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Halo mass estimation

6. GG Lensing Signals

With all the above preparations and tests being carried out,
we proceed to measure the GG lensing signals in SDSS DR7.

Figure 8 shows the average ESD of our lens galaxies divided
into six luminosity bins. The black dots are our measurements,
and the red dots show the M05 data (kindly provided by Rachel
Mandelbaum). For simplicity, the signals around each galaxy
sample were calculated in 10 equal logarithmic bins, rather than
45 bins, and then rebinned as in M05. The error bars are
estimated using 2500 bootstrap resampling of the lens galaxy
samples. The correlation matrix of the data points shown in
Figure 8 is given in Figure 9. We rescaled the color so that
smaller values can be seen. Interested readers can !nd the
correlation matrix values via the link provided at the end of
Section 1. The ESDs for lens galaxies in different luminosity
bins are also listed in Table 7 in Appendix B.

As one can see in Figure 8, there is a clear trend that the
amplitude of !" increases as the luminosity increases. To
access the signi!cance of our results, we also plot the ESDs
around random lens galaxies using blue (positive value) and
black (negative value) solid lines. The 1! errors are shown as
the green shaded regions. We !nd that the ESD signals for lens
galaxies in the two low-luminosity bins barely exceed the
random sample values. Thus, our measurements of the ESDs
for galaxies are only signi!cant in the four high-luminosity

bins. In addition, by comparing to the results obtained by M05,
our results show good agreement with M05, with much smaller
error bars, since we have a larger number of lens galaxies in our
SDSS DR7 galaxy samples. The overall "2 values between the
two measurements are less than 0.83.
For each of our luminosity bins, we also obtain the GG

lensing signals separately for the red and blue subsamples,
and the results are presented in Figure 10. The error bars
here are larger owing to the decreased number of lens
galaxies per subsample. For very faint lens galaxies in the
L1 bin, the red galaxies have larger ESDs than blue galaxies,
especially at small radius. This indicates that faint red
galaxies tend to be located in relatively more massive halos
than their blue counterparts. For brighter galaxies, especially
in L2–L4 bins, the red and blue galaxies show similar ESDs
at small scales (with the caveat that the error bars are big),
but red galaxies have much higher amplitudes than their blue
counterparts at � �R h200 kpc1 . The latter indicates that
these red galaxies are preferentially located in high-density
regions.
We have also estimated the ESDs for galaxies in different

stellar mass bins, and the results are shown in Figure 11 with
black dots, in comparison with the results of M05, which are
shown as the red dots. Here our results show similar trends to
those of M06. The reduced "2 between the two measurements
ranges from 0.60 to 1.87. Discrepancies are seen, especially in
the sm5 bin, where our results at � � �R h200 1, 500 kpc1

are signi!cantly (by a factor of about two) higher. There are

Figure 8. Excess surface density (ESD) of our lens galaxies in six luminosity
bins. The black dots are our measurements, and the red dots are results obtained
by M05 (with open circles representing the absolute values of the negative data
points). The solid line in each panel is the average ESD around random lens
galaxies, with blue and black colors for positive and negative values,
respectively. The error bars and green shaded regions denote 1! errors of
ESDs estimated using 2500 bootstrap resampling of the lens galaxy samples.

Figure 9. Correlation matrix of the data points for our six luminosity bins. The
gray scale has been scaled so that smaller values are re"ected on this
covariance map. The values of the correlation matrix map are provided in
separate !les.
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Abstract

We present our image processing pipeline that corrects the systematics introduced by the point-spread function
(PSF). Using this pipeline, we processed Sloan Digital Sky Survey (SDSS) DR7 imaging data in r band and
generated a galaxy catalog containing the shape information. Based on our shape measurements of the galaxy
images from SDSS DR7, we extract the galaxy–galaxy (GG) lensing signals around foreground spectroscopic
galaxies binned in different luminosities and stellar masses. We estimated the systematics, e.g., selection bias, PSF
reconstruction bias, PSF dilution bias, shear responsivity bias, and noise recti!cation bias, which in total is between
!9.1% and 20.8% at 2! levels. The overall GG lensing signals we measured are in good agreement with
Mandelbaum et al. The reduced "2 between the two measurements in different luminosity bins are from 0.43 to
0.83. Larger reduced "2 from 0.60 to 1.87 are seen for different stellar mass bins, which is mainly caused by the
different stellar mass estimator. The results in this paper with higher signal-to-noise ratio are due to the larger
survey area than SDSS DR4, con!rming that more luminous/massive galaxies bear stronger GG lensing signals.
We divide the foreground galaxies into red/blue and star-forming/quenched subsamples and measure their GG
lensing signals. We !nd that, at a speci!c stellar mass/luminosity, the red/quenched galaxies have stronger GG
lensing signals than their counterparts, especially at large radii. These GG lensing signals can be used to probe the
galaxy–halo mass relations and their environmental dependences in the halo occupation or conditional luminosity
function framework.

Key words: galaxies: clusters: general – gravitational lensing: weak – techniques: image processing

1. Introduction

The nature of dark matter remains a mystery in the current
paradigm of structure formation (see Bertone et al. 2005, for a
review). Although many experiments have been proposed to
directly detect signatures of dark matter, such as particle
annihilation, particle decay, and interaction with other particles
(see Feng 2010, for a review), the main avenue to probe the
existence and properties of dark matter is still through the
gravitational potentials associated with the structures in the
dark matter distribution.

One promising way to detect the gravitational effects of dark
matter structures is through their gravitational lensing effect, in
which light rays from distant sources are bent by foreground
massive objects such as galaxies or clusters of galaxies residing
in massive dark matter halos. In the case of galaxies, the
multiple images prediction was !rst observationally con!rmed
by Walsh et al. (1979). Since then, more and more strong-
lensing systems have been found and analyzed (e.g., Oguri

et al. 2002; Kneib et al. 2004; Broadhurst et al. 2005; Treu
et al. 2006; Cabanac et al. 2007; Bolton et al. 2008; Coe
et al. 2013). In addition, smaller distortions in galaxy images
have been detected in large surveys, such as the Sloan Digital
Sky Survey (SDSS), Canada–France–Hawaii Telescope
Legacy Survey (CFHTLS), and Subaru weak-lensing survey.
These are referred to as weak-lensing effects and have been
studied very extensively in the past decade (Kaiser et al. 1995;
Sheldon et al. 2004; Mandelbaum et al. 2005, 2006; Wittman
et al. 2006; Fu et al. 2008; Bernstein 2009; Cacciato et al. 2009;
Oguri et al. 2009; George et al. 2012; Kilbinger et al. 2013; Li
et al. 2013; Mandelbaum et al. 2013; Li et al. 2014).
Weak gravitational lensing studies are further subdivided into

two categories: lensing effects based on individual massive
systems, such as clusters of galaxies, and galaxy–galaxy (GG)
lensing, which relies on the stacking of lensing signals around
many galaxies. For deep surveys such as CFHTLenS (Heymans
et al. 2012), DES (Jarvis et al. 2015), DLS (Wittman et al. 2006),
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resolution factor, and calibration errors of each galaxy. The
errors have been estimated from both sky background and
photon noise as described by Equations!(11) and!(12) in M05.
Only objects with valid e1, e2 resolution factors were kept. As
mentioned above, our pipeline will discard galaxy images that
suffer from the convergence problem during the calculation of
ellipticity. From GREAT3 testing, about 40% of galaxies were
excluded owing to this effect, and we further require that
* � 1 3, which eliminates another 10%–30% (depending on
different simulation sets). Cat III has a !nal number of galaxies
of 41,631,361, which is !45% of the original Cat II. The
irregularity image from the SDSS Photo pipeline (!4%),
resolution cut (!11%), and nonconvergence (!40%) together
reduce the !nal catalog by !55%.

4.2. Lens Galaxies

We now focus on the lens galaxy sample used for this study.
Only galaxies spectroscopically observed in the SDSS DR7
region (Abazajian et al. 2009) have been used here. More
speci!cally, we use the New York University Value-Added
Galaxy catalog (Blanton et al. 2005, NYU-VAGC) constructed
from SDSS DR7. All galaxies have been extinction corrected,
with magnitudes brighter than r = 17.72, redshifts within the
range 0.01!!!z!!!0.2, and a spectroscopic redshift complete-
ness Cz!>!0.7. The completeness Cz is de!ned as the average
percentage of the galaxies that have spectroscopic redshift in
their local sky coverage. The resulting galaxy sample contains
a total of 639,359 galaxies for a sky coverage of 7748 square
degrees.

In the modern galaxy formation paradigm (Mo et al. 2010),
brighter/more massive galaxies are believed to reside in
higher-mass halos. This suggests that the GG lensing signals
should vary with the lens galaxy luminosity or stellar mass.
Thus, a sample of brighter or more massive lens galaxies
should give a higher lensing signal. This expectation has been
proved to be correct in M05, Mandelbaum et al. (2006,
hereafter M06), and Sheldon et al. (2009). In M05, lens
galaxies in SDSS DR4 are divided into six luminosity
samples. We have used the same luminosity binning for our
SDSS DR7 galaxies. The selection criteria and galaxy
numbers of our six lens galaxy samples are listed in Table 1.
The scatter of the redshift distribution, the ratio between the
mean luminosity and the characteristic luminosity L*
(M*!=!"20.44, as given in Blanton et al. 2003), and the
number of galaxies contained in each sample are also listed in
Table 1. On average, the number of galaxies in our sample is 2
to 3 times larger than the corresponding M05 sample, simply
because DR7 covers a larger area than DR4 (7748 versus

4783 square degrees). The mean redshift from our lens sample
is slightly lower than that of M05, because M05 also used
lenses at z!>!0.2, while the redshift range of our sample is
between 0.01 and 0.2. The redshift distributions of our lens
samples are shown in the upper panel of Figure 3. The solid
black line is for the total sample, while the colored lines are
for the six luminosity samples.
We further divide galaxies in each luminosity bin into blue

and red subsamples according to

� � � �g r x x1.022 0.0652 0.0031 , 290.1 2( ) ( )

Table 1
Properties of the Six Lens Samples Created for This Paper

Sample Mr Ngal NM05 � §z !(z)
*� §L L

L1 ("18, "17] 18,614 6524 0.029 0.007 0.071
L2 ("19, "18] 47,795 19,192 0.044 0.012 0.181
L3 ("20, "19] 138,988 58,848 0.069 0.020 0.450
L4 ("21, "20] 249,906 104,752 0.103 0.030 1.082
L5 ("22, "21] 164,653 63,794 0.140 0.038 2.364
L6 ("23, "22] 11,453 6499 0.150 0.037 5.146

Note.!We indicate the number of galaxies in the equivalent samples in
Mandelbaum et al. (2005) as NM05, to be compared to our number Ngal.

Figure 3. Redshift distribution of lens samples binned in luminosity (upper
panel) and in stellar mass (lower panel).
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shown as the solid dots on top of the lines. There is a
monotonic increase of the average stellar mass of BCGs for the
four mass bin groups. Table 1 lists some properties of the
groups in these four mass bins. For each mass bin, we de!ne
four types of halo-center tracers i.e., BCG, LwCen, NwCen,
and X-ray peak position (there is no X-ray measurement for the
!rst mass bin).

For the three halo bins with halo mass .Mlog 13.0G , where
MG is the halo mass from the group catalog estimated using
abundance matching, Wang et al. (2014) measured their X-ray
luminosities using the ROSAT data. We divide groups in each
of the mass bin into high X-ray luminosity and low X-ray
luminosity subsamples with roughly equal numbers using the
LX parameter provided in the Wang et al. (2014) catalog, where
LX is the X-ray luminosity of a group in 0.2–2.4 kev in units of
1044!erg s!1. Related information for these subsamples is listed
in Table 2. There is a slight difference between the mean
redshifts of the low X-ray luminosity and high X-ray
luminosity subsamples. Both high and low X-ray luminosity
samples are assigned BCGs and X-ray peak positions as their
halo-center tracers. Note that Wang et al. (2014) only provided
X-ray luminosity for groups with mass larger than

�
:h M1013.0 1 , where the halo masses are estimated based on

the ranking of characteristic group stellar mass. Here, however,
we are using the group masses estimated using the ranking by
characteristic group luminosity. Thus, some of our groups are
not assigned X-ray luminosities due to the slight difference in
the two mass estimations. For instance, in the low-mass bin, a
group with a luminosity-ranked halo mass �

:h M1013.0 1 might
have a halo mass of �

:h M1012.9 1 via stellar mass ranking.
Then this group, which does not have X-ray measurements, is
excluded from the lens sample. Thus, the total number of
groups used in the high and low X-ray luminosity subsamples
is slightly reduced, especially in the low-mass bin.

Shown in the right panel of Figure 1 are the stellar mass
distributions of BCGs associated with the X-ray peak positions

in different halo mass bins as indicated. The dots on top of the
lines are their average values. Here, results are shown for the
low X-ray luminosity (blue) and high X-ray luminosity
subsamples (red). Again, we see a monotonic increase of the
average stellar mass of BCGs for the three mass bin groups.

Figure 1. Left panel: the green solid line and the green dot denote the stellar mass distribution and the average stellar mass of all the galaxies, respectively. The black
solid, dashed, dotted–dashed, and dotted lines and the black dots are the stellar mass distributions and average stellar masses of BCGs in the different halo mass bins,
as indicated. Right panel: similar to the left panel, but here for high (red) and low (blue) X-ray luminosity subsamples.

Table 1
Properties of the Four Lens Samples Created for This Paper

Sample Mlog G Ngrp � §z � §Mlog st � §Mlog G

M1 (12.5, 13.0] 101042 0.13 10.77 12.72
M2 (13.0, 13.5] 43896 0.15 10.97 13.21
M3 (13.5, 14.0] 14707 0.15 11.10 13.70
M4 d( ]14.0, 4033 0.15 11.25 14.25

Note. Columns 1–6 correspond to the sample name, group mass range, number
of groups, average redshift, stellar mass, and group mass, respectively.

Table 2
High/Low X-Ray Dichotomy

Mass Bin LX Ngrp � §z � §Mlog st � §Mlog G

13.0–13.5 high 14582 0.14 10.97 13.24
low 22086 0.15 11.00 13.23

13.5–14.0 high 7285 0.14 11.05 13.71
low 7049 0.16 11.12 13.68

14.0–above high 2953 0.15 11.20 14.27
low 1080 0.16 11.23 14.18

Note. Columns 1–6 correspond to the group mass range, X-ray luminosity
status, number of groups, average redshift, stellar mass, and group mass,
respectively.
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where Mh is the halo mass, and f (x) has the following form
with �x R rs (see Bartelmann 1996):
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On the other hand, if the candidate lens galaxy is not located
at the center of the host halo but at an off-center distance Roff,
the projected surface density will change from an NFW pro!le
!NFW(R) to

¨Q R R

4

� 4 � �
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( ! )
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R R

R R R R d
1

2
2 cos . 12

host off

0

2

NFW
2

off
2
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Here, we adopt the offset model proposed by Johnston et al.
(2007), where Roff follows a 2D Gaussian distribution. This
model is drawn from the mock catalog based on the
ADDGALS technique (Wechsler et al. 2006) combined with
the light cone from the Hubble Volume simulation

(Evrard et al. 2002). The resulting projected density pro!le is
the convolution between ( )P Roff and 4 ( ! )R Rhost off ,

¨4 � 4( ! ) ( ) ( ! ) ( )R R dR P R R R , 13host sig off off host off

where

� �( ) ( ( ) ) ( )P R
R

R
R Rexp 0.5 . 14off

off

sig
2 off sig

2

Here, Rsig is the dispersion of ( )P Roff . Thus, in total, we have
three free parameters of the host halo properties, Mh, c, and
Rsig, to be constrained using the observed ESDs. As an
illustration, we show in the left panel of Figure 4 how the
measured ESDs may vary as a function of Rsig. Here, we adopt
a !xed halo mass and concentration with �Mlog 14.0h and
c!=!7.0, respectively, based on the Zhao et al. (2009) formula
and vary � �R h0.05, 0.1, 0.2 Mpcsig

1 . A larger Rsig moves
the ESD peak farther away from measurement center and
suppresses the signal at small scale.
Next, we consider the subhalo contribution. Here we assume

that a fraction fsub of BCGs contains subhalos with mass

Figure 2. The ESD pro!les measured from four mass bins along with different halo-center tracers. Solid lines with green shaded areas represent results for BCGs. The
dotted, dashed, and dotted–dashed lines are the results for LwCens, NwCens, and X-ray peak positions, respectively. The red parts denote negative values.
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Abstract

In this second paper in a series studying galaxy–galaxy lensing signals using Sloan Digital Sky Survey Data
Release 7 (SDSS DR7), we present our measurement and modeling of the lensing signals around groups of
galaxies. We divide the groups into four halo mass bins and measure the signals around four different halo-center
tracers: brightest central galaxies (BCGs), luminosity-weighted centers, number-weighted centers, and X-ray peak
positions. For groups cross-identi!ed in both X-ray and SDSS DR7, we further split the groups into low and high
X-ray emission subsamples, both of which are assigned to two halo-center tracers, BCGs and X-ray peak positions.
The galaxy–galaxy lensing signals show that BCGs, among the four candidates, are the best halo-center tracers.
We model the lensing signals using a combination of four contributions: the off-center NFW host halo pro!le,
subhalo contribution, stellar contribution, and projected two-halo term. We sample the posterior of !ve parameters,
i.e., the halo mass, concentration, off-centering distance, subhalo mass, and fraction of subhalos, via a Monte Carlo
Markov Chain (MCMC) package using the galaxy–galaxy lensing signals. After taking into account the sampling
effects (e.g., Eddington bias), we found that the best-!t halo masses obtained from lensing signals are quite
consistent with those obtained in the group catalog based on an abundance matching method, except in the lowest
mass bin.

Key words: galaxies: clusters: general – gravitational lensing: weak

1. Introduction

Modern galaxy formation theory suggests that dark matter
halos form !rst, providing gravitational potential for galaxies to
form. The mass of dark matter halos is thus a critical quantity to
understand galaxy formation and constrain the cosmological
parameters. There are many methods that can be used to
constrain halo mass in observations. The luminosity of the
X-ray emission from the intracluster medium due to thermal
bremsstrahlung is scaled with the dark matter halo mass
assuming a hydroequilibrium state of the gas (Pratt et al. 2009).
The Sunyaev–Zeldovich (Sunyaev & Zeldovich 1972) effect,
i.e., the inverse Compton scattering between the high-energy
electrons from clusters and the CMB photons, is another
indicator of cluster mass (Bleem et al. 2015).

Clusters are optically selected from large photometric galaxy
surveys with large sky coverages and large redshift ranges and
assigned with dark matter halo masses. Based on SDSS, SDSS-C4
(Miller et al. 2005) and RedMaPPer (Rykoff et al. 2014) select
clusters using photometric data alone, whereas the MaxBCG
sample (Koester et al. 2007) adds spectroscopic redshift as extra
information in the selection criteria. All of those samples use an
empirical scaling relation between the effective number of member

galaxies (richness) and halo mass, a.k.a. the richness–mass relation,
to assign halo masses to clusters. Such methods are mainly
applicable to very massive clusters and need to be scaled with
additional measurements.
Based on spectroscopic redshift surveys, galaxy groups can

be extracted from halos of much lower mass either by the
traditional friends-of-friends (FOF) method (e.g., Eke
et al. 2004) or by a sophisticated adaptive halo-based group
!nder (e.g., Yang et al. 2005, 2007, hereafter Y07), which is
more reliable in their membership determination. From the
group catalogs, a wide variety of mass estimation methods have
been developed. Y07 applied a luminosity ranking and stellar
mass ranking method to estimate the halo mass. For poor
systems, Lu et al. (2015) introduced an empirical mass
estimation method applying the gap between the brightest
central galaxy (BCG) luminosity and the satellite luminosity.
By assuming a Gaussian velocity distribution, satellite kine-
matics (van den Bosch et al. 2004) measure the dynamical mass
of galaxy groups. Similarly, galaxy infall kinematics (Zu &
Weinberg 2013; Zu et al. 2014) can also be used to constrain
the halo mass.
Weak gravitational lensing signal, though statistical in

nature, is considered to be another powerful tool to study the
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Abstract

In this second paper in a series studying galaxy–galaxy lensing signals using Sloan Digital Sky Survey Data
Release 7 (SDSS DR7), we present our measurement and modeling of the lensing signals around groups of
galaxies. We divide the groups into four halo mass bins and measure the signals around four different halo-center
tracers: brightest central galaxies (BCGs), luminosity-weighted centers, number-weighted centers, and X-ray peak
positions. For groups cross-identi!ed in both X-ray and SDSS DR7, we further split the groups into low and high
X-ray emission subsamples, both of which are assigned to two halo-center tracers, BCGs and X-ray peak positions.
The galaxy–galaxy lensing signals show that BCGs, among the four candidates, are the best halo-center tracers.
We model the lensing signals using a combination of four contributions: the off-center NFW host halo pro!le,
subhalo contribution, stellar contribution, and projected two-halo term. We sample the posterior of !ve parameters,
i.e., the halo mass, concentration, off-centering distance, subhalo mass, and fraction of subhalos, via a Monte Carlo
Markov Chain (MCMC) package using the galaxy–galaxy lensing signals. After taking into account the sampling
effects (e.g., Eddington bias), we found that the best-!t halo masses obtained from lensing signals are quite
consistent with those obtained in the group catalog based on an abundance matching method, except in the lowest
mass bin.

Key words: galaxies: clusters: general – gravitational lensing: weak

1. Introduction

Modern galaxy formation theory suggests that dark matter
halos form !rst, providing gravitational potential for galaxies to
form. The mass of dark matter halos is thus a critical quantity to
understand galaxy formation and constrain the cosmological
parameters. There are many methods that can be used to
constrain halo mass in observations. The luminosity of the
X-ray emission from the intracluster medium due to thermal
bremsstrahlung is scaled with the dark matter halo mass
assuming a hydroequilibrium state of the gas (Pratt et al. 2009).
The Sunyaev–Zeldovich (Sunyaev & Zeldovich 1972) effect,
i.e., the inverse Compton scattering between the high-energy
electrons from clusters and the CMB photons, is another
indicator of cluster mass (Bleem et al. 2015).

Clusters are optically selected from large photometric galaxy
surveys with large sky coverages and large redshift ranges and
assigned with dark matter halo masses. Based on SDSS, SDSS-C4
(Miller et al. 2005) and RedMaPPer (Rykoff et al. 2014) select
clusters using photometric data alone, whereas the MaxBCG
sample (Koester et al. 2007) adds spectroscopic redshift as extra
information in the selection criteria. All of those samples use an
empirical scaling relation between the effective number of member

galaxies (richness) and halo mass, a.k.a. the richness–mass relation,
to assign halo masses to clusters. Such methods are mainly
applicable to very massive clusters and need to be scaled with
additional measurements.
Based on spectroscopic redshift surveys, galaxy groups can

be extracted from halos of much lower mass either by the
traditional friends-of-friends (FOF) method (e.g., Eke
et al. 2004) or by a sophisticated adaptive halo-based group
!nder (e.g., Yang et al. 2005, 2007, hereafter Y07), which is
more reliable in their membership determination. From the
group catalogs, a wide variety of mass estimation methods have
been developed. Y07 applied a luminosity ranking and stellar
mass ranking method to estimate the halo mass. For poor
systems, Lu et al. (2015) introduced an empirical mass
estimation method applying the gap between the brightest
central galaxy (BCG) luminosity and the satellite luminosity.
By assuming a Gaussian velocity distribution, satellite kine-
matics (van den Bosch et al. 2004) measure the dynamical mass
of galaxy groups. Similarly, galaxy infall kinematics (Zu &
Weinberg 2013; Zu et al. 2014) can also be used to constrain
the halo mass.
Weak gravitational lensing signal, though statistical in

nature, is considered to be another powerful tool to study the
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(Takahashi et al. 2012). !mm is then related to the halo–matter
correlation function !hm via the halo bias ( )b Mh h model (Seljak
& Warren 2004),

Y Y� ( ) ( )b M . 17h hhm mm

To be more precise, we use the scale-dependent bias model of
Tinker et al. (2005),

Y IY� ( )b , 18hhm mm

where
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The two-halo term projected mass density %4 ( )R2halo is then
calculated using Equations (3), (6), and (7). In practice, we only
make the integration to a distance �h50 Mpc1 to model the
two-halo term contribution (see also Niemiec et al. 2017).

As an illustration, we show in the right panel of Figure 4
each component of the model. Here we adopt �Mlog 12.5,h
� �c M10.0, log 11.0sub , and fsub!=!0.5. The off-centered

NFW pro!le is shown as the dashed line, the stellar component
as the dotted–dashed line, the subhalo as the dotted line, and
the two-halo term as the blue dashed line. The combined signal
is shown as the black solid curve. From this plot, we can see
that at scales smaller than �h50 kpc1 , the stellar contribution
becomes signi!cant. The two-halo term contribution is only
important at scales larger than a few virial radii.

3.2. Constraining Halo Properties Using MCMC

In this subsection, we present how we constrained the
halo properties using the above measured ESDs. There are
!ve free parameters in our !tting process: host halo mass
( Mlog h), concentration (c), off-center distance (Rsig), subhalo
mass ( Mlog sub), and subhalo fraction ( fsub). We apply emcee

(http://dan.iel.fm/emcee/current/) to run a Monte Carlo
Markov Chain (hereafter MCMC) to explore the likelihood
function in the multidimensional parameter space.14

We assume a Gaussian likelihood function using a
covariance matrix built from bootstrap sampling,

$ 2 � � � ��( ! ) (( ) ( )) ( )X X XD C Dln 0.5 20T
model

1
model

where X is the ESD data vector, Dmodel is the model, and �C 1 is
the inverse of the covariance matrix.2 denotes the parameters
in the model.
In order to minimize the prior in"uence, we use broad "at

priors for all !ve parameters. We set the halo mass range for
each !tting mass bin to be [12.0, 16.0], concentration range
[1.0, 20.0], Rsig range [0.0–1.0], and fsub range [0.0–1.0]. The
only physical assumption on the prior is that � �M10.0 log sub

�Mlog 0.3h . The lower limit for Mlog sub is set since below
this, its ESD signal can be ignored. As we have seen in
Figure 2 that the BCGs are the best tracers of the halo centers,
we focus only this set of ESD measurements.
Figure 5 is an example of marginalized posterior distribu-

tions of the !ve parameters for ESDs in the M1 sample after an
MCMC process. Within these !ve free parameters, we see only
the host halo mass Mlog ,h and the off-center distance Rsig can
be well constrained, while the concentration c is quite strongly
correlated with the off-center distance Rsig. The constraints on
the subhalo fraction and subhalo mass are very weak.
We show in Figure 6 the best-!tting results for the groups

separated into the four different halo mass bins as well as the
ESD contributions for the different mass components. In the
mass and radius ranges we consider, the subhalo and two-halo
term contributions are quite negligible. This is also the reason

Figure 4. Left panel: the black line is the theoretical prediction of the ESD pro!le with � �R h0.05 Mpcsig
1 , while the dashed line and the dotted–dashed line are the

ESD pro!les with �R 0.1sig and �h0.2 Mpc1 , respectively. The three vertical lines denotes the Rsig values. Right panel: the model we adopt to describe the lensing
ESD pro!le. The dashed, dotted, dotted–dashed, and blue dashed lines are the contributions from an off-centered NFW pro!le with � �R h0.1 Mpcsig

1 , the subhalo,
the stellar mass of the galaxy under consideration, and the two-halo term, respectively. The black solid line is the combined pro!le.

14 emcee is an MIT-licensed pure-Python implementation of Goodman &
Weares Af!ne Invariant Markov Chain Monte Carlo Ensemble sampler.
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why we cannot place tight constraints on the subhalo fraction
and subhalo mass. The contribution of the stellar mass of the
BCG is only important at very small scales. Thus, the observed
ESDs in this study can mainly provide us with the constraints
on the host halo properties.

Table 3 lists the best-!t parameters for groups in different
mass bins. As we have seen from the likelihood distribution of
parameters in Figure 5, we can have a fairly good constraint on
the halo mass of the group samples. However, if we compare
the halo masses obtained from the ESDs with those obtained
from the group catalog (c.f. Table 1), they are roughly
underestimated by 0.1 to !0.2 dex. We will discuss this
discrepancy in the following section. The overall off-center
distances for our BCGs are quite small, assuring that BCGs are

indeed good tracers of halo centers. On the other hand, the
concentrations of the halos seem to be somewhat larger than
the theoretical predictions (e.g., Zhao et al. 2009). However,
since the concentration c and the off-center distance Rsig are
quite tightly correlated, if we adopt the lower value of Rsig, the
concentration c will drop signi!cantly as well.
Listed in Table 4 are the best-!t parameters for the groups

that are separated into the high and low X-ray luminosity
subsamples. Although due to the smaller number of lens
systems the error for each data point for our X-ray subsamples
is somewhat larger and thus the constraints on the !ve
parameters are somewhat weaker, we do see the prominent
feature of the halo masses of the high X-ray luminosity
subsamples being higher than their low luminosity counterparts

Figure 5. The marginalized posterior distributions of the !ve free parameters for the lowest mass bin groups. The blue stars (blue solid lines) denote the median value
of each distribution. The two contour levels correspond to the 68% and 95% con!dence levels, respectively.
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Abstract

In this second paper in a series studying galaxy–galaxy lensing signals using Sloan Digital Sky Survey Data
Release 7 (SDSS DR7), we present our measurement and modeling of the lensing signals around groups of
galaxies. We divide the groups into four halo mass bins and measure the signals around four different halo-center
tracers: brightest central galaxies (BCGs), luminosity-weighted centers, number-weighted centers, and X-ray peak
positions. For groups cross-identi!ed in both X-ray and SDSS DR7, we further split the groups into low and high
X-ray emission subsamples, both of which are assigned to two halo-center tracers, BCGs and X-ray peak positions.
The galaxy–galaxy lensing signals show that BCGs, among the four candidates, are the best halo-center tracers.
We model the lensing signals using a combination of four contributions: the off-center NFW host halo pro!le,
subhalo contribution, stellar contribution, and projected two-halo term. We sample the posterior of !ve parameters,
i.e., the halo mass, concentration, off-centering distance, subhalo mass, and fraction of subhalos, via a Monte Carlo
Markov Chain (MCMC) package using the galaxy–galaxy lensing signals. After taking into account the sampling
effects (e.g., Eddington bias), we found that the best-!t halo masses obtained from lensing signals are quite
consistent with those obtained in the group catalog based on an abundance matching method, except in the lowest
mass bin.

Key words: galaxies: clusters: general – gravitational lensing: weak

1. Introduction

Modern galaxy formation theory suggests that dark matter
halos form !rst, providing gravitational potential for galaxies to
form. The mass of dark matter halos is thus a critical quantity to
understand galaxy formation and constrain the cosmological
parameters. There are many methods that can be used to
constrain halo mass in observations. The luminosity of the
X-ray emission from the intracluster medium due to thermal
bremsstrahlung is scaled with the dark matter halo mass
assuming a hydroequilibrium state of the gas (Pratt et al. 2009).
The Sunyaev–Zeldovich (Sunyaev & Zeldovich 1972) effect,
i.e., the inverse Compton scattering between the high-energy
electrons from clusters and the CMB photons, is another
indicator of cluster mass (Bleem et al. 2015).

Clusters are optically selected from large photometric galaxy
surveys with large sky coverages and large redshift ranges and
assigned with dark matter halo masses. Based on SDSS, SDSS-C4
(Miller et al. 2005) and RedMaPPer (Rykoff et al. 2014) select
clusters using photometric data alone, whereas the MaxBCG
sample (Koester et al. 2007) adds spectroscopic redshift as extra
information in the selection criteria. All of those samples use an
empirical scaling relation between the effective number of member

galaxies (richness) and halo mass, a.k.a. the richness–mass relation,
to assign halo masses to clusters. Such methods are mainly
applicable to very massive clusters and need to be scaled with
additional measurements.
Based on spectroscopic redshift surveys, galaxy groups can

be extracted from halos of much lower mass either by the
traditional friends-of-friends (FOF) method (e.g., Eke
et al. 2004) or by a sophisticated adaptive halo-based group
!nder (e.g., Yang et al. 2005, 2007, hereafter Y07), which is
more reliable in their membership determination. From the
group catalogs, a wide variety of mass estimation methods have
been developed. Y07 applied a luminosity ranking and stellar
mass ranking method to estimate the halo mass. For poor
systems, Lu et al. (2015) introduced an empirical mass
estimation method applying the gap between the brightest
central galaxy (BCG) luminosity and the satellite luminosity.
By assuming a Gaussian velocity distribution, satellite kine-
matics (van den Bosch et al. 2004) measure the dynamical mass
of galaxy groups. Similarly, galaxy infall kinematics (Zu &
Weinberg 2013; Zu et al. 2014) can also be used to constrain
the halo mass.
Weak gravitational lensing signal, though statistical in

nature, is considered to be another powerful tool to study the
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The cosmological parameters adopted by this simulation are
consistent with theWMAP9 results (Hinshaw et al. 2013; which
are very similar to the WMAP7 results as well), and each
particle has a mass of q �

:h M3.4 108 1 . Dark matter halos are
identi!ed using the standard FOF algorithm with a linking
length that is 0.2 times the mean interparticle separation. The
mass of halos, Mh, is simply de!ned as the sum of the masses
of all the particles in the halos, and we remove halos with fewer
than 20 particles.

Using the true halos in the simulation, we mimic the halo
mass estimation uncertainty in the groups as follows. First, we
add to each halo mass a Gaussian scatter with !!=!0.3 in log
space. Next, we rank all of the resulting halos and match them
with the halo mass function model prediction (Tinker
et al. 2008) assuming a WMAP7 cosmology to assign each
halo a new mass. Thus, assigned halo masses are referred to as

the group masses MG. Following the same mass selection
criteria used for our galaxy–galaxy lensing studies, we separate
the groups (halos) into four samples. From these four samples,
we estimated both the average group massMG and the true halo
mass Mh. The resulting group versus true halo mass relation is
shown in the left panel of Figure 7. Obviously, the data points
are off from the diagonal dotted line at about the 0.1 dex level,
which illustrates a bias between these two halo masses. We use
a solid line to !t the data points, which can be used to roughly
account for the Eddington bias in our weak galaxy–galaxy
lensing studies.
Shown in the right panel of Figure 7 is the average group

mass obtained in Y07 versus the halo mass estimated from the
galaxy–galaxy lensing signals in our study. For all group
samples, after taking into account the Eddington bias, i.e.,
comparing to the solid line, the data in the three massive group

Table 4
Posteriors of the Parameters We Fitted to Our High and Low X-Ray Luminosity Subsamples

Mass Bin Centers+X-ray Mlog h c Rsig Mlog sub fsub

13.0–13.5 BCG+high �
�13.20 0.08

0.08
�
�11.11 3.61

2.79
�
�0.18 0.09

0.07
�
�12.06 1.95

0.52
�
�0.61 0.31

0.27

BCG+low �
�12.89 0.13

0.13
�
�9.75 3.60

3.79
�
�0.11 0.08

0.17
�
�11.81 2.25

0.58
�
�0.63 0.35

0.25

X-ray+high �
�13.19 0.08

0.09
�
�10.86 3.63

2.93
�
�0.17 0.10

0.07
�
�11.82 2.25

0.68
�
�0.58 0.34

0.29

X-ray+low �
�12.89 0.13

0.13
�
�9.72 3.52

3.75
�
�0.11 0.08

0.19
�
�11.88 2.15

0.53
�
�0.51 0.34

0.32

13.5–14.0 BCG+high �
�13.59 0.10

0.16
�
�6.80 1.51

2.51
�
�0.06 0.04

0.08
�
�11.11 2.09

1.37
�
�0.49 0.33

0.34

BCG+low �
�13.33 0.09

0.12
�
�11.28 2.43

2.37
�
�0.04 0.03

0.05
�
�10.96 2.03

1.52
�
�0.52 0.34

0.32

X-ray+high �
�13.58 0.10

0.12
�
�6.87 1.61

3.01
�
�0.09 0.05

0.07
�
�10.70 1.82

1.52
�
�0.48 0.35

0.34

X-ray+low �
�13.34 0.10

0.12
�
�11.29 2.54

2.39
�
�0.04 0.03

0.06
�
�10.99 2.01

1.49
�
�0.53 0.35

0.32

14.0–above BCG+high �
�14.05 0.11

0.17
�
�7.24 1.33

1.71
�
�0.04 0.02

0.05
�
�11.86 2.58

1.30
�
�0.51 0.32

0.32

BCG+low �
�13.81 0.16

0.18
�
�10.36 3.72

3.07
�
�0.05 0.03

0.15
�
�12.67 2.80

0.68
�
�0.69 0.37

0.23

X-ray+high �
�14.01 0.08

0.14
�
�7.17 2.29

4.85
�
�0.23 0.18

0.12
�
�12.62 2.42

0.67
�
�0.56 0.30

0.29

X-ray+low �
�13.82 0.16

0.18
�
�9.88 3.72

3.37
�
�0.07 0.05

0.17
�
�12.83 2.69

0.55
�
�0.70 0.30

0.29

Figure 7. Left panel: the average group mass vs. the true halo mass for those groups whose mass estimation has an uncertainty of about 0.3 dex. The solid line, with
� � �M Mlog 0.9858 log 0.07168h G , shows the best-!t results, while the dashed line is the one-to-one relation. Right panel: the average group mass estimated using

the luminosity ranking in Y07 vs. the halo mass estimated using the galaxy–galaxy lensing signals. The black dots are the results from all of the groups binned in the
four group mass bins. The red and blue dots are for the high X-ray luminosity subsamples and low X-ray luminosity subsamples, respectively. The solid line is the
same as the one in the left panel.
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Weak Lensing beyond LCDM

• Interaction between Dark Matter & Dark Energy 

• Emergent gravity fails to explain the color dependence of 
galaxy-galaxy lensing from SDSS Dr7 

• Galaxy-galaxy lensing as a test of General Relativity
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Abstract

We combine constraints from linear and nonlinear scales, for the !rst time, to study the interaction between dark
matter (DM) and dark energy (DE). We devise a novel N-body simulation pipeline for cosmological models
beyond !CDM. This pipeline is fully self-consistent and opens a new window to study the nonlinear structure
formation in general phenomenological interacting DE models. By comparing our simulation results with the
SDSS galaxy–galaxy weak lensing measurements, we are able to constrain the strength of interaction between DE
and DM. Compared with the previous studies using linear examinations, we point to plausible improvements on
the constraints of interaction strength by using small-scale information from weak lensing. This improvement is
mostly due to the sensitivity of weak lensing measurements on nonlinear structure formation at low redshift. With
this new pipeline, it is possible to look for smoking gun signatures of DM–DE interaction.

Key words: cosmology: observations – cosmology: theory – dark energy – dark matter – gravitational lensing:
weak – methods: numerical

1. Introduction

The current standard cosmological model, !CDM model, is
widely accepted in explaining various astronomical observa-
tions (Begeman et al. 1991; Persic et al. 1996; Perlmutter et al.
1998, 1999; Riess et al. 1998; Chemin et al. 2011; Planck
Collaboration et al. 2016). However, recently some observa-
tional tensions have been reported if the universe is described
by the !CDM model. It was found that there is about 3!
mismatch for the Hubble constant inferred from the cosmic
microwave background (CMB) measurements and from the
direct local observations if the !CDM model is assumed (Riess
et al. 2011, 2016). Besides, the Baryon Oscillation Spectro-
scopic Survey experiment showed that there is a 2.5! deviation
from the !CDM model in the measurement of the Hubble
constant and angular distance at an average redshift z!=!2.34
(Delubac et al. 2015). Furthermore, a “substantial discordance”
at the level of 2.3! was obtained between the weak lensing data
taken from a 450!!!deg2 observing !eld of the Kilo Degree
Survey and the Planck 2015 CMB data (Hildebrandt et al.
2017) if the !CDM model is supposed. Besides observational
challenges, the !CDM model faces serious theoretical
problems, such as the cosmological constant problem (Wein-
berg 1989) and the coincidence problem (Zlatev et al. 1999).
This motivates us to !nd some more viable models to describe
our universe.

In the framework of Einstein gravity, nearly 95% of the
universe content is composed of dark matter (DM) and dark
energy (DE). From the !eld theory point of view, it is a speci!c
assumption that DM and DE live independently in the universe.
More naturally we can consider some interactions between
these two biggest components. The interaction between DM

and DE has been discussed extensively in the literature, for a
recent review please see Wang et al. (2016) and references
therein. It is interesting to !nd that appropriate interaction
between dark sectors can relieve discordances in observations
as previously inferred from the !CDM model (Costa et al.
2017; Ferreira et al. 2017; An et al. 2018). Moreover, the
coincidence problem can be alleviated if there is a proper
interaction between DM and DE (He et al. 2011).
The in"uence of interacting dark energy (IDE) models on the

background dynamics and the linear perturbation evolutions in
the universe has been studied extensively, see the review of
Wang et al. (2016) and the references therein. In the nonlinear
regime, N-body simulations are essential to understanding the
structure formation and evolution. A preliminary attempt on the
N-body simulation by considering quintessence DE interacting
with DM was proposed in Baldi et al. (2010) and Baldi
(2011a), where the initial condition in the simulation was
naively taken from the !CDM model and the DE perturbation
was not consistently computed at different scales and redshifts.
For general phenomenological IDE models, self-consistent N-
body simulations are still lacking.
In this Letter, we devise a novel cosmological N-body

simulation pipeline for cosmological models beyond !CDM.
We consider self-consistent initial conditions for IDE models
and include DE distributions from directly solving perturbation
equations. We do not limit the DE in the quintessence region
and consider general DE "uid phenomenologically interacting
with DM. We apply our simulation pipeline to four types of
IDE models (Wang et al. 2016; Costa et al. 2017) and try to
explore the physics in the structure formation when there are
interactions between dark sectors. With this self-consistent and
effective pipeline, we open a new window to precisely study
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their particles to measure the ESD. The systematics introduced
by photometric redshift is about 2.5%–2.7% estimated based
on Equation (24) in Mandelbaum et al. (2005). About 5% of
the galaxies are satellites according to Cacciato et al. (2009),
the contribution to the ESD is roughly about 4% at �h300 kpc1

to 10% contribution to the maximum at �h1000 kpc1 . These
uncertainties and bias are neglected for the analysis below
because they are too small to affect our !nal results.

The weak lensing measurements and simulation predictions
of each cosmological model are shown in Figure 2. By
comparing the ESD curves from the 2563 and 5123 simulations,
we !nd that the 2563 results converge to the 5123 ones with a
level of <5% at r!>!600 kpc for all three cosmological models
(LCDM, IDE_I, and IDE_II). Therefore, we expect that the
ESD curves from the 5123 simulations shown in Figure 2
should have a convergence level of <5% at r!>!300 kpc for all
models. We !nd that the measured data points are system-
atically lower than the prediction from the !CDM model
shown by the black dashed line, which is mainly due to the
Eddington bias (Luo et al. 2018). The Eddington bias comes
from the incorrect estimation of the halo mass using the galaxy
luminosity or other indicators. The incorrect estimation will
mistakenly identify lower mass halos as higher mass halos, thus
contaminate the ESD signal. We corrected the Eddington bias
by assuming a 0.3 dex scatter in mass–luminosity relation
following Luo et al. (2018), shown as the solid lines. We have
tested that the Eddington bias introduced in Luo et al. (2018) is
similar for IDE models by using the halo catalogs from our
simulations. The shaded area represents the dispersion due to
!nite width of redshift bin. The groups of galaxies we selected
locate at different redshifts, central at z!=!0.15 (range
0.01!<!z!<!0.2). Thus, the uncertainty due to the redshift

difference was also taken into account in our analysis. We
estimate the redshift bin by measuring the ESD signal from
simulation snapshots at z!=!0.1 and z!=!0.2 separately. The
solid lines show the central value of the shaded area with the
same colors. Even with such conservative treatments, it is still
quite clear that IDE_I and IDE_II are not favored by the SDSS
galaxy–galaxy weak lensing data, even though these two IDE
models are well constrained by PBSH. Therefore, tight
constraints from comparing our simulations with observational
galaxy–galaxy lensing signals are expected.

6. Constraints

We estimate the constraints from galaxy–galaxy lensing
signals by assuming that the ESD signal deviation from the
!CDM model in logarithmic space is linearly proportional to
the interaction strength. We have tested that the above
assumption is not signi!cantly affected by the choice of
logarithmic space or linear space. We have also tested that such
an assumption is reasonably accurate using multiple simula-
tions with different parameters. The likelihood is constructed as
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Here Ri denotes the measured !ve data points, !z!=!0.288
times the width of the shaded area, representing the uncertainty
due to the !nite width of the redshift bin, and !obs is the error
estimated from the lensing signal. We show the likelihood from
our comparison in Figure 3. Comparing to the linear constraints
given by Costa et al. (2017) shown in dashed lines, the
constraints from our SDSS galaxy–galaxy weak lensing

Figure 2. ESD measured from IDE_I, IDE_II, and !CDM (LCDM) model
simulations is shown in red, orange, and black respectively. The shaded regions
show the ESD range between z!=!0.1 and z!=!0.2, which illustrate the redshift
uncertainty. The solid (dashed) lines show the results with (without) the
Eddington bias corrections. The !CDM model is clearly more favored by the
SDSS galaxy–galaxy weak lensing data (SDSS-WL) than IDE_I and IDE_II.
Because IDE_III and IDE_IV results are almost identical to !CDM, we hide
them for a better illustration.

Figure 3. Constraints of "2 are shown in red (orange) lines for IDE_I (IDE_II).
The dashed lines show the constraints from Planck 2015, Baryonic Acoustic
Oscillation, SNe Ia, and H0 observations, labeled PBSH in short. The solid
lines show the combined constraints from PBSH and SDSS galaxy–galaxy
lensing. The improvement for IDE_I and IDE_II is huge. The 1" lower bound
for IDE_I is "2!=!!0.0105, while the 1" upper bound for IDE_II is
"2!=!0.0286. Comparing to PBSH only, the improvement of constraints is
"1250% for IDE_I and "260% for IDE_II.
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Emergent Gravity Failure



Test of GR in f(T) frame work



Test of GR in f(T) frame work



Conclusion
• Weak lensing requires high precision shape measurements 

and bias calibration


• HSC-SSP as precursor of LSST provides valuable 
experience for time domain survey as well as weak lensing 
measurements and calibration.


• Weak lensing studies in LCDM: halo mass estimation, sub 
halo measurements(future work)


• Weak lensing as a probe of non-LCDM: interacting dark 
matter and dark energy, Emergent Gravity failure on galaxy-
galaxy lensing, and galaxy-galaxy lensing as a test of GR


