against the clustercentric
radius in units of r200. The dashed line shows the expected trend of the
varying stellar population (see text). For clarity, only a representative error
bar is shown.

der Wel 2008; Bamford et al. 2009), the fraction of E/S0 galaxies
is high in high-density regions (rich clusters), and decreases with
radius and richness to the lower density regions on larger scales and
in poorer groups. Since early-type galaxies are dominated by an old
stellar population with negligible recent star formation, their M/Li is
larger (by a factor of ∼2; see below) than that of the younger stellar
population of spiral galaxies, whose luminosities are dominated by
bright young stars. As the fraction of spirals increases with radius,
the integrated M/L of the cluster decreases slowly with radius, as
observed. The small increase of M/L from poor to rich clusters at
a given radius (Fig. 2) reflects partly the same effect: at a given
radius a more massive cluster is generally at a smaller multiple of
its virial radius, and thus a higher density, so it is dominated by a
larger fraction of old E/S0s with higher M/L.

Figs 3 and 4 present the cumulative and local (differential) M/L
profiles, respectively, as a function of radius in units of the physical
scale of the system, r/r200, from small scales to nearly 40r200. In
Fig. 3, we again exclude the BCG luminosity and the innermost
mass in order to better understand the overall trend of M/L (< r)
without the dominant impact of the BCG. The differential analysis
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Tracing mass and light in the Universe 2509

Figure 5. The density profiles of mass, ρm(r), luminosity ρ�(r), and galaxy number density ngal(r) as a function of r/r200 for clusters of different richnesses.
(The ngal(r) plot has a slightly different horizontal axis scaling.)

(Fig. 4) is independent of the BCG, except in the very central region,
since it reflects the local m/� (r) ratio at any radius. The results in
both figures highlight the similarity of M/L (r/r200) for all systems
and on all scales. Mass and light appear to follow each other –
especially when accounting for the stellar population age – from
deep inside clusters (outside their BCG cores) out to large cosmic
scales.

Fig. 5 presents the observed profiles of the mass density, lumi-
nosity density, and galaxy number density for all environments as
a function of r/r200. The profiles are nearly identical, independent
of richness. This similarity of profiles is equivalent to the similar
m/� (r) profile observed for all systems as shown above. Since r/r200

corresponds to a similar overdensity for all systems, no significant
stellar population effect is expected between the different richness
bins, and none is observed.

The richest clusters show a slightly higher cumulative M/L (< r)
at r/r200 � 4 (Fig. 3). This is caused by a somewhat higher M/L at
the very centre of the clusters, which may reflect a higher central
mass concentration relative to luminosity in the innermost regions
of the richest systems (e.g. more massive or extended BCGs than our
central mass exclusion and/or loss of luminosity due to merging).

The m/� (r) profile (Fig. 4) is similar for all richness groups
and on all scales starting from deep inside clusters (r ∼ 0.3r200); the
profile decreases slowly with radius, by a factor of ∼1.5, from small
scales up to several r200 and remains flat thereafter to nearly 40r200.
This trend is consistent with the stellar population mix, which we
quantify below.

We use the mean observed relative stellar M∗/Li ratio of early-
type versus spiral galaxies of (M∗/Li)E/(M∗/Li)S � 2 (Bell et al.
2003; Kauffmann et al. 2003; Blanton & Roweis 2007; Yoshino
& Ichikawa 2008; Gallazzi & Bell 2009; Leauthaud et al. 2012).
This is consistent with Bruzual & Charlot (2003) single stellar
population synthesis models with ages 10 Gyr versus 4 Gyr, the
approximate mean ages of stellar populations in E/S0 and spiral
galaxies (albeit with much scatter; see Trager et al. 2000; Proctor
& Sansom 2002; Thomas et al. 2005; Kuntschner et al. 2010; Zhu,
Blanton & Moustakas 2010; Roediger et al. 2011). We combine this
ratio with the mean fraction of early- and late-type galaxies using the
density–morphology relation discussed above. Here we use a typical
E/S0 fraction of 40 per cent on large scales (>10r200), increasing to
90 per cent in the central high-density regions of groups and clusters
(<0.4r200). The resulting M/L then decreases by a factor of ∼1.4
from the centres of clusters to the lower densities on large scales.
This is presented by the dashed lines in Figs 3 and 4 (for the
cumulative and differential functions, respectively). This expected

trend agrees well with the observed M/L profile for all systems,
suggesting that the small decline in M/L as a function of scale can
be accounted for by the different stellar population. Clusters have
a strong spatial autocorrelation function and are located in high-
density regions with a higher density of older galaxies that extends
to large scales; this is likely the reason that the high m/� (r) ratio
persist to several r200 before dropping to a lower more constant field
value on large scales. The typical cluster correlation scale is ∼10–
20r200 (Bahcall et al. 2003) for both poor and rich clusters; this is
shown by the vertical band in Figs 3 and 4. While M/L reaches
the cosmic value on these large scales, we emphasize that when the
stellar population age is accounted for, all systems exhibit the same
mean M/L on all scales. Light, or more precisely stellar mass, thus
traces the total mass remarkably well on nearly all scales. This is
discussed further in Section 5.

An alternate way to view the behaviour of M/L (< r) for differ-
ent environments and scales is presented in Fig. 6. Here we show
M/L (< r) as a function of mean cluster luminosity within r200 (a
proxy for cluster richness or mass), for several radii; this is an in-
verse of the previous plots of M/L (< r) presented for a few richness
groups. Fig. 6 shows the direct dependence of M/L (< r) on the rich-
ness (mass) of the central environment. The cumulative M/L (< r)
is presented within two radii, 3.1 and 12.8 h−1 Mpc. The mass and
light of the central BCG have been excluded in Fig. 6 as they were

Figure 6. The cumulative M/L, M/Li (< r), as a function of the mean cluster
luminosity within r200, Li( < r200) (a proxy for cluster richness or mass).
The M/L is shown within two radii, 3.1 and 12.9 h−1 Mpc. The dashed line
represents the expected trend of the varying stellar age (for ∼3.1 h−1 Mpc;
see text). The BCG mass and light are excluded.
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2510 N. A. Bahcall and A. Kulier

Figure 7. M/Li(< r), including the BCG mass and light, as a function
of richness at large scales (9.0 and 18.4 h−1 Mpc). The horizontal axis is
Li(< r200), the cumulative light within r200, a proxy for the cluster richness
or mass. M/L is constant on these scales, independent of the central envi-
ronment. The grey band shows the mean 〈M/Li〉 = 409 ± 29 h M	/L	.
This corresponds to a cosmic mass-density of �m = 0.24 ± 0.02b2

M/L =
0.26 ± 0.02 (see Section 6).

in Figs 2 and 3, although the effect of the BCG is negligible on
the larger scale (∼12.9 Mpc). Each point in the cluster luminosity
Li(< r200) is an average of two of the 12 original richness bins. The
stellar population effect as a function of Li( < r200) for the 3.1 Mpc
radius is shown by the dotted line; it agrees well with the observed
M/L function, except for the richest clusters, which as described
above contain an increased amount of mass compared to light at
their very centres. Here, the slow increase of M/L with richness
due to the stellar population trend is caused by the fact that the
same physical radius corresponds to a different galaxy overdensity
in environments of different richness.

Fig. 7 presents the integrated M/L (< r) versus luminosity (rich-
ness) for all systems within the large scales of 9 and 18.4 h−1 Mpc.
The M/L contains all the mass and light including that of the BCG.
The integrated M/L (< r) on these scales is constant, independent
of the central environment; the M/L reaches a mean cosmic value
of 409 ± 23 h M	/L	. As seen in the previous figures, the same
constant value is reached even within the inner parts of clusters
when the stellar population mix is accounted for.

3.1 Discussion of the mass to light function

All the measurements discussed above are centred on the BCG,
which may be slightly offset from the centre of the dark matter
halo of the cluster. Our results therefore reflect the distribution of
M/L around BCGs out to large cosmic scales and should be so
interpreted. Furthermore, for scales outside the innermost regions
of clusters, the possible miscentring has negligible impact on M/L.
The poorest groups have the highest uncertainty in terms of cluster
centring, luminosity uncertainties (S09B), and mass uncertainties
because of the weaker lensing signal. Therefore, the poorest groups
(N � 9) are prone to larger uncertainties.

Previous results found that M/L( < r200) increases with cluster
richness (mass), approximately as M/L(< r200) ∼ M0.2–0.3

200 (e.g.
Girardi et al. 2000; Bahcall & Comerford 2002; Lin, Mohr & Stan-
ford 2004; Popesso et al. 2007; S09B). Here we show that this is
mostly the effect of the BCG luminosity: the r200 scale of the poorest
groups is nearly the same size as the BCG galaxy (a few hundred
kpc), therefore, the group M/L( < r200) is dominated by the lower

M/L (< r) of the BCG, while the BCG luminosity of rich clusters is
negligible at the cluster scale of r200 ∼ 1 Mpc. Using the observed re-
lations (LBCG ∝ M0.3

200 and LBCG/L200 ∼ M−0.53
200 , Section 3; Hansen

et al. 2009) we find M/L(< r200) = M200/L200 ∼ M0.2
200, as is in-

deed observed. Comparing the M/L profile outside the innermost
region (at r/r200 � 0.3), we show that M/L(r/r200) is nearly inde-
pendent of richness (Figs 3 and 4). The nearly flat distribution of
M/L(r) persists on all scales, from r ∼ 0.3r200 (∼80 kpc in small
groups and ∼300 kpc in large clusters) out to nearly 30 h−1 Mpc.
The small decrease in the M/L as a function of r/r200 is consis-
tent with a decreasing stellar population age as a function of local
galaxy density (Section 3). This effect, combined with the fact that
the physical radius r corresponds to a different galaxy density in
clusters of different richnesses, also accounts for the observed trend
in M/L (< r) as a function of cluster richness at fixed r (Fig. 6). This
agreement implies that the underlying mass and light distribution,
when accounting for the stellar population age, follow each other
remarkably well on all scales. It further suggests that the stellar mass
fraction, M∗/M, is nearly constant on these scales (see Section 5).

3.2 Total luminosity

The luminosities discussed above do not represent the total lu-
minosities since they include only galaxies above the threshold of
L0.25

i = 109.5 h−2 L	 = 0.19L∗
0.25i

(Section 2). The luminosity con-
tributed by fainter galaxies is not included, and neither is the diffuse
intracluster light (ICL) – integrated light from individual stars in
the cluster potential (Zibetti et al. 2005). While this does not af-
fect the self-consistent results discussed above, the total luminosity
should be accounted for when comparing our results with other mea-
surements. We estimate these additional luminosity contributions
below.

Galaxies below the threshold of 109.5 h−2 L	 = 0.19 L∗ are es-
timated to contribute an additional 36 per cent to the current lumi-
nosity, using the observed Schechter luminosity function of SDSS
galaxies which has a faint-end slope of −1.21 in the i band (S09B;
consistent with Blanton et al. 2001; Montero-Dorta & Prada 2009).
The radial distribution of faint galaxies is assumed to be similar to
that of the other galaxies as suggested by the SDSS observations of
Hansen et al. (2009) showing that the galaxy luminosity function in
groups and clusters is independent of radial scale.

The diffuse ICL from individual stars, thought to be stripped
from galaxies as a result of gravitational interactions within groups
and clusters, has been measured in detail for SDSS clusters at z ≈
0.25. Zibetti et al. (2005) used stacked images of 683 clusters to
measure the ICL in the i band out to 700 kpc. They find that the ICL
contributes ∼11 per cent of the luminosity in groups and clusters,
nearly independent of cluster richness and BCG luminosity. The
ICL is more concentrated than the galaxy distribution. Tal & van
Dokkum (2011) measure the ICL around 42 000 stacked SDSS
luminous red galaxies (LRGs) that are located in the centres of
groups and clusters. They find an ICL contribution of ∼20 per cent.
We adopt an ICL correction of 15 per cent additional luminosity
(i.e. ∼13 per cent of the total cluster luminosity).

We add the above luminosity of faint galaxies (36 per cent) and the
ICL (15 per cent); they decrease the M/L by these factors (1.36 and
1.15) on the group and cluster scales (i.e. <r200), and by 36 per cent
(a factor of 1.36) everywhere else. This corrected total m/�(r) profile
is presented in Fig. 8. It enables us to compare the results with other
measurements and with the contribution from individual galaxies,
as discussed in Section 4.
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Tracing mass and light in the Universe 2511

Figure 8. The M/L profile, where Ltotal is the total luminosity (including
light from faint galaxies below our luminosity threshold plus the diffuse ICL;
see Section 3.2). The declining blue band represents the M/L of individual
galaxies plus gas (Section 4). The galaxies plus gas appear to contribute all
or most of the total observed M/L(r) function on all scales and environments.

4 MA S S TO LI G H T C O N T R I BU T I O N F RO M
I N D I V I D UA L G A L A X I E S

It is generally believed that groups and clusters have significantly
more dark matter (relative to light) than individual ∼L∗ galaxies
(e.g. Ostriker et al. 1974; Davis et al. 1980; Guo et al. 2010). Bahcall
et al. (1995) and Bahcall & Fan (1998) suggested, however, that
clusters and groups do not contain significantly more dark matter
per unit light than do galaxies, but instead most of the dark matter
resides in the large haloes of individual galaxies; these make up the
dark matter observed in groups, clusters, and large-scale structure.
We investigate this further below: how much of the observed mass,
and thus M/L, is contributed by individual galaxies (plus gas). We
use the mean observed M/L of typical isolated ∼L∗ elliptical and
spiral galaxies, combined with the density–morphology relation
(Section 3) to estimate the amount of mass and M/L contributed by
individual galaxies to the observed M/L profile on all scales and in
all environments.

As discussed in Section 3, the M/L(< r) function flattens to a
constant value at approximately ∼300 h−1 kpc. This scale is com-
parable to the virial radius of bright L∗ galaxies (∼250–300 h−1 kpc
at the virial overdensity of ∼95ρc relevant for �CDM). If galaxy
haloes extend to these scales, as suggested by observations (below),
could the dark matter of individual galaxies (including these large
haloes), plus the known gas component, account for all or most of
the mass observed in the M/Li(< r) function, from small scales
inside clusters to the large cosmic scales of nearly 30 h−1 Mpc?
To test this we use, for simplicity, a ∼300 h−1 kpc halo radius
around L∗ galaxies, with M/Li values that are consistent with ob-
servations: M/Li(� 300 h−1) ∼ 150 h M	/L	 for spirals, and,
with a factor of 2 lower Li for older galaxies (Section 3), an
M/Li(� 300 h−1) ∼ 300 h for early-type L∗ galaxies (E/S0).

These values are motivated by observations of individual L∗
galaxies. For example, the Milky Way (MW) and M31, both nearly
L∗ spiral galaxies, have been measured in detail to determine their
extended masses (see below). Their luminosities are Li(MW) ∼
3 × 1010 L	 and Li(M31) ∼ 3.5 × 1010 L	 (Cox 2000 observe
LB (MW) = 2.4 × 1010 L	; Courteau & van den Bergh 1999 in-
fer MV (MW) = −20.9 and MV (M31) = −21.2; Flynn et al. 2006
report LI (MW) in the range 3–4 × 1010 L	; Tamm et al. 2012
find a total M31 luminosity of 3.5 × 1010 L	). This luminosity

is consistent with the SDSS L∗
i used above (3.3 × 1010 L	 when

converted to h = 0.7).
The extended mass of the MW and M31 have been measured

recently using proper motions observed with the Hubble Space
Telescope (HST) combined with the timing argument (TA); van
der Marel et al. (2012) determine the sum of the two virial
masses to be 4.93 ± 1.6 × 1012 M	, consistent with the Li
& White (2008) revised TA method that gives 5.27 ± 0.5 ×
1012 M	. Boylan-Kolchin et al. (2013) combined the Leo-I proper
motion with the TA method and other measurements to obtain
M(MW) ∼ 1–2.4 × 1012 M	, and Li & White (2008) obtain an
estimated virial mass of M(MW) ∼ 2.4 × 1010 M	. More re-
cently, Phelps, Nusser & Desjacques (2013) applied the least ac-
tion method (Peebles 1989) to the Local Group galaxies to derive
masses that are consistent with the high end of the above val-
ues: they find M(MW) = 2.5 ± 1.5 × 1012 M	 and M(M31) =
3.5 ± 1 × 1012 M	; their best value for the MW increases to
M(MW) = 3.5 ± 1.5 × 1012 M	 when data of four external groups
are included. Considering the above masses and luminosities, while
uncertain, we use as approximate values M/Li ∼ 100(h = 0.7)
≈ 150 h M	/L	 for ∼L∗ spiral galaxies (within radius ∼250–
300 kpc). Early-type galaxies, with their fainter Li luminosi-
ties (by a factor of about 2), thus imply M/Li(� 300 h−1 kpc)
∼200(h = 0.7) M	/L	 ≈ 300 h M	/L	 for ∼L∗ E/S0 galaxies.
This is consistent with recent observations of isolated early-type
galaxies using weak and strong gravitational lensing. Lagattuta
et al. (2010) use HST data to study strong and weak lensing by
isolated elliptical galaxies and find a mean M/LV (� 300 h−1 kpc)
= 300 ± 90 h, consistent with the value above. Brimioulle et al.
(2013) conduct a detailed weak-lensing analysis of galaxies from the
Canada–France–Hawaii Telescope (CFHT) Legacy Survey, finding
a mean M/Lr ∼ 287+95

−85 h for red L∗ galaxies in low-density re-
gions (using a truncated isothermal sphere model with an observed
best-fitting truncation radius of 245+64

−52 h−1 kpc). They also find a
mean M/Lr ∼ 178 ± 22 h for all the red and blue galaxies combined
(with a best-fitting truncation radius of 184 h−1 kpc).

We adopt the above M/Li(E/S0) ∼ 300 h M	/L	 and
M/Li(Sp) ∼ 150 h M	/L	 within ∼300 kpc of individual ∼L∗
galaxies as approximate values to illustrate the contribution of
galaxies to the dark matter and M/L(< r) function on all scales.
To determine how much galaxies with these M/Li contribute we
combine these galaxy M/Li values with the density–morphology
relation that describes the mean observed fraction of spiral and
E/S0 galaxies as a function of density (Section 3). The E/S0 frac-
tion decreases from nearly ∼90 to 100 per cent at the high-density
regions of clusters to ∼40 per cent in the low-density field on large
scales. This yields an estimate of the mean M/Li contributed by the
galaxies. (We note that while the large dark matter haloes of indi-
vidual galaxies may be stripped off in the dense regions of clusters,
and haloes may overlap, the total mass remains within the cluster
potential.) The contribution from galaxies therefore ranges from
M/Li ∼ 270 to 300 h in the dense regions of clusters, decreasing to
∼210 h on large scale (where ∼40 per cent of galaxies are E/S0s).
We add the additional gas component that exists on all scales; for
this, we use a gas component that is ∼15 per cent of the total mass,
since the cosmic baryon fraction is 17 per cent (Spergel et al. 2007),
and the stellar fraction is ∼1–2 per cent (Section 5). This is con-
sistent with the extended gas distribution observed in groups and
clusters within their virial radii (Rasheed, Bahcall & Bode 2010).
Using a lower gas fraction, as observed in the central parts of small
groups ( < r500), or a slightly varying gas fraction, only affects
the results on the smallest scales (r/r200 < 0.7) of small groups by
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2512 N. A. Bahcall and A. Kulier

�10 per cent, well consistent with the observed M/L(r) function. On
larger scales, the intergalactic medium (IGM) is expected to contain
a similar gas fraction (Cen & Ostriker 2006; see also Prochaska,
Hennawi & Simcoe 2013 for the extended gas component observed
in the circumgalactic medium around galaxies).

This sum of galaxy and gas mass represents the mass contributed
by individual galaxies (including their dark matter haloes) plus
the intracluster/intergalactic/circumgalactic gas. This contribution
ranges from M/Li ∼ 340 h inside rich clusters, decreasing to ∼250 h
on large scales. This M/Li of individual galaxies plus gas is plotted
as the declining blue band in Fig. 8. It agrees remarkably well
with the entire observed m/�i(r/r200) profile – from the small scales
inside groups and clusters to the largest cosmic scales of nearly
30 h−1 Mpc.

The comparison in Fig. 8 shows that individual galaxies and their
large dark matter haloes, plus the intracluster/intergalactic gas, can
account for all or most of the mass in groups, clusters, and on large
scales, reproducing both the total amount of dark matter and the
overall distribution of mass and light on all scales. This suggests
that most of the dark matter in the Universe may be located in
the large haloes of individual galaxies; groups, clusters, and large-
scale structure do not appear to contain significantly more dark
matter (relative to light) than do their L∗ galaxy members. This is
consistent with the earlier results of Bahcall et al. (1995).

The values used above for individual galaxies are approximate,
with large uncertainties. Using lower M/Li values for galaxies will
reduce their contribution, and vice versa. Faint galaxies, which are
known to have higher M/L, will further increase the dark matter
contribution from individual galaxies.

5 ST E L L A R MA S S FR AC T I O N

The nearly flat distribution of M/Li with radius, especially when
accounting for the age of the stellar population, suggests that the
stellar mass fraction may be similar in all environments, thus causing
light to trace mass. We estimate below the implied stellar mass
fraction as a function of scale and environment. We divide the mean
observed stellar M∗/Li of early- and late-type galaxies, coupled
with their relevant fraction as given by the density–morphology
relation (Section 3), by our M/Li, including the BCG. This yields
the approximate stellar mass fraction f∗ = M∗/M:

f∗(r/r200) = M∗/M(r/r200) (3)

�
[

M∗/Li

M/Li

(E/S0, S)

]
(r/r200).

Estimates of the M∗/Li ratios of E/S0s and spirals vary sig-
nificantly throughout the literature, although most stellar and dy-
namical M/L estimates yield (M∗/Li)E/(M∗/Li)S � 2 (Bell et al.
2003; Kauffmann et al. 2003; Blanton & Roweis 2007; Yoshino &
Ichikawa 2008; Gallazzi & Bell 2009; Leauthaud et al. 2012). Stel-
lar M/L determinations can differ as a result of the precise stellar
population synthesis model and data used to obtain them. Graves &
Faber (2010) compare several M∗/LV estimates for early-type galax-
ies from different sources, all corrected to z = 0 and a Chabrier ini-
tial mass function (IMF) for consistency. A similar comparison for
M/LI (Graves, private communication) reveals that models based
on fits to observational spectra (Kauffmann et al. 2003, using SDSS
data; Gallazzi et al. 2005) give M∗/LI(E/S0) � 2.5 M	/L	 (and
M∗/LI(Sp) � 1.3 M	/L	), as does a single burst star formation
model. Models based on fits to photometric spectral energy distribu-
tions (SEDs; Bell et al. 2003; Blanton & Roweis 2007) find lower

values of M∗/LI(E/S0) � 2 M	/L	 (M∗/LI(Sp) � 1 M	/L	).
Similarly, Leauthaud et al. (2012), using the Cosmic Evolution
Survey (COSMOS) data, finds M∗/Li(E/S0) � 1.7 M	/L	 and
M∗/Li(Sp) � 0.9 M	/L	. All the above use the Chabrier IMF (or
are scaled to it). Adopting the Salpeter IMF increases these M/L by
a factor of ∼2.

Measurements of M∗/Li for the MW and M31, ‘typical’ L∗ spiral
galaxies, find M∗/LI (MW) = 1.3–1.6 M	/L	 (Flynn et al. 2006)
or M∗/LI (MW) = 1.4–2.0 M	/L	 (Flynn et al. 2006; McMillan
2011), and Tamm et al. (2012) find M∗/Li(M31) � 2.9 M	/L	
for all components of the galaxy combined. The value for M31 is
significantly higher than that found for the MW and other spirals
above; this may be caused by M31’s relatively red colour for a spi-
ral (Tempel et al. 2011). The M∗/Li values for the MW and M31
seem to indicate a higher M∗/Li for spirals than found by some of
the models above; as a result, we adopt the higher range of values
from the sources described, using M∗/Li(E/S0) = 2.5 M	/L	 and
M∗/Li(Sp) = 1.3 M	/L	. The results for the stellar fraction dis-
cussed below are proportional to the assumed value of M∗/Li; using
different values, the resulting stellar mass density and stellar mass
fraction will scale proportionally.

Since M∗/Li is independent of the Hubble parameter h, we convert
the M/Li presented in the previous section (which were presented
in units of h) to the �CDM h = 0.7 (thus reducing all M/Li by
0.7). The total observed M/L – including the BCG and accounting
for the total luminosity of the system (Section 3.2) – is then used
to determine f∗ as described above. In the top panel of Fig. 9 we
present the local stellar fraction f∗ as a function of radius in units of
r/r200. The stellar mass fraction is essentially constant with radius
from 0.2 to 40r200, with a value f∗ � 0.01 ± 0.004. Also shown is
a horizontal band representing the average stellar mass fraction of
the Universe. For this, we use the measured luminosity density
of 1.61 ± 0.05 × 108 h L	 Mpc−3 (Section 6), increased by a
factor of 1.36 to account for the light from galaxies below our
luminosity threshold (Section 3.2). We combine this with the M∗/Li

for spirals and E/S0s as discussed above to obtain a cosmic mean
stellar mass density of ρ∗ = 2.8 ± 0.2 × 108 M	 Mpc−3 (for
h = 0.7), implying f∗, cosmic = 0.009 ± 0.001. This is consistent with
the mean stellar mass density of ρ∗ � 3.1 ± 0.5 × 108 M	 Mpc−3

(f∗ = 0.009 ± 0.002 for �m = 0.26 ± 0.02; Section 6) found by
Muzzin et al. (2013) using the data of Cole et al. (2001), Bell et al.
(2003) and Baldry et al. (2012).

The middle panel of Fig. 9 shows the cumulative stellar fraction
f∗ within r/r200. The strong influence of the central BCG is clearly
seen in the poor groups, as discussed in Section 3, causing the
increase in stellar fraction near the cluster centre. At small r/r200,
especially in poor groups, the stellar fraction increases as the BCG
becomes dominant. On large scales, systems of all richnesses reach
the same cumulative stellar fraction of f∗ � 0.01. In the lower panel
of Fig. 9, we present the stellar fraction within r200b, the radius at
which the interior mean density is 200 times the matter density of
the Universe, versus M200b, the mass within r200b. The increasing
stellar fraction at lower mass (smaller r200b) reflects the dominance
of the central BCG on this scale (Section 3).

6 �m

The observed M/L on large scales can be used to determine
the mass density of the Universe, �m (e.g. Bahcall et al. 1995;
Bahcall & Fan 1998; S09B and references therein). Fig. 7 presents
the observed M/Li within two large scales (9 and 18.4 h−1 Mpc)
around all systems, from the poorest groups to the richest clusters
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Figure 9. (a) The local stellar mass fraction f∗(r) = M∗/M(r) as a function
of r/r200 for the three richness bins. The horizontal band shows the cosmic
stellar mass fraction (Section 5). (b) As in panel (a), but for the cumulative
stellar mass fraction f∗(< r). (c) The stellar fraction f∗ within r200b (the
radius within which the mean density is 200 the matter density) plotted as a
function of M200b (the mass within r200b).

(Section 3). The observed M/Li within these large scales is indepen-
dent of the central environment, reaching a representative cosmic
value (see also S09B). This mean value, shown by the horizontal
band in Fig. 7, is 409 ± 29 h M	/L	. Combined with the lumi-
nosity density of the Universe in the i0.25 band for galaxies above
0.19L∗, 1.61 ± 0.05 × 108 h L	 Mpc−3 (comoving) S09B, we find

�m = 0.24 ± 0.02b2
M/L, independent of h. The small bias factor,

b2
M/L, depends primarily on the bias of the galaxy tracers relative to

the underlying mass distribution (see Section 2). The galaxies used
have a low threshold luminosity of 109.5 h−2 L	 = 0.19L∗. The
bias of such sub-L∗ threshold galaxies is b � 1.05 (for σ 8 = 0.83;
increasing to 1.09 for σ 8 = 0.8; Zehavi et al. 2011). We thus find

�m = 0.24 ± 0.02b2
M/L = 0.26 ± 0.02. (4)

7 SU M M A RY A N D C O N C L U S I O N S

We compare the distribution of mass and light around 132 473 BCG-
centred SDSS groups and clusters as a function of scale, from small
scales inside clusters to large cosmic scales of nearly 30 h−1 Mpc,
and for different richness environments. The masses are determined
from stacked weak gravitational lensing observations and are used
to derive the M/L profile, M/Li(< r); this profile indicates how light
traces mass on all scales and in all environments. We summarize
our main conclusions below.

(1) The M/Li(< r) profile rises with radius on small scales inside
groups and clusters, reflecting the increasing M/L of the central
bright BCG galaxy. M/Li(< r) then flattens to a nearly constant
value, showing that light follows mass on large scales. This flatten-
ing to a nearly constant M/Li begins at relatively small scales of
only a few hundred kpc inside clusters and remains nearly constant
to the largest cosmic scales of ∼30 h−1 Mpc; this is especially so
when accounting for the varying stellar population age as a func-
tion of local density (see #3 below). This indicates that light follows
mass on all scales (above ∼300 kpc) and in all environments, even
inside clusters. The rise to the flat constant value in the cumulative
M/L(< r) function is considerably slower in poor groups because
they are dominated by light from the central BCG galaxy (see #2
below).

(2) The luminosity of the BCG galaxy increases with cluster
richness, but its dominance relative to the total cluster luminos-
ity decreases with richness. This decreasing trend of LBCG/Lcluster

with cluster richness affects the cumulative M/Li profile in the cen-
tral regions of groups and clusters, causing the slower increase of
M/Li(< r) with radius for poor groups, but reaching a constant M/Li

on very small scales of ∼300 kpc in rich clusters. The decreasing
dominance of the BCG with richness suggests that the growth of
the central BCG is less efficient than the growth of the cluster as a
whole. Clusters, which evolve by merging and accretion of poorer
systems, grow faster than do their central BCG galaxies (also by
merging and accretion).

(3) The small trends observed in the M/Li(< r) profile outside
the central BCG regions – a slowly decreasing M/Li with radius and
richness – are shown to be consistent with the varying stellar pop-
ulation as a function of density, following the density–morphology
relation. This stellar population trend results in a slowly decreasing
M/Li with radius due to the increasing population of young spiral
galaxies, which have lower M/Li than ellipticals, before flattening
to a constant cosmic value on larger scales. This indicates that stars,
which account for only a few per cent of the total mass, trace the
total mass remarkably well. The dark matter in the Universe thus
follows light, and especially stellar mass, on all scales above a few
hundred kpc.

(4) We determine the stellar mass fraction as a function of en-
vironment and scale, f∗ = M∗/M(r/r200). We find that the stellar
mass fraction is nearly constant on all scales and all environments
above few hundred kpc, with f∗ � 0.01 ± 0.004. This fraction is
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consistent with the cosmic stellar mass fraction. The fact that stars
follow mass so well is the main reason why light traces mass on all
these scales.

(5) We show that most of the dark matter in the Universe may
be located in large dark matter haloes around individual galaxies
(∼300 kpc for L∗ galaxies). The mass and M/L of groups, clusters,
and large-scale structure is consistent with being contributed by the
mass of individual galaxies, including their large dark matter haloes
(which may be stripped off inside the dense regions of clusters),
plus the additional intergalactic/intracluster gas. The mass from
individual galaxies, plus gas, appears to be consistent with the entire
observed M/L profile on all scales and in all environments (Fig. 8).
This suggests that most of the dark matter in the Universe may be
located in the large haloes of individual galaxies; groups, clusters,
and large-scale structure are simply made-up by this dark matter;
they do not contain significantly more dark matter (relative to light)
than do the individual galaxies.

(6) The constant M/Li on large scales represents the univer-
sal M/L. This corresponds to a mass-density parameter of �m =
0.24 ± 0.02b2

M/L = 0.26 ± 0.02 (where the small galaxy bias factor
is ∼1.05).
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