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4
The relation between galaxy dark

matter haloes and baryons in the

CFHTLS from weak lensing

Velander M., van Uitert E., Hoekstra H. and the
CFHTLenS Collaboration, in prep.

Current theories of structure formation predict that galaxies are im-
mersed in extensive dark matter haloes. To learn more about the
baryon-dark matter connection it is therefore imperative to probe large
scales as well as small. Weak galaxy-galaxy lensing has the power to
do this since it not only is sensitive on a large range of scales, but also
is independent of the type of matter studied. We present a study of
large-scale galaxy dark matter halo properties as a function of the char-
acteristics of the baryonic host galaxies using data from one of the largest
completed weak lensing surveys to date, the CFHTLS. Dividing our lens
sample into red and blue subsamples, we find that for red galaxies, the

halo mass scales with luminosity as M200 ∝ L
1.28+0.10

−0.08
r and with stellar

mass as M200 ∝ M
1.36+0.10

−0.06
∗ , while for blue galaxies M200 ∝ L

0.50+0.18
−0.12

r

and M200 ∝ M
0.54+0.06

−0.08
∗ . We also find indications that blue galaxies

reside in less clustered environments than red galaxies do.
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4. RELATION BETWEEN GALAXY DM HALOES AND BARYONS IN CFHTLS

4.1 Introduction

In order to fully understand the mechanisms behind galaxy formation, the con-
nection between galaxies and the extensive dark matter haloes in which they
are enveloped must be studied in exhaustive detail. In pursuit of this precision,
reliable mass estimates of both the baryonic and the dark matter content of
galaxies are required. The visible component may be evaluated using e.g. the
galaxy luminosity or the stellar mass, which can be derived using stellar synthe-
sis models (Kauffmann et al., 2003; Gallazzi et al., 2005; Bell & de Jong, 2001;
Salim et al., 2007). The dark matter, on the other hand, cannot be observed
directly but must be examined through the influence it has on its surroundings.
At the largest scales reached by haloes, optical tracers such as satellite galax-
ies are scarce. Furthermore, estimates of halo mass from e.g. satellite galaxy
kinematics not only require spectroscopic measurements of a large number of
objects, which is unfeasible both in terms of time and from a financial per-
spective, but they also require the application of the virial theorem and all the
associated assumptions. To study any and all galaxies it is therefore desirable
to use probes independent of these tracers, and independent of the physical
state of the halo, but with the power to explore a large range of scales. These
requirements are all satisfied by weak gravitational lensing.

Weak gravitational lensing is fundamentally a consequence of general rela-
tivity. As light from distant objects travels through the Universe it is deflected
by intervening matter. This deflection causes the distant objects, or sources,
to appear distorted. In the weak regime the distortion is minute, and only by
correlating the shapes of a large number of sources can information about the
foreground gravitational field be extracted. There are a handful of different
ways of correlating these shapes, each resulting in data about a separate cate-
gory of matter accumulation. By correlating the shape of sources with those of
other sources, finely detailed large-scale structure can be discerned in the fore-
ground. The precise properties of this pattern are intimately connected with
the composition of our Universe and thus allows for constraints on cosmological
parameters via cosmic shear (see e.g. Van Waerbeke & Mellier (2003); Hoekstra
& Jain (2008); Munshi et al. (2008), for reviews, and e.g. Schrabback et al.
(2010) for recent results). Alternatively, source shapes may be correlated with
the positions of foreground objects, or lenses, through a technique known as
galaxy-galaxy lensing. The strength of the lensing signal as a function of the
distance from the lens holds information on the depth and shape of the poten-
tial well causing the distortion. Thus density profiles of the dark matter haloes
surrounding galaxies and, equivalently, galaxy clusters may be directly investi-
gated. Simulations predict that dark matter haloes are well approximated by
Navarro-Frenk-White profiles (Navarro, Frenk, & White, 1996) and confirming
this would provide evidence for the concordance model of cosmology.

Generally, however, galaxies and their haloes are not isolated but reside in
clustered environments. The ramification is that the interpretation of the ob-
served galaxy-galaxy lensing signal becomes more complicated since the signal
from nearby haloes influence the result. Over the past decade a new approach
has gained traction: the weak lensing halo model (e.g. Cooray & Sheth, 2002;
Guzik & Seljak, 2002; Mandelbaum et al., 2005; van Uitert et al., 2011; Leau-
thaud et al., 2011). Within the halo model framework, all haloes are represented
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4.2. DATA

as distinct entities, each with a galaxy at the center. Enclosed in each main halo
are satellite galaxies surrounded by subhaloes. In this work we seek to employ
the halo model to gain a more accurate picture of galaxy-size dark matter haloes,
allowing for a more precise analysis of the link between galaxies and the dark
matter haloes they reside in. For this purpose we use data from the Canada-
France-Hawaii Telescope Legacy Survey (CFHTLS). The CFHTLS consists of
just over 170 deg2 of images in five filters (u∗g′r′i′z′) to the impressive depth of
i′ = 24.5. The CFHTLS weak lensing collaboration (CFHTLenS) has extracted
8.7× 106 galaxy shears, and provided all objects with reliable photometric red-
shifts, making this survey one of the most powerful completed weak lensing
surveys to date. This work thus improves on the preliminary galaxy-galaxy
lensing analysis carried out using a small subset of the CFHTLS data and a
single-halo model fit to the inner regions only (Parker et al., 2007).

This Chapter is organised as follows: we introduce the data in Section 4.2.
In Section 4.3 we review our halo model and the formalism behind it, and
in Section 4.4 we test our shear catalogue for systematic effects. We inves-
tigate the lensing signal as a function of luminosity in Section 4.5 and as a
function of stellar mass in Section 4.6, and we conclude in Section 4.7. The
following cosmology is assumed throughout (WMAP7; Komatsu et al., 2010):
(ΩM ,ΩΛ, h, σ8, w) = (0.27, 0.73, 0.70, 0.81,−1)

4.2 Data

In this Chapter we present a weak lensing analysis of the entire Wide Synop-
tic Survey of the Canada-France-Hawaii Telescope Legacy Survey (CFHTLS-
Wide). The impressive expanse and depth of this survey makes it ideal for
weak lensing analyses, as we will show. The CFHTLS is a joint 5-year project
between Canada and France which commenced in 2003 and which is now com-
pleted. The data are imaged using the Megaprime wide field imager mounted at
the prime focus of the Canada-France-Hawaii Telescope (CFHT) and equipped
with the MegaCam camera. MegaCam comprises an array of 9 × 4 CCDs and
has a field of view of 1 deg2. The wide synoptic survey covers an effective area
of about 155 deg2 in five bands: u∗, g′, r′, i′ and z′. This area is composed
of four independent fields, W1–4, each with an area of 25-72 deg2 and with a
full multi-colour depth of i′ = 24.7 (7σ detected source in the CFHTLenS1 cat-
alogue). The images have been independently reduced within the CFHTLenS
Collaboration, and for details on this data reduction process, please refer to
Erben et al (in prep.).

4.2.1 Lens sample

The depth of the CFHTLS enables us to investigate lenses with a large range
of lens properties and redshifts, which in turn grants us the opportunity to
thoroughly study the evolution of galaxy-sized dark matter haloes. An initial
study was performed by van Uitert et al. (2011) (hereafter VU11) using the same
halo model as the one used here, described in Section 4.3.2. That study exploited
a 300 deg2 overlap between two major lensing surveys. The foreground sample
consisted of galaxies from the seventh data release of the Sloan Digital Sky

1http://cfhtlens.org
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4. RELATION BETWEEN GALAXY DM HALOES AND BARYONS IN CFHTLS

Figure 4.1 Magnitude (left panel) and photometric redshift (right panel) distri-
butions of all objects in the CFHTLenS catalogue, with our lens (source) redshift
selection marked with purple dashed (green dotted) lines. Also shown is the cutoff-
point in magnitude for all objects used in our analysis (purple dash-dotted).

Survey (SDSS DR7; Abazajian et al., 2009), and objects from the intermediate-
depth Second Red Sequence Cluster Survey (RCS2; Gilbank et al., 2011) were
used as background sources, improving greatly on previous analyses based on
the shallow SDSS alone. However, while their lenses had accurate spectroscopic
redshift estimates, their sources did not have enough photometric data available
at the time to provide redshift estimates for the sources. Thus the CFHTLS
has, aside from the increased depth, a further advantage over the VU11 analysis
owing to the high-precision photometric redshifts available for all objects used
in our analysis.

Throughout this Chapter, we place an upper cut in apparent magnitude of
i′ ≤ 24.5 and select our lenses in redshift such that 0.2 ≤ zlens ≤ 0.4, unless
explicitly stated otherwise. These selections are illustrated in Figure 4.1. For
the full CFHTLS-Wide we achieve a lens count of Nlens = 1.53 × 106, nearly a
hundred times the size of the lens sample used in VU11. We then further split
our lens sample in luminosity or stellar mass bins as described in Sections 4.5
and 4.6 to investigate the halo mass trends as a function of lens properties.

4.2.2 Source catalogue

The shear estimates for the sources used in this Chapter have been obtained
using lensfit as detailed in Miller et al (in prep.), and thoroughly tested by the
CFHTLenS Collaboration. During the testing process, the lensfit shears were
compared to those extracted using other shape measurement methods (such
as those introduced in Hoekstra et al., 1998; Kuijken, 2006; Schrabback et al.,
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2007; Velander et al., 2011) to successfully eliminate software-specific issues.
All sources also have multi-band photometric redshift estimates as described in
Hildebrandt et al. (2012).

To ensure photometric accuracy, we use only sources with redshifts of zlens ≤
zsource ≤ 1.3, and we impose the same cut in magnitude as we do for the lenses:
i′ ≤ 24.5. Furthermore, we ensure that our sources have been detected in at
least six exposures. Our source count for the full CFHTLS-Wide (excluding
masked areas) is then Nsource = 3.9 × 106, corresponding to a source density of
9.3 arcmin−2 which is a factor of 1.5 greater than that of the RCS2.

4.3 Method

To analyse the dark matter haloes in the CFHTLS we use a method known as
weak galaxy-galaxy lensing, and compare the measured signal with a halo model.
In this section we will introduce the basic formalism and give an overview of
our halo model.

4.3.1 Weak galaxy-galaxy lensing

Weak gravitational lensing is the measure of weak distortions induced by fore-
ground structure on background source galaxies. By correlating the shapes of
background galaxies, statistical properties of the matter in the foreground can
be inferred.

The first-order lensing distortion, shear, is a stretch in one direction which
is applied to the intrinsic shape of a source galaxy. By averaging over enough
randomly oriented sources we can assume the mean intrinsic galaxy to be circu-
lar, and thus any distortion measured is due to lensing. In this analysis we use
galaxy-galaxy lensing where source galaxy distortions are averaged in concentric
rings centered on lens galaxies. We measure the tangential shear as a function of
radial distance from the lens this way, and also the cross shear which is a 45deg
rotated signal. The cross shear can never be induced by a lens which means
that it may be used as a systematics check. The amplitude of the tangential
shear is directly related to the differential surface density ∆Σ(r) via

∆Σ(r) = Σcrit〈γt(r)〉 (4.1)

where Σcrit is the critical surface density

Σcrit =
c2

4πG

Ds

DlDls
(4.2)

with Ds, Dl and Dls the angular diameter distance to the source, to the lens
and between the lens and source respectively. By using differential surface
densities rather than tangential shears, the geometric factor is neutralised and
the amplitude of the signals can be directly compared between different samples.
The only caveat is that the properties of lenses depend on the lens redshift so
this difference still has to be taken into account.

The circular average makes this type of analysis robust against small-scale
systematics introduced by e.g. the telescope. None the less, there will be large-
scale systematics present, mainly due to areas being masked. By masking areas,
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4. RELATION BETWEEN GALAXY DM HALOES AND BARYONS IN CFHTLS

or by considering lenses close to the edge of the area covered, the circular average
is in fact not perfectly circular. This effect, most noticeable on large scales,
is important to correct for, particularly in the case of precision galaxy-galaxy
lensing such as the analysis in this Chapter. Our correction is done by measuring
the signal around random lens positions. Were there no systematics present the
measured signal would be zero. If it is not, it can easily be corrected for by
subtracting it from the observed lensing signal.

As for any concerns regarding the fidelity of the photometric redshifts, the
weights we employ use the geometric lensing efficiency Ds/(DlDls) to down-
weight close pairs as described in e.g. Velander et al. (2011) (Chapter 3 of
this Thesis), effectively minimising any influence of redshift inaccuracies on
the measured signal. Additionally we calculate a correction factor based on
the redshift error distribution for each mass estimate to remove any remaining
redshift systematics. This calculation is described further in Section 4.5.1.

4.3.2 The halo model

Figure 4.2 Illustration of the halo model used in this Chapter. Here we have
used a halo mass of M200 = 1012 h−1 M⊙, a stellar mass of M∗ = 3 × 1011 M⊙

and a satellite fraction of α = 0.2. The lens redshift is zlens = 0.5. Purple lines
represent quantities tied to galaxies which are centrally located in their haloes
while green lines correspond to satellite quantities. The purple dash-dotted line is
the baryonic component, the green dash-dotted line is the stripped satellite halo,
dashed lines are the 1-halo components induced by the main dark matter halo and
dotted lines are the 2-halo components originating from nearby haloes.

To accurately model the weak lensing signal observed around galaxy-size
haloes, we have to account for the fact that galaxies generally reside in clustered
environments. In this work we do this by employing the halo model software
first introduced in VU11. For full details on the exact implementation, please
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see VU11; here we give a qualitative overview.
Our halo model builds on work presented in Guzik & Seljak (2002) and Man-

delbaum et al. (2005), where the full lensing signal is modelled by accounting
for the central galaxies and their satellites separately. Here we assume that a
fraction (1−α) of our galaxy sample reside at the centre of a dark matter halo,
and the remaining objects are satellite galaxies surrounded by subhaloes which
in turn reside inside a larger halo. In this context α is the satellite fraction of a
given sample.

The lensing signal induced by central galaxies consists of two components:
the signal arising from the main halo (the 1-halo term ∆Σ1h) and the contri-
bution from neighbouring haloes (the 2-halo term ∆Σ2h). The two components
simply add to give the lensing signal due to central galaxies:

∆Σcent = ∆Σ1h
cent + ∆Σ2h

cent (4.3)

In our model we assume that all main dark matter haloes are well represented by
a Navarro-Frenk-White density profile (NFW; Navarro, Frenk, & White, 1996)
with a mass-concentration relationship as given by Duffy et al. (2008).

We assume that satellite galaxies reside in subhaloes which have been tidally
stripped of dark matter in the outer regions. Adopting a truncated NFW pro-
file which has been stripped of about 50% of its dark matter, we acquire a
satellite term which supplies signal on small scales. Thus satellite galaxies add
three further components to the total lensing signal: the contribution from the
stripped subhalo (∆Σstrip), the satellite 1-halo term which is off-centred since
the satellite galaxy is not at the centre of the main halo, and the 2-halo term
from nearby haloes. Just as for the central galaxies, the three terms add to give
the satellite lensing signal:

∆Σsat = ∆Σstrip
sat + ∆Σ1h

sat + ∆Σ2h
sat (4.4)

There is an additional contribution to the lensing signal, not yet considered
in the above equations. This is the signal induced by the lens baryons (∆Σbar).
This last term is a refinement to the halo model presented in VU11, necessary
since weak lensing measures the total mass of a system and not just the dark
matter mass. The baryonic component is modelled as a point source with a mass
equal to the mean stellar mass of the lenses in the sample (as in e.g. Leauthaud
et al., 2011):

∆Σbar =
〈M∗〉
πr2

(4.5)

where r is the physical distance from the lens. This term could technically be
decomposed into a central and a satellite component. In this work we do not
leave the baryon term as a free variable and so we do not need to distinguish
between the two. Thus we treat this term as a single entity.

Finally, to obtain the total lensing signal of a galaxy sample of which a
fraction α are satellites we combine the baryon, central and satellite galaxy
signals, applying the appropriate proportions:

∆Σ = ∆Σbar + (1 − α)∆Σcent + α∆Σsat (4.6)

All components of our halo model are illustrated in Figure 4.2. In this
example the halo mass is M200 = 1 × 1012 h−1M⊙, the stellar mass is M∗ =
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4. RELATION BETWEEN GALAXY DM HALOES AND BARYONS IN CFHTLS

3× 1011 M⊙, the satellite fraction is α = 0.2, the lens redshift is zlens = 0.5 and
Dls/Ds = 0.5. On small scales the baryonic component is prominent, while on
large scales the 2-halo components dominate.

4.4 Systematics tests

4.4.1 Verification of the shear catalogue

Figure 4.3 Comparison of three data sets: the KSB catalogues from ∼ 22 deg2

CFHTLS (pink circles), the results from RCS2 (green stars) and our results (purple
dots). The lines show the best fit singular isothermal sphere for each dataset (with
green and pink nearly identical), and the grey triangles show the cross-shear from
our results which should be zero in the absence of systematic errors.

In this study we use lenses and sources from the 155 deg2 CFHTLS, with
high-quality photometric data and redshifts available for all objects. To validate
the quality of our shear catalogue we compare with the results from two previous
analyses of a very similar nature. The first is a preliminary weak galaxy-galaxy
lensing analysis of the CFHTLS-Wide conducted by Parker et al. (2007). At
that time, the survey was not yet finished, so they only had access to an area of
∼ 22 deg2 in i′-band corresponding to about 15% of our area. Since they only
had data from one band their analysis also lacked redshift estimates for lenses
and sources, but they separated lenses from sources using magnitude cuts. They
then obtained shear estimates for their sources using a version of the technique
introduced by Kaiser, Squires, & Broadhurst (1995) as outlined in Hoekstra
et al. (1998). For their average lens they derived a best-fit velocity dispersion of
σv = 132 ± 10 km s−1 using a singular isothermal sphere profile (SIS) to model
the lensing signal, though there is some disagreement between this number and
our findings (see discussion below). The second analysis is based on the shear
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4.4. SYSTEMATICS TESTS

Table 4.1 Details of the seeing bins.

Sample Nfields 〈r∗〉 [arcsec] θE [arcsec] σθE

P1 27 0.50 0.053 0.005
P2 23 0.57 0.044 0.006
P3 33 0.62 0.050 0.005
P4 38 0.67 0.047 0.005
P5 28 0.72 0.040 0.006
P6 36 0.80 0.049 0.005

catalogue from VU11 (see Section 4.2). The data used in that study is from the
RCS2 which is slightly shallower than the CFHTLS and for which no redshifts
were available for the sources at the time of this analysis.

To compare and contrast our lensing signal with the one obtained by Parker
et al. (2007) we apply the same i′-band magnitude cuts as they did, viz. 19.0 <
i′ < 22.0 for lenses and 22.5 < i′ < 24.5 for sources. A slight difference between
their analysis and ours is that Parker et al. (2007) boosts their signal by an
approximate factor to correct for contamination by sources that are in front of,
or physically associated with, the lens while we use our redshift information to
minimise this contamination. The resulting galaxy-galaxy signal, scaled with
the angular diameter distance ratio β = Dls/Ds = 0.67, is shown as purple
dots in Figure 4.3. The best-fit SIS profile corresponds to a velocity dispersion
of σv = 83.3 ± 1.6 km s−1, which is somewhat lower than the one quoted
in Parker et al. (2007). However, we re-analysed the actual shear catalogues
used for the Parker et al. (2007) analysis and the results are shown as light
circles in Figure 4.3. For that signal, which is corrected for contamination
using the Parker et al. (2007) boost factor, we find a velocity dispersion of
σv = 79.4±3.3 km s−1 using the redshifts stated in Parker et al. (2007). This is
in good agreement with our analysis of the full CFHTLS-Wide. The discrepancy
with the velocity dispersion quoted in Parker et al. (2007) remains unexplained,
but we have shown that the shear estimates are consistent between the two
CFHTLS catalogues.

Furthermore, also shown as green stars in Figure 4.3 is the signal obtained by
VU11 using RCS2 and the same magnitude selection as Parker et al. (2007). The
shears have been corrected for contamination by physically associated sources,
as described in VU11, and scaled with the β = 0.48 appropriate for the RCS2.
For this signal we find a velocity dispersion of σv = 79.7 ± 2.3 km s−1 which
is again in good agreement with our results. Based on this, and based on our
re-analysis of the original Parker et al. (2007) shear catalogues, we conclude
that our shear estimates are valid and reliable for further galaxy-galaxy lensing
studies.

4.4.2 Seeing test

In general a round PSF causes circularisation of source images which in turn
causes a multiplicative bias of the shapes measured. The amount of bias depends
on the size of the PSF. Assuming that the shapes of very well resolved galaxies
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4. RELATION BETWEEN GALAXY DM HALOES AND BARYONS IN CFHTLS

Figure 4.4 The weak galaxy-galaxy signal measured in each of 6 seeing bins,
according to Table 4.1.

can be accurately recovered we can model the effect of the PSF as

γobs = γtrue

[

1 + M
(

r∗
r0

)2
]

(4.7)

where γobs is the observed shear, γtrue is the true shear, r∗ is the PSF size and
r0 is the intrinsic (Gaussian) size of the galaxy. The particular dependence on
PSF size is the result of a full moments analysis. M is a function close to zero
representing the multiplicative bias and may be separated into two components:

M = M′ + P (4.8)

where M′ is the true limitation of the shape measurement method and P is the
bias contribution induced by the PSF. This last term depends on the statistical
and systematic errors in the size estimates. Thus if the shape measurement
software has no intrinsic bias and if the PSF is perfectly known, then the domi-
nant source of shear bias is the accuracy of the size estimates of the faint, small
galaxies. For the Bayesian shape measurement method used in this Chapter,
lensfit, this term will be negligible.

This multiplicative bias may be related to the parameterisation used in the
Shear Testing Programme (STEP Heymans et al., 2006a; Massey et al., 2007a),
mSTEP, via

mSTEP = M
〈

(

r∗
r0

)2
〉

(4.9)

The smallest bias achieved by the pipelines taking part in STEP was mSTEP ∼
0.01 which, for the adopted size distribution and simulated ground-based data
used in STEP, corresponds to M ∼ 0.005.
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Since the bias depends on the size of the PSF, data with a spread in seeing
should enable us to determine the bias M directly from the data, thus allowing
us to deduce the true performance of the shape measurement pipeline. The
CFHTLS has such a spread, with the best seeing being 0.44 arcsec and the
worst being 0.94 arcsec.

Galaxy-galaxy lensing provides us with a neat way of determining the bias.
Assuming that the systematic offset due to PSF anisotropy is negligible (a fair
assumption given our correction for spurious signal around random lenses; see
Section 4.3.1) the observed shear is related to the true shear via

γobs = (1 +mSTEP)γtrue (4.10)

For a singular isothermal sphere (SIS), the amplitude of the shear signal as a
function of distance θ from the lens is

γ(θ) =
θE

2θ
(4.11)

where θE is the Einstein radius. Thus there is a simple relationship between
the observed Einstein radius and the true one:

θobs
E =

(

1 + M
〈

(

r∗
r0

)2
〉)

θtrue
E (4.12)

By measuring the Einstein radius of the average lens as a function of seeing we
can therefore determine both the true Einstein radius and the performance of
the shape measurement pipeline.

We split the data according to Table 4.1, measure the galaxy-galaxy lensing
signal in each seeing bin and fit an SIS to the innermost 140 h−1 kpc. By fitting
only small scales we avoid the influence of neighbouring haloes. The results
are shown in Figure 4.4 and quoted in Table 4.1. We then fit the relation
described by Equation 4.12 to the resulting Einstein radii and find a value of
M = −0.048 ± 0.071 which implies a STEP bias of mSTEP = −0.094 ± 0.14.
This is consistent with no bias given the error bars, but with a greater range in
seeing we would be able to constrain this bias even further. According to this
analysis, the true Einstein radius of the average lens galaxy in our sample is
θtrue

E = 0.052” ± 0.007”.

4.5 Luminosity trend

The luminosity of a galaxy is an easily obtainable indicator of its baryonic
content. To investigate the relation between dark matter halo mass and galaxy
mass we therefore split the lenses into 8 bins according to MegaCam r′-band
magnitudes as detailed in Table 4.2 and illustrated in Figure 4.5. The choice
of bin limits follow the lens selection in VU11, a previous analysis carried out
using the shallower RCS2 and an earlier version of the halo model we use here.
This choice will allow us to compare our results to the results obtained by
VU11 because the RCS2 data have been obtained using the same filters and
telescope. Since the behaviour of early-type galaxies is expected to differ from
that of late-type galaxies, using only one luminosity estimate to characterise a
lens sample results in an average relation which may be difficult to interpret.
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Table 4.2 Details of the luminosity bins. (1) Absolute magnitude range; (2) Number of lenses; (3) Mean redshift; (4) Fraction of lenses that are
blue; (5) Mean luminosity for red lenses [1010 L⊙]; (6) Mean stellar mass for red lenses [1010 M⊙]; (7) Redshift-corrected best-fit halo mass for red
lenses [1011 h−1 M⊙]; (8) Best-fit satellite fraction for red lenses; (9) Mean luminosity for blue lenses [1010 L⊙]; (10) Mean stellar mass for blue
lenses [1010 M⊙]; (11) Redshift-corrected best-fit halo mass for blue lenses [1011 h−1 M⊙]; (12) Best-fit satellite fraction for blue lenses

Sample Mr
(1) nlens

(2) 〈z〉(3) fblue
(4) 〈Lred

r 〉(5) 〈M red
∗ 〉(6) M red

h
(7) αred(8) 〈Lblue

r 〉(9) 〈Mblue
∗ 〉(10) Mblue

h
(11) αblue(12)

L1 [-21.0,-20.0] 89215 0.30 0.61 0.91 4.72 2.36+0.68
−0.53 0.30+0.02

−0.02 0.83 2.48 0.87+0.57
−0.35 0.00+0.01

−0.00

L2 [-21.5,-21.0] 31889 0.30 0.40 1.76 8.97 4.39+1.40
−1.06 0.20+0.03

−0.02 1.71 5.12 1.78+1.18
−0.71 0.00+0.03

−0.00

L3 [-22.0,-21.5] 22492 0.30 0.29 2.77 14.1 4.55+1.45
−1.10 0.24+0.03

−0.03 2.71 8.16 3.39+2.50
−1.44 0.00+0.02

−0.00

L4 [-22.5,-22.0] 13105 0.30 0.21 4.32 22.1 10.4+3.30
−2.50 0.20+0.03

−0.03 4.28 12.9 0.87+1.53
−0.82 0.13+0.06

−0.06

L5 [-23.0,-22.5] 5840 0.30 0.15 6.75 34.6 17.5+5.58
−4.23 0.22+0.04

−0.04 6.71 20.2 0.53+2.60
−0.52 0.04+0.10

−0.10

L6 [-23.5,-23.0] 1769 0.29 0.12 10.5 53.8 39.4+13.7
−10.2 0.17+0.06

−0.06 10.8 32.0 0.99+6.50
−0.98 0.27+0.22

−0.22

L7 [-24.0,-23.5] 389 0.29 0.16 16.5 84.0 132+46.1
−34.2 0.01+0.11

−0.11 17.3 49.7 0.01+6.04
−0.00 0.00+0.18

−0.00

L8 [-24.5,-24.0] 87 0.27 0.24 25.8 132 167+137
−75.2 0.38+0.26

−0.26 29.6 84.2 7.48+31.8
−7.47 0.00+0.25

−0.00
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Figure 4.5 r′-band absolute magnitude distribution in the CFHTLS for lenses
with redshifts 0.2 ≤ zlens ≤ 0.4 (black solid histogram). The distribution of red
(blue) lenses is shown in dotted purple (dot-dashed green). Our lens bins are
marked with vertical lines.

Since we have access to multi-colour data, we are able to further divide our
lenses in each bin into a red and a blue sample, approximately corresponding to
early-type and late-type galaxies. In practice we do this using their photometric
types TBPZ. TBPZ is a number in the range of [1.0, 6.0] representing the best-fit
spectral energy distribution (SED) and we define our red and blue samples as
galaxies with TBPZ < 1.5 and TBPZ > 2.0 respectively where the latter captures
most spiral galaxies. A colour-colour comparison confirms that these samples
are well defined. We proceed to measure the galaxy-galaxy lensing signal for
each sample, and fitting it with our halo model, leaving the halo mass M200 and
the satellite fraction α as free parameters. The results are shown in Figure 4.6
for all luminosity bins and for each red and blue lens sample, with details of
the fitted halo model parameters quoted in Table 4.2. Qualitatively comparing
these results to the ones presented in VU11 we see that the amplitudes of the
signals agree well.

An overview of the broad trends in Figure 4.6 is given in Figure 4.7 for
red galaxies and Figure 4.8 for blue. As expected, the amplitude of the signal
increases with luminosity for both red and blue samples indicating an increased
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Figure 4.6 The weak galaxy-galaxy signal around lenses which have been split
into luminosity bins according to Table 4.2, modelled using the halo model de-
scribed in Section 4.3.2. The purple (green) dots represent the measured differ-
ential surface density of the red (blue) lenses, and the solid line is the best-fit
halo model. Triangles represent negative points that are included unaltered in
the model fitting procedure, but that have here been moved up to positive values
as a reference. The dotted error bars are the unaltered error bars belonging to
the negative points. The squares represent distance bins containing no objects.
For a detailed decomposition into the halo model components, please refer to
Appendix 4.A.

halo mass. In general, for identical luminosity selections blue galaxies have less
massive haloes than red do. For the red sample, lower luminosity bins display
a slight bump at scales of ∼ 0.5 h−1 Mpc. This is due to the satellite 1-halo
term becoming significant and indicates that a large fraction of the galaxies
in those bins are in fact satellite galaxies inside a larger halo. Thus brighter
galaxies are more likely to be centrally located in a halo. The blue galaxies
also display a bump for the lower luminosity bins, but this feature is at larger
scales than the satellite 1-halo term. The signal breakdown shown in Figure 4.20
(Appendix 4.A) reveals that this bump is due to the central two-halo term, i.e. it
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is the contribution from nearby haloes.

To make a quantitative comparison with VU11, however, there are several
differences between the analyses that have to be taken into account. Firstly,
including the baryonic component in our halo model results in a lower halo
mass estimate than not doing so (see Section 4.5.2 and Figure 4.12 for a more
extensive discussion on this topic). This is intuitive since gravitational lensing
measures the total mass of a system and we are allowing some of that mass to
be baryonic, leaving less mass for the dark matter halo. Secondly, the red and
blue selection in our analysis does not necessarily correspond to the early- and
late-type classification in VU11, making a completely fair comparison difficult.
Thirdly, we have a strong enough signal to be able to limit our lens sample
to a small redshift range, which minimises any contamination of the relations
due to redshift evolution. Finally, we do not have spectroscopic redshifts for
our lenses which means that our lenses may have been assigned an inaccurate
redshift. This will cause a luminosity-dependent bias in the halo mass estimate,
as discussed in e.g. Hoekstra et al. (2005). We will examine this effect further
in the next Section.

Figure 4.7 Best-fit halo models for red lenses for all luminosity bins.

4.5.1 Photometric redshift error corrections

Before interpreting the luminosity results we have to take into account the red-
shift bias effect previously mentioned. The accuracy of our photometric redshifts
is high, but never the less the errors on the redshift estimates have to be taken
into account. If the true redshift differs from the estimated one, this will affect
all derived quantities. An underestimated redshift, for example, would cause the
estimated absolute magnitude to be fainter than the true absolute magnitude
and the lens would be placed in the wrong luminosity bin. As can be seen in Fig-
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Figure 4.8 Best-fit halo models for blue lenses for all luminosity bins.

Figure 4.9 Bias as a function of luminosity induced through inaccuracies in
the photometric redshift estimates. The purple solid (green dashed) line with
dots (triangles) shows the bias for the red (blue) lens sample. The error bars are
obtained using ten lens catalogue realisations.

ure 4.5 there are more faint objects than bright, which means that more objects
will scatter from fainter bins into brighter bins than the other way around. This
will lower the lensing signal in each bin and bias the observed halo mass low, and
the amount of bias will be luminosity dependent. To estimate the impact of this
bias we create a simulated version of the CFHTLS-Wide as follows. We fit an
initial powerlaw mass-luminosity relation of the form M200 = M0,L(L/Lpivot)

βL

to the estimated halo masses as described in VU11, with Lpivot = 1011 Lr′,⊙.
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4.5. LUMINOSITY TREND

This relation we then use to assign halo masses to our lenses. Constructing
NFW haloes from these halo masses at the photometric redshift of the lenses,
we create mock source catalogues with the observed source redshift distribu-
tion but with simulated shear estimates with strengths corresponding to those
which would be induced by our lens haloes. Finally we measure the mock signal
within 200 h−1 kpc of the lenses in each luminosity bin and take this to be the
‘true’ signal. We only use the small scales for our mass estimate to avoid com-
plications due to insufficient treatment of clustering, and we force our satellite
fraction to zero to obtain a pure NFW fit. Scattering the lenses, assuming a
Gaussian error distribution of width ∆z = (0.004mi′ − 0.04)(1 + z) (see Hilde-
brandt et al. (2012) for a plot of the photometric redshift errors as a function of
magnitude), we then measure the signal in each of 10 realisations and compare
the resulting estimated halo masses to the ‘true’ halo masses. The average of
these realisations provides the observed halo mass given the bias, with errors
equal to the standard deviation. Since the starting point is a perfect signal, the
number of realisations given the area is adequate to retrieve the bias.

The results from this test are shown in Figure 4.9. The quality of our
photometric redshifts is high which means that the correction factor is small
overall, reaching only ∼ 15% for a luminosity of Lr′ ∼ 2.5 × 1011 L⊙. Here the
contamination is largest due to the shape of the luminosity function causing a
larger fraction of low luminosity objects to scatter into the higher-luminosity bin.
For our faintest red luminosity bin the correction is ∼ 10%, in this case caused
by larger errors in the photometric redshift estimates. The correction factor is
less than unity for lower-luminosity bins due to the turn-over of the distribution
of red lenses at Mr′ ∼ −21.2 (see Figure 4.5). The small correction factor
for blue lenses is due to their flatter mass-luminosity relation (see Figure 4.10).
Because of the relative insensitivity of halo mass to changes in luminosity, minor
errors in luminosity measurements due to photometric redshift inaccuracies will
not strongly affect the halo mass estimate. The process described in this section
could in principle be iterated over, starting from the fitting of a mass-luminosity
relation, until convergence is reached. Since Hoekstra et al. (2005) find that
different choices for that relation yield similar curves, we choose not to iterate
further.

4.5.2 Luminosity scaling relations

The estimated halo masses for all luminosity bins, corrected for bias due to
errors in the photometric redshifts, are shown as a function of luminosity in the
top panel of Figure 4.10. Red lenses display a steeper relationship between halo
mass and luminosity than blue lenses do, and the higher luminosity bins contain
too few blue lenses to adequately constrain the mass. As done in VU11, we fit
a powerlaw of the form M200 = M0,L(L/Lpivot)

βL to our lensing signal, with
Lpivot = 1011Lr′,⊙. Rather than fitting to the final mass estimates we fit this
relation directly to the lensing signals themselves. We do this because the error
bars are asymmetric in the former case, making a fit more complicated. The
difference in results between the two fitting techniques is small however.

For our red lenses we find M0,L = 3.53+0.29
−0.29 × 1012 h−1 M⊙ and βL =

1.28+0.10
−0.08, while for our blue lenses the corresponding numbers are M0,L =

3.45+0.98
−1.47 × 1011 h−1 M⊙ and βL = 0.50+0.18

−0.12. The constraints for these fits

109



4. RELATION BETWEEN GALAXY DM HALOES AND BARYONS IN CFHTLS

Figure 4.10 Satellite fraction α and bias-corrected halo mass M200 as a function
of r′-band luminosity. Purple (green) dots represent the results for red (blue)
lens galaxies, and the dash-dotted lines show the powerlaw scaling relations as
described in the text.

are shown in Figure 4.11. Here we again see that the red lenses are better
constrained than the blue. This is partly because we have more red lenses,
and partly because red lenses in general are more massive making the lensing
signal stronger. Our powerlaws are shallower than the ones found by VU11, but
there are some differences between the analyses, making a direct comparison
difficult. The way we select our red and blue samples differs significantly from
the VU11 selection of early- and late-type samples (which is based on estimated
Sérsic profiles rather than colours). Furthermore, in our halo model we account
for the baryonic mass of each lens, something that was not done in VU11.
Removing the baryonic component from our model, we find that the masses
for some bins are overestimated by as much as 60%. It may appear counter-
intuitive that including a baryonic component with a mass which is of order 10%
of the total mass should result in such a significantly lowered halo mass estimate.
The explanation lies in the halo model fitting, and specifically in the way the
satellite fraction is allowed to vary. Adding a baryonic component on small
scales will result in a lowered central halo mass. The central halo profile reaches
further than the baryonic component however, and thus power on intermediate
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Figure 4.11 Constraints on the powerlaw fits shown in Figure 4.10. In purple
(green) we show the constraints on the fit for red (blue) lenses, with lines repre-
senting the 67.8%, 95.4% and 99.7% confidence limits and stars representing the
best-fit value.

scales is also diminished. To compensate for this loss of power, the halo model
will increase the satellite 1-halo term by increasing the satellite fraction, which
also increases the stripped satellite halo term, lowering the central 1-halo term
further until an equilibrium is reached. These mechanisms are illustrated for
red galaxies in luminosity bin L4 in Figure 4.12, where we have allowed halo
mass, satellite fraction and stellar mass fraction to vary simultaneously for both
panels. This Figure also makes clear the degeneracies introduced to the halo
model if the stellar mass is left as a free parameter.

Higher-luminosity bins are more severely affected by this effect than the
lower-luminosity end due to the lack of a prominent satellite 1-halo feature.
The net effect is a steeper slope, which is exactly what VU11 are displaying.
The general overestimation of halo mass in VU11 also means that the mass
of a L = 1011Lr′,⊙ galaxy is overestimated, partly explaining the discrepancy
between the M0,L estimates.

VU11 also convert their best-fit halo masses to mean halo masses, accounting
for the fact that the halo mass function is a declining function, causing us to
preferentially pick lower-mass haloes. The lensing best-fit halo mass therefore
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Figure 4.12 Dependence of halo model fitting parameters halo mass M200 and
satellite fraction α on stellar mass, with fSM the fraction of true mean stellar
mass used in the halo model and contours showing the 67.8%, 95.4% and 99.7%
confidence intervals. The left panel shows that including a baryonic component
in the model (i.e. setting fSM = 1) will result in a significantly lower best-fit halo
mass than not doing so (fSM = 0), and the right panel shows that the reason for
this is an increased satellite fraction.

does not correspond to the mean halo mass in a given bin. The correction
factors they apply range between a few percent for the lower-luminosity bins to
∼ 30% at the highest luminosities.

Another important factor to take into account is the fact that we limit our
lens samples to redshifts of 0.2 < zlens < 0.4 keeping our mean lens redshift
fairly stable at 〈zlens〉 ∼ 0.3. This is not done in VU11 and as a result, the
median redshift of our lower-luminosity bins is higher than for the same bins
in VU11, with the opposite being true for the higher-luminosity bins. Recent
numerical simulations indicate that the relation between stellar mass and halo
mass will evolve with redshift (e.g. Conroy & Wechsler, 2009; Moster et al.,
2010). Lower-mass host galaxies (M∗ < 1011 M⊙) increase in stellar mass faster
than their halo mass increases, i.e. for higher redshifts the halo mass is lower for
the same stellar mass. The opposite trend holds for higher-mass host galaxies
(M∗ > 1011 M⊙). As a result, the relation between halo mass and stellar mass
(or an indicator thereof, such as luminosity) steepens with increasing redshift.
This means that for the lower-luminosity bins, where our redshifts are higher, we
may measure a steeper slope than VU11 and vice-versa for higher-luminosity
bins. There are other factors which could affect the measured slope, such as
the scatter between luminosity bins due to errors in the estimated luminosities.
VU11 find that this bias is only relevant for the two highest luminosity bins,
and that the correction factor is small compared to the error on the halo mass.
We therefore choose not to model this effect in this Chapter.
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4.5.3 Satellite fraction

The lower panel of Figure 4.10 shows the satellite fraction α as a function of
luminosity for both the red and the blue sample. At lower luminosities the
satellite fraction is ∼ 40% for red lenses and as luminosity increases the satellite
fraction decreases. This indicates that a large number of faint red lenses are
satellites inside a larger dark matter halo, consistent with previous findings (e.g.
Mandelbaum et al., 2006b; van Uitert et al., 2011). In the highest luminosity
bins the satellite fraction is difficult to constrain due to the shape of the halo
model satellite terms (green lines in Figure 4.2) becoming indistinguishable from
the central 1-halo term (purple dashed), as discussed in Appendix 4.A. For blue
lenses, the satellite fraction remains low across all luminosities indicating that
almost none of our blue galaxies are satellites, again consistent with previous
findings. This may be a sign that blue galaxies in our analysis are in general
more isolated than red ones, a theory corroborated by the low signal on large
scales for blue galaxies (see Figure 4.20 in Appendix 4.A). Here we have made
no distinction between field galaxies and galaxies residing in a more clustered
environment.

4.6 Stellar mass trend

A more accurate indicator of the baryonic content of a galaxy than its luminosity
is its stellar mass, since luminosity is sensitive to recent star formation. We
therefore study the relation between stellar mass and the dark matter content
in this Section, dividing the lenses into 9 stellar mass bins as illustrated in
Figure 4.13 with details in Table 4.3. As in Section 4.5 we further split each
stellar mass bin into a red and a blue sample using their photometric types to
approximate early- and late-type galaxies.

We measure the galaxy-galaxy lensing signal for each sample as before, and
fit using our halo model with the halo mass M200 and the satellite fraction α
as free parameters. Similarly to the previous section, the results are shown in
Figure 4.14 for all stellar mass bins and for each red and blue lens sample, with
details of the fitted halo model parameters quoted in Table 4.3. In the case of
blue lenses, the two highest stellar mass bins are not well-constrained, due to
a lack of lenses, and we therefore remove them from our analysis. The same
issues with a direct comparison between this analysis and the one presented
in VU11 remain: (1) their halo masses are likely overestimated due to inade-
quate modelling of the baryonic component, (2) our red and blue samples do
not necessarily correspond to their early- and late-type galaxies, (3) we limit
our analysis to a narrow redshift range of 0.2 < zlens < 0.4 and (4) we have
photometric redshifts for all our objects while VU11 had access to spectroscopic
redshifts but for their lenses only. The latter effect we again account for in a
similar fashion to the procedure described in Section 4.5.1.

An overview of the trends in Figure 4.14 is given in Figure 4.15 for red lenses
and Figure 4.16 for blue. The mean mass in each bin increases with increasing
stellar mass as expected, resulting in an increased signal amplitude. Similar to
what we saw in the luminosity samples in the previous Section, the lower-mass
bins display a bump at scales of ∼ 0.5 h−1 Mpc. Here the lowest bins contain
less massive galaxies than the lowest luminosity bins and the bump is more
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Table 4.3 Details of the stellar mass bins. (1) Stellar mass range [M⊙]; (2) Number of lenses; (3) Mean redshift; (4) Fraction of lenses that
are blue; (5) Mean luminosity for red lenses [1010 L⊙]; (6) Mean stellar mass for red lenses [1010 M⊙]; (7) Best-fit mean halo mass for red lenses
[1011 h−1 M⊙]; (8) Best-fit satellite fraction for red lenses; (9) Mean luminosity for blue lenses [1010 L⊙]; (10) Mean stellar mass for blue lenses
[1010 M⊙]; (11) Best-fit mean halo mass for blue lenses [1011 h−1 M⊙]; (12) Best-fit satellite fraction for blue lenses

Sample log10 M∗
(1) nlens

(2) 〈z〉(3) fblue
(4) 〈Lred

r 〉(5) 〈M red
∗ 〉(6) M red

h
(7) αred(8) 〈Lblue

r 〉(9) 〈Mblue
∗ 〉(10) Mblue

h
(11) αblue(12)

S1 [9.00,9.50] 399730 0.29 0.88 0.04 0.20 0.01+0.01
−0.00 0.53+0.02

−0.03 0.06 0.18 0.35+0.10
−0.14 0.00+0.01

−0.00

S2 [9.50,10.00] 240732 0.30 0.85 0.11 0.56 0.07+0.04
−0.03 0.78+0.02

−0.02 0.19 0.56 0.50+0.14
−0.20 0.02+0.01

−0.01

S3 [10.00,10.50] 146657 0.30 0.73 0.37 1.95 0.43+0.28
−0.17 0.58+0.02

−0.02 0.57 1.73 1.16+0.33
−0.26 0.00+0.01

−0.00

S4 [10.50,11.00] 91556 0.30 0.39 1.14 6.05 3.02+0.96
−0.73 0.26+0.01

−0.02 1.66 5.15 1.63+0.47
−0.65 0.00+0.01

−0.00

S5 [11.00,11.25] 26942 0.30 0.15 2.60 13.3 5.75+1.83
−1.39 0.21+0.02

−0.02 4.20 12.8 1.16+1.32
−0.83 0.11+0.05

−0.05

S6 [11.25,11.50] 13287 0.30 0.07 4.51 23.2 11.6+3.71
−2.81 0.20+0.03

−0.03 7.31 22.1 3.78+4.88
−2.53 0.10+0.09

−0.09

S7 [11.50,11.75] 4481 0.30 0.04 7.82 40.2 25.7+8.17
−6.19 0.25+0.03

−0.04 13.6 40.0 0.01+2.31
−0.00 0.00+0.22

−0.00

S8 [11.75,12.00] 890 0.30 0.04 13.5 68.9 121+42.2
−31.3 0.26+0.07

−0.07 25.3 72.3 10.2+30.5
−10.2 0.15+0.36

−0.30

S9 [12.00,12.50] 147 0.29 0.20 24.5 127 115+40.1
−51.8 0.59+0.19

−0.19 51.9 144 0.01+9.86
−0.00 0.00+0.35

−0.00
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Figure 4.13 Stellar mass distribution in the CFHTLS for lenses with redshifts
0.2 ≤ zlens ≤ 0.4 (black solid histogram). The distribution of red (blue) lenses
is shown in dotted purple (dot-dashed green). Our lens bins are marked with
vertical lines.

pronounced, indicating that most of the galaxies in these low-mass samples are
satellite galaxies. The contribution from nearby haloes is again clearly visible in
the lower-mass blue samples. The two highest-mass bins contain too few lenses
to constrain the signal and have therefore been removed.

4.6.1 Stellar mass scaling relations

The best-fit halo masses and satellite fractions for each stellar mass bin are
shown in Figure 4.17. We have corrected the halo masses for the bias induced
by errors in our photometric redshift estimates using the mean luminosity in
each bin as before. It is clear that the relation between dark matter halo and
stellar mass is different for red and blue lenses as expected. To quantify the
difference, we fit a powerlaw to the lensing signals in each bin simultaneously,
similarly to our treatment of the luminosity bins in the previous Section. The
form of the powerlaw isM200 = M0,M (M∗/Mpivot)

βM with Mpivot = 2×1011 M⊙

as in VU11. We note here that for the lowest red stellar mass bins, though the
halo model fits the data very well (see Figure 4.14), the sample consists of nearly
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Figure 4.14 The weak galaxy-galaxy signal around lenses which have been split
into stellar mass bins according to Table 4.3, modelled using the halo model de-
scribed in Section 4.3.2. The purple (green) dots represent the measured differ-
ential surface density of the red (blue) lenses, and the solid line is the best-fit
halo model. Triangles represent negative points that are included unaltered in
the model fitting procedure, but that have here been moved up to positive values
as a reference. The dotted error bars are the unaltered error bars belonging to
the negative points. The squares represent distance bins containing no objects.
For a detailed decomposition into the halo model components, please refer to
Appendix 4.B.

100% satellite galaxies. It is therefore not a central halo mass associated with
these lenses that is constrained by the halo model and so we exclude the two
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Figure 4.15 Best-fit halo models for red lenses for all stellar mass bins.

Figure 4.16 Best-fit halo models for blue lenses for all stellar mass bins.

lowest stellar mass bins from our analysis.

The resulting best-fit values for red lenses areM0,M = 1.07+0.10
−0.06×1012 h−1 M⊙

and βM = 1.36+0.10
−0.06, and for blue lenses M0,M = 3.52+0.70

−0.70 × 1011 h−1 M⊙ and

βM = 0.54+0.06
−0.08. We show the constraints and best-fit values in Figure 4.18.

The red lenses are clearly better constrained than the blue due to the higher-
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Figure 4.17 Satellite fraction α and halo mass M200 as a function of stellar
mass. Purple (green) dots represent the results for red (blue) lens galaxies.

quality signal generated by these generally more massive and more abundant
galaxies. Similarly to our luminosity relation, this powerlaw is shallower than
the one found by VU11 but as discussed in the previous section the two analy-
ses differ in ways that make a direct comparison difficult. Primarily the object
selection differs, both in redshift and in defining red and blue lenses, and our
halo masses are in general lower since we account for the baryonic mass in the
lens while VU11 takes only dark matter into account. This also partly explains
the differences in M0,M . Furthermore, the stellar mass estimates we use here
are based on the luminosity-stellar mass relations derived in Bell et al. (2003).
It has since emerged that these relations tend to significantly overestimate the
stellar mass (Zibetti et al., 2009). The accuracy of our stellar masses is thus
somewhat limited, and new estimates will be derived in the near future using
the Zibetti et al. (2009) relations instead.

An effect VU11 does account for, however, is the scatter between mass bins
due to inaccuracies in the stellar mass estimate. Due to the shape of the mass
distribution (see Figure 4.13), objects will preferentially scatter from lower-
mass to higher-mass bins, biasing our halo masses low. The effect is greatest
at the highest mass end since the distribution tapers off there and as a result
fractionally more low-mass objects will scatter into the higher-mass bin. For
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Figure 4.18 Constraints on the powerlaw fits shown in Figure 4.17. In purple
(green) we show the constraints on the fit for red (blue) lenses, with lines repre-
senting the 67.8%, 95.4% and 99.7% confidence limits and stars representing the
best-fit value.

their late-type galaxies, roughly corresponding to our blue sample, VU11 applies
a correction of up to 20%, while for their early-type galaxies the correction is
∼ 10% at the low-mass end and reaches ∼ 40% for higher stellar masses. Just
as for the luminosity results, they also convert their best-fit halo mass to mean
halo mass with corrections of up to ∼ 30% for the highest stellar masses. As a
result, their halo mass relation is steepened compared to the uncorrected case,
but this is not enough to explain the differences with our results.

The satellite fraction α as a function of stellar mass is shown in the lower
panel of Figure 4.17 for both red and blue lenses. In the lower-mass red bins,
nearly all lenses are satellites while for higher masses, nearly all are located
centrally in their halo as expected. As discussed in the previous section, this
fraction is difficult to constrain for high masses due to the shape of the satellite
terms. The overall low satellite fraction for blue galaxies, suggesting together
with low large-scale signal that most blue galaxies are isolated, is consistent
with the luminosity results.
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4.7 Discussion and conclusions

In this Chapter we have used high-quality weak lensing data from the CFHTLS
to place constraints on the relation between dark matter halo mass and the
baryonic content of the lenses, quantified through luminosity and stellar mass
estimates. We verified the fidelity of our shear catalogue by comparing our lens-
ing signal with that of two independent shear catalogues, and by using a method
based on seeing variations in the data. The impressive source number density
in this survey has made it possible to achieve tighter constraints than have so
far been attained using previous lensing surveys such as the SDSS or the RCS2.
Splitting our lens samples into red and blue subsamples, we approximated the
trends for early- and late-type galaxies separately. We also extended our study
to lower stellar masses than have been studied before using a halo model such
as the one described in this Chapter. We note, however, that the stellar mass
estimates used in this analysis are somewhat outdated, which may affect the
trends found. In the near future this will be remedied.

As luminosity and stellar mass increases, the halo mass increases as well. For
red lenses, the halo mass increases with greater baryonic content at a higher
rate than for blue galaxies, independent of whether the measure of baryonic
content is luminosity or stellar mass. The two measures thus produce consistent
results. For each we fit powerlaw relations to quantify the rate of increase in
halo mass. We find that for red galaxies, the halo mass scales with luminosity

as M200 ∝ L
1.28+0.10

−0.08

r′ and with stellar mass as M200 ∝ M
1.36+0.10

−0.06
∗ , while for

blue galaxies M200 ∝ L
0.50+0.18

−0.12

r′ and M200 ∝ M
0.54+0.06

−0.08
∗ . For a fiducial red

galaxy with a luminosity of L0 = 1011 Lr′,⊙ we find a halo mass of M200 =
3.53+0.29

−0.29×1012 h−1 M⊙. This number is lower than the number found by VU11,
but the two analyses differ significantly in object selection. Furthermore, in this
chapter we have included a component of our halo model which was neglected
by VU11: the baryonic component. Since the lensing signal is a response to
the total mass of a system, it is essential to account for baryons in order to
not overestimate the mass contained in the dark matter halo. However, we also
showed that great care has to be taken when including a baryonic component
since doing so has a greater impact on the fitted halo mass than one might
näıvely expect due to the complicated interplay between stellar mass, satellite
fraction and halo mass.

For our blue galaxy selection, the satellite fraction is low across all lumi-
nosities and stellar masses considered here. The signal at large scales for these
samples is also generally low, indicating that these galaxies are relatively iso-
lated and reside in less clustered environments than the red galaxies do and that
we may be overestimating the bias for these samples. At low luminosity/stellar
mass, a considerable fraction of red galaxies are satellites within a larger dark
matter halo. This fraction decreases steadily with increasing luminosity or stel-
lar mass.

The tight constraints on the relation between baryonic content indicators
and dark matter halo mass achieved in this work will help improve our under-
standing of the mechanisms behind galaxy formation. If the halo mass threshold
for galaxy formation is accurately known for all galaxies then cosmological sim-
ulations can be further improved and phenomena such as the missing satellite
problem may be better studied. Furthermore, by studying red and blue lenses
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separately we have determined that the bias description which works well for
red galaxies is not optimal for blue galaxies. The environments the two samples
reside in are thus radically different and the difference will have to be taken into
account in the future.

With currently ongoing (e.g. KiDS) and planned (e.g. Euclid) surveys, weak
lensing analyses will become yet more powerful than the one presented in this
Chapter. In preparation for the future there are therefore several sources of un-
certainty that should be investigated. As mentioned above, the bias description
may not be optimal for blue lenses and with future data this bias can likely be
constrained directly using galaxy-galaxy observations. Recent simulations have
also indicated that there is a redshift evolution of the halo mass relations, and
this evolution can be studied with weak lensing. Other possible improvements to
the halo model used here include studies of the distribution of satellites within
a galaxy dark matter halo, and investigations of the stripping of satellite haloes.
The analysis presented in this Chapter is already a great improvement on recent
analyses, and with future surveys we will be able to use galaxy-galaxy lensing
to study the connection between baryons and dark matter in exquisite detail.
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APPENDIX 4.A: Detailed luminosity bins

In this Appendix we show the decomposition of the best-fit halo model for
red (Figure 4.19) and blue (Figure 4.20) lenses, split in luminosity according
to Table 4.2. Showing the full decomposition is highly informative because it
highlights some of the major trends and clarifies which effects dominate in each
case.

The baryonic component based on the mean stellar mass in each bin (pur-
ple dot-dashed line) becomes more dominant for higher luminosities, but the
luminous size of the lenses also increases, making measurement of background
source shapes in the innermost distance bins difficult. Thus it is not possible
to reliably constrain the baryonic component with our data. Never the less,
the effect of including the baryons in our model is an overall lowering of the
dark matter halo profile (purple dashed) compared to without baryons. For the
red lenses we see that a considerable fraction of the sample at lower luminosi-
ties necessarily consists of satellite galaxies, since there is a clear bump in the
signal at intermediate scales which has to be accounted for. This satellite frac-
tion continuously drops as luminosity increases, and simultaneously becomes
more difficult to constrain since the combination of the stripped satellite profile
(green dash-dotted) and satellite 1-halo terms (green dashed) becomes almost
indistinguishable from a single NFW profile for high halo masses. This effect
was discussed in more detail in VU11, Appendix C.
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Figure 4.19 The weak galaxy-galaxy signal around red lenses which have been
split into luminosity bins according to Table 4.2, and modelled using the halo
model described in Section 4.3.2. The black dots are the measured differential
surface density, and the black line is the best-fit halo model with the separate
components displayed using the same convention as in Figure 4.2. Grey triangles
represent negative points that are included unaltered in the model fitting proce-
dure, but that have here been moved up to positive values as a reference. The
dotted error bars are the unaltered error bars belonging to the negative points.
The grey squares represent distance bins containing no objects.

For the blue lenses, the signal becomes very noisy for the two highest-
luminosity bins due to a lack of lenses. These two bins are therefore discarded
from the full analysis in Section 4.5. In general, blue galaxies produce a nois-
ier signal than red galaxies for the same luminosity cuts. This is because blue
lenses are in general less massive, and there are fewer of them which results
in a weaker signal. We also notice that nearly all blue lenses are galaxies lo-
cated at the centre of their halo, rather than being satellites. This is consistent
with previous findings. It is possible that satellite galaxies in general are red-
der because they have been stripped of their gas and thus have had their star
formation quenched. It could also mean that most blue galaxies in our analysis
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Figure 4.20 The weak galaxy-galaxy signal around blue lenses which have been
split into luminosity bins according to Table 4.2, and modelled using the halo
model described in Section 4.3.2. The black dots are the measured differential
surface density, and the black line is the best-fit halo model with the separate
components displayed using the same convention as in Figure 4.2. Grey triangles
represent negative points that are included unaltered in the model fitting proce-
dure, but that have here been moved up to positive values as a reference. The
dotted error bars are the unaltered error bars belonging to the negative points.
The grey squares represent distance bins containing no objects.

are isolated; we have made no distinction between field galaxies and galaxies in
a more clustered environment. If blue galaxies are more isolated than red ones
then the contribution from nearby haloes (dotted lines) would also be less. It is
clear from Figure 4.20 that the large scales are not optimally fit by our model,
and isolation may be one of the reasons since we assume the same mass-bias
relation for blue galaxies as for red. With current data it is not possible to
constrain the bias as a free parameter, but with future wider surveys this could
be done.
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APPENDIX 4.B: Detailed stellar mass bins

Figure 4.21 The weak galaxy-galaxy signal around red lenses which have been
split into stellar mass bins according to Table 4.3, and modelled using the halo
model described in Section 4.3.2. The black dots are the measured differential
surface density, and the black line is the best-fit halo model with the separate
components displayed using the same convention as in Figure 4.2. Grey triangles
represent negative points that are included unaltered in the model fitting proce-
dure, but that have here been moved up to positive values as a reference. The
dotted error bars are the unaltered error bars belonging to the negative points.
The grey squares represent distance bins containing no objects.

The decomposition of the best-fit halo model for red and blue lenses, divided
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Figure 4.22 The weak galaxy-galaxy signal around blue lenses which have been
split into stellar mass bins according to Table 4.3, and modelled using the halo
model described in Section 4.3.2. The black dots are the measured differential
surface density, and the black line is the best-fit halo model with the separate
components displayed using the same convention as in Figure 4.2. Grey triangles
represent negative points that are included unaltered in the model fitting proce-
dure, but that have here been moved up to positive values as a reference. The
dotted error bars are the unaltered error bars belonging to the negative points.
The grey squares represent distance bins containing no objects.

using stellar mass as detailed in Table 4.3, is shown in Figures 4.21 and 4.22
respectively.

By construction the baryonic component amplitude (purple dash-dotted line)
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increases with increasing bin number, and so does the dark matter halo mass
(dashed lines). Note that with our stellar mass selections we push to smaller and
fainter objects, so the objects in the three lowest-mass bins are on average less
massive and less luminous than the galaxies in the faintest luminosity bin. In
these bins, nearly all red galaxies are satellites, while for higher stellar mass bins
the satellite fraction diminishes, a behaviour which is consistent with the trends
we saw for luminosity (Appendix 4.A). For the higher stellar mass bins, as for
the higher luminosity bins, the sum of the satellite stripped and 1-halo terms
result in a profile which resembles a single NFW profile, making the satellite
fraction more difficult to determine. For the blue lenses we run into the same
issues for the highest mass bin as for the highest luminosity bins; the number
of lenses is too small to constrain the halo model and so the bin has to be
discarded. Furthermore, the satellite fraction is low across all blue lens bins
indicating that these lenses are most likely isolated, which is consistent with the
low large-scale signal and with our findings for luminosity.
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