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Mass distribution in halos

  2.5cm100 kpc/h

The dark matter structure of CDM halos

A rich galaxy cluster halo
      Springel et al 2001

A 'Milky Way' halo
   Power et al 2002

Density profile of dark matter halos is universal, parameterized with a single 
parameter - concentration (Navarro, Frenk and White 1997)                                                         

concentration = virial radius / scale radius    

concentration and mass are related   



• Presence of baryons alter DM 
distribution 

• What is the total mass 
(DM+baryons) distribution?  

• What is the distribution of dark 
matter in the inner regions? 

• What is the concentration-mass 
relation?

Mass distribution in halos
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The dark matter structure of CDM halos
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Galaxy groups with strong lensing

• Strong lensing probes the central few kilo 
parsecs where baryons are expected to 
affect dark matter  

Hubble Space Telescope

5kpc



Concentration-Mass relation
Luminous and dark matter profiles from galaxies to cluster scales 15

Fig. 9.— Left: Halo masses and concentrations normalized to z
0

= 0.36. Colored contours show the 68% credible regions for individual
lenses. The thick black ellipse shows our hierarchical inference for the mean halo mass and concentration of the group lenses and their ±1�
uncertainty. The thin ellipse represents our estimate of the underlying halo population after accounting for our selection in Einstein radius.
These are compared to the theoretical relations indicated in the lower caption. Dotted black lines indicate the ±1� scatter in log c

200

from
Dutton & Macciò (2014). Contours of ✓

Ein

are derived from our halo occupation model (Section 9.1; these are insensitive to details of the
stellar distribution for ✓

Ein

& 200.) Right: Comparisons to published MCR constraints around ' 1014 M�. The individual Oguri et al.
(2012) lensing measurements and the Buote et al. (2007) X-ray data are binned to produce the blue and gray squares, respectively. Both
the stack of the full Foëx et al. (2014) weak lensing sample (solid red circle) and their stacks in three bins of arc radius RA (red error bars)
are shown: from low to high c

200

, 200 < RA < 3.005, 3.005 < RA < 5.005, and 5.005 < RA < 2000.

straints are broad for individual lenses, primarily due to
the uncertainties in the satellites’ velocity dispersion and
hence M

200

. Therefore, we combine results from the 8
groups using a hierarchical Bayesian method that allows
us to infer the mean hlogM

200

i, the mean concentration
hlog c0

200

i at M

200

= 1014 M�, and the intrinsic scatter
in both distributions. The mathematical details of this
framework are given in Appendix B.
The resulting constraints are hlogM

200

i = 14.0 ± 0.1
and hlog c0

200

i = 0.70±0.07 (thick black ellipse in the left
panel of Figure 9). This mean concentration is entirely
consistent with the theoretical expectation for unmod-
ified NFW halos derived by Dutton & Macciò (2014),
who predict a mean log c

200

= 0.67 at logM
200

= 14 and
z = 0.36. This concentration is slightly higher than some
earlier theoretical MCRs, which Dutton & Macciò (2014)
attribute to their use of the Planck Collaboration et al.
(2014) cosmological parameters. To illustrate the di↵er-
ence compared a theoretical MCR based on the WMAP5
cosmology, Du↵y et al. (2008) found log c

200

= 0.56 at
the same mass and redshift when considering all halos
and log c

200

= 0.62 when restricting to the relaxed ones.
We also find that the intrinsic dispersion in concentra-
tions, �

log c0 = 0.14 ± 0.07, is consistent with the range
predicted in CDM simulations.
Lens selection can have an important e↵ect on the con-

centrations of a sample. The selection function of surveys
that search for strong lenses is complex, but the Ein-
stein radius ✓

Ein

is the single most important variable
(e.g., Gavazzi et al. 2014). As Figure 9 shows, contours
of constant ✓

Ein

are diagonal in the mass–concentration
plane. This implies that selecting lenses within a par-
ticular range of ✓

Ein

(or with a non-uniform weighting)
will lead to biases in the slope and intercept of the MCR
relative to that of the underlying halo population, un-
less the selection is taken into account. We estimate this
e↵ect using a halo occupation model. The details are in-
troduced in Section 9.1, but for the present purpose it is

su�cient to consider ETGs residing in a cosmological dis-
tribution of halos following the Dutton & Macciò (2014)
MCR. From such a mock sample, we weight galaxies to
match the distribution of ✓

Ein

in our group lens sample
and compute the mean halo mass and o↵set from the
MCR. We find hlogM

200

i = 14.0, in agreement with our
dynamical measurement, and h� log c

200

i = 0.11.11 In
other words, lenses with 2.005 < ✓

Ein

< 5.001 follow a mass–
concentration relation that is somewhat o↵set from that
of the parent ETG population. Applying this estimated
correction to our inference for the group lenses yields
hlog c0

200

i = 0.59±0.07 for the mean concentration of the
underlying halo population at M

200

= 1014 M�, which is
shown by the thin ellipse in Figure 9.
This correction for the Einstein radius selection has

the same magnitude as the di↵erences among current
theoretical MCRs (' 0.1 dex). We conclude that,
within the present uncertainties, our group-scale lenses
have a mean concentration consistent with unmodified,
cosmologically-motivated halos.

7.1. Comparison to Published Concentrations

Since the concentrations of groups and low-mass clus-
ters are contentious, here we briefly compare our results
to other studies. We include only those that extend as
low as M

200

' 1014 M�, convert published masses and
concentrations to our overdensity definition, and evolve
concentrations to z

0

= 0.36 using the scaling described
above. Since selection e↵ects will prove to be important,
it is useful to have a model for the relative numbers
of strong lenses having di↵erent Einstein radii. More
et al. (2012) showed that the image separation distri-
bution (ISD) roughly follows dP/d✓ / ✓

�2.8 for image
separations ✓ ' 2✓

Ein

= 300 � 3000.

11 Here we populate NFW halos with galaxies having a Salpeter
IMF, but variations to the IMF and inner DM profile, described in
Section 9.1, a↵ect this correction only at the ' 0.03 dex level.

Newman et al. 2015

11

the M(N200) relation, which becomes shallower by 1.5σ.
This result is as expected from [46]: the broad bins are
most problematic at the highest mass end, where they
reduce the best-fit mass. Since we are not fitting the
bins for masses individually, but rather are fitting for a
power-law relation, the exponent of this relation is con-
sequently reduced. Given the size of this shift, and the
fact that our narrower bins used for the main analysis
should contain mass distributions less than an order of
magnitude wide, we do not ascribe significant systematic
error in the concentration-mass relation to the default
bin size.

Finally, because of potential centroiding systematics in
the maxBCG lensing sample that should not be present
for the lower luminosity or LRG samples, we performed
the fits without the maxBCG samples entirely. In that
case, we find that β is quite poorly constrained, so we fix
it to 0.1 and compare against fit 8 in Table II, which also
has β = 1 and only differs in that it includes the maxBCG
sample. In this case, we find the best-fit c0 = 4.7 ± 0.7,
entirely consistent with the results in the table. This
result suggests that our choice of minimum fit radius has
minimized systematic error due to maxBCG centroiding
errors to be well within the statistical error.

B. Concentration-mass relation

In Fig. 5, we show the best-fit c(M) relation from
fit 2, with a 1σ error region defined by the fits to
fifty bootstrap-resampled datasets. As shown, the
concentration-mass relation is best constrained from
1013–1014h−1M⊙, due to the interplay between higher
mass increasing the lensing signal versus higher mass
meaning a lower number density (and therefore higher
measurement error). We emphasize that this is the c(M)
relation at z ∼ 0.22, so in the simplest approximation of
no mergers, the normalization at z = 0 should be higher
by about 20 per cent. As shown, the range dominated by
the ∼ L∗ samples (1012h−1M⊙) yields a concentration of
10±3, as expected theoretically. At 6×1014h−1M⊙, the
top end of the maxBCG sample, the constraint is 4±1. A
constant concentration-mass relation is just barely per-
mitted at the 2σ level. The red points on the plot are the
best-fit concentrations and masses for the individual lens
samples when we fit for c and M for each one without re-
quiring a power-law c(M) relation. The consistency with
this power-law indicates that within the errorbars, the
c(M) power-law is indeed a good fit to the data.

C. Comparison against previous observations

We can compare these results to our previous lensing
results based solely on the LRG sample [42]. In that
case we found c200b = 5.2 ± 0.6 at the pivot mass of
∼ 5× 1013h−1M⊙, with weak constraints on the slope of
the mass concentration relation given the narrow mass

FIG. 5: The best-fit c(M) relation at z = 0.22 with the 1σ
allowed region indicated. The red points with errorbars show
the best-fit masses and concentrations for each bin when we
fit them individually, without requiring a power-law c(M) re-
lation. The blue dotted lines show the predictions of [39] for
our mass definition and redshift, for the WMAP1 (higher) and
WMAP3 (lower) cosmologies. The prediction for the WMAP5
cosmology falls in between the two and is not shown here.

range traced by LRG halos. This number is in good
agreement with our fiducial value c200b = 4.7 ± 0.7 at
1014h−1M⊙, which gets increased by 10 per cent when
going to the lower LRG masses. The LRG sample is one
of the three samples used here and we follow essentially
the same analysis, so the agreement is to some extent
expected.

Next we compare our results against the weak lensing
determination of c(M) in [45], which differs from ours in
several notable points: (1) we use the maxBCG sample
to cover the range of masses from 0.8 to 6× 1014h−1M⊙,
whereas they use a proprietary version of the catalog that
extends roughly 1.5 orders of magnitude lower in mass;
(2) we include several additional mass tracers extending
the halo mass range a factor of ∼ 10 lower than in [45]
with very different selection criteria; (3) we avoid scales
that are affected significantly by BCG centroiding prob-
lems, rather than using a correction procedure derived
from mock catalogs; and (4) the photometric redshifts
that they use to determine source redshifts and therefore
normalize the lensing signal suppress the lensing signal
by ∼ 15–20 per cent [91].

In their table 10, they show fit results for power-law
relations between mass and richness, and concentration
and richness. We consider their result for M180b, which
should differ from our results with M200b by only a few
per cent. At N200 = 20, they find a best-fit mass of

Mandelbaum et al. 2008

Stacked WL of galaxy groups Strong lensing galaxy groups
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Figure 1. The spectrum of the SA19 lensing arc from our Gemini GNIRS spectroscopic follow-up observation. Left: CFHTLS g-band of
SA19 showing the slit position over arc. Middle and right: Observe spectrum of arc, blue lines are identified, e.g., O[III] �5008.24Å, H↵
�6564.21Å which are shifted at z = 2.549 The error on the spectrum is shown with the shaded region (grey) along the spectrum. The
vertical bars (grey) shown in all panels indicate absorption features probably due to telluric contamination.

Figure 2. The most promising group-lensing samples CFHTLS imaging (rank > 3.0) at intermediate-high redshift (0.4 & z & 1.0)
selected from (More et al. 2012). The color composites (g-r-i) are SA6, SA12, SA14, SA19, SA50, SA72, SA97, SA100, SA112, and
SA123. White markers, A, B, and G are correspond to a scale of 1.00, arc, counter, and lens galaxy.

2.3 Photometric redshifts

More et al. (2012) has reported the photometric redshifts
for the group sample. In this section, the photometric red-
shifts (z

phot

) were estimated for both the lens and the lensed
galaxy. We estimated our 4 group samples z

phot

using mag-
nitudes of the brightest galaxy populating the strong lensing
deflector. The photometry of these galaxies was performed in
all CFHTLS bands (u, g, r, i, z) using the GALFIT (Peng et al.
2002, 2010). The lens galaxies is modelled with a Sérsic pro-
file (with synthetic PSF from the mean seeing of the obser-
vation) with i-band as reference (positions, axis ratio, Sérsic
index, e↵ective radius, position angle). The lens galaxy could
be contaminated by close and bright arcs (biasing the pho-
tometric redshift), so we masked the arcs when measured
the magnitudes.

For the magnitudes of the arcs, we used lens galaxy-
subtracted residual from GALFIT. We employed polygonal

apertures to obtain more accurate flux measurements of the
selected arcs. The vertices of the polygons for each arc were
determined using the IRAF task polymark, and the magni-
tudes inside these apertures were calculated using the IRAF
task polyphot.

We used LePHARE (Arnouts et al. 1999; Ilbert et al. 2006)
to estimate photometric redshift of the lens galaxy (stellar
mass also) and the arcs. LePHARE is template-based fitting
code within template SEDs together with a filter set are
used to determine a set of model magnitudes used in the
photometric redshift calculation. These are then compared
to the observed magnitudes using a �2 minimisation in order
to compute the redshift of an object (see subsection 3.1).
We use 5-band ugriz photometry in the CFHTLS filters for
photometric redshift estimation.

It is important to stress that the computed redshifts for
the arcs have a substantial uncertainty. We fitted probability

c� 2016 RAS, MNRAS 000, 1–13

SARCS lenses
SARCS lens sample :  Over 100 lens candidates discovered 
from CFHT Legacy Survey (AM et al. 2012)

• Measure strong lensing mass ~ 10s Kpc  

• Measure optical richness-based mass ~ 100s Kpc 

3”
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Table 5. Summary of the lens modelling.

Name Lens Model Einstein radius Ellipticity External Shear �2
red

ME

✓E (arcsec) e ✓e (deg) � ✓�(deg) (1012h�1M�)

SA6 2SIE 3.77±0.94 ... ... ... ... 1.65 2.48± 1.24
SA12 SIE+� 3.48±0.17 0.11 87.50 0.144 84.48 1.34 2.57± 0.26
SA14 SIE+SIS+� 2.84±0.14 ... ... ... ... 2.44 1.12± 0.12
SA19 SIE+� 1.94±0.49 0.48 43.37 0.072 0.14 1.89 1.26± 0.63
SA50 SIE+� 6.63±0.33 0.37 80.28 0.009 4.48 1.56 6.89± 0.69
SA72 3SIE+SIS 4.12±0.21 ... ... ... ... 1.26 9.25± 0.93
SA97 NFW 8.29±2.07 ... ... ... ... 1.62 9.44± 4.72
SA100 SIE+NFW 10.45±2.61 ... ... ... ... 1.66 20.50± 10.67
SA112 SIE+� 3.10±0.78 0.53 �49.41 0.055 �46.86 2.69 1.65± 0.82
SA123 SIE+� 3.38±0.17 0.17 �81.56 0.017 73.85 2.03 2.69± 0.27

Figure 4. Einstein radius (✓E ) as a function of halo mass (M200m). Lens samples, CSWA (green circles) and SGAS (magenta triangles),
are shown assuming zs = 2 whereas SARCS (squares) are independent of the redshift assumption. Unless stated otherwise, all the
expected distributions shown in the panels are assuming an NFW profile for a concentration c200m = 6, source redshift zs = 2 and lens
redshift zl = 0.63. The left and right panels show the variations with source and lens redshifts, respectively. Changing the concentration
by a factor of 2 (c200m = 12, dashed curve in the right panel) a↵ects the Einstein radius the most, particularly, at lower masses. We also
show that SA14 and SA97, if we used the redmapper masses instead, move closer to the predictions (faded enlarged squares).

(dashed-dotted, solid, dotted and dashed curves in the right
panel) spanning typical ranges to illustrate their e↵ects on
the expected ✓E as a function of M200m.

The CSWA and SGAS samples appear correlated and
are consistent with the predictions unlike the SARCS sample
which seem to have much smaller Einstein radii given the
halo masses. However, since the Einstein radii inferred from
lens modelling of SARCS sample are more robust, we think
that the systems, with small ✓E , probably have masses lower
than expectation. Either this e↵ect is real which suggests
higher concentrations or the halo masses are biased. If it
is the latter, then there are two possible explanations and
we think a combination of both are responsible. First, since

redmapper based richness was not run on CFHTLS data,
we had to use a di↵erent method to obtain ithe richness
and thus, the masses. This introduces systematic di↵erences
between halo masses of SARCS when compared to CSWA
and SGAS lenses. We compared the halo masses of about
100 low-redshift clusters which are common to CFHTLS and
SDSS and found no systematic bias between them although
the masses showed a large scatter of nearly a magnitude (see
Figure 5).

Second, F15 used the 3D-matched filtering technique to
infer the richness which was then calibrated using stacked
weak lensing shear and magnification data to determine
the mass-richness relation. Therefore, the masses of individ-

c� 2016 RAS, MNRAS 000, 1–16

Einstein Radius - Mass distribution

Jaelani, AM, et al. 2018 
in prep.
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Table 6. Properties of the SGAS and CSWA lens samples

Name zl zs ✓E ME R200m M200m Ref.
(arcsec) (1012h�1M�) (h�1Mpc) (1014h�1M�)

SDSS J0851+3331 0.370 1.693 21.60 61.22± 12.47 1.71± 1.07 7.75± 1.92 O12
SDSS J0915+3826 0.397 1.501 9.80 14.09± 3.74 1.61± 1.01 6.94± 1.72 O12
SDSS J0957+0509 0.448 1.820 5.20 4.24± 0.82 1.14± 0.71 2.82± 0.70 O12
RCS2 J1055+5547 0.466 1.250 10.00 19.26± 3.85 1.32± 0.83 4.63± 1.15 O12
SDSS J1115+5319 0.466 2 21.90 76.97± 64.44 1.91± 1.20 14.06± 3.49 O12
SDSS J1152+0930 0.517 2 4.50 3.57± 1.11 1.33± 0.84 3.63± 0.90 O12
SDSS J1152+3313 0.362 2.491 8.70 8.97± 1.86 1.45± 0.91 6.89± 1.71 O12
SDSS J1226+2149 0.435 1.605 14.00 31.05± 15.08 1.92± 1.21 13.20± 3.27 O12
A1703 0.277 2.627 27.40 68.93± 13.58 2.02± 1.27 10.91± 2.71 O12
GHO1320+3155 0.308 2 21.50 48.72± 20.48 1.60± 1.01 6.00± 1.49 O12
SDSS J1343+4155 0.418 2.091 5.40 4.10± 3.24 1.23± 0.78 3.20± 0.79 O12
SDSS J1446+3032 0.464 2 16.80 44.61± 31.50 1.54± 0.97 7.16± 1.78 O12
SDSS J1456+5702 0.484 0.833 13.20 51.23± 10.09 1.50± 0.94 6.86± 1.70 O12
SDSS J1531+3414 0.335 1.096 11.70 18.63± 3.82 1.37± 0.86 3.98± 0.99 O12
SDSS J1632+3500 0.490 2 14.30 34.17± 20.09 1.27± 0.80 4.28± 1.06 O12
EOCL 0.380 2.730 3.29 1.32± 0.66 1.13± 0.71 2.33± 0.58 A13, N15
SDSS J0146�0929 0.440 1.944 11.94 21.52± 2.15 1.62± 1.02 8.06± 2.00 A13
SDSS J0846+0446 0.241 1.425 3.15 0.87± 0.09 1.18± 0.74 2.03± 0.51 A13, N15
SDSS J0854+1008 0.298 1.437 4.16 1.89± 0.95 1.17± 0.73 2.29± 0.58 A13
SDSS J0900+2234 0.489 2.033 7.90 10.36± 1.35 1.23± 0.77 3.92± 0.97 A13
SDSS J0952+3434 0.349 2.190 4.16 2.03± 1.01 1.43± 0.90 4.52± 1.12 A13
CSWA7 0.448 1.411 2.73 1.28± 0.64 1.05± 0.66 2.18± 0.54 A13, N15
SDSS J1147+3331 0.212 1.205 2.52 0.50± 0.05 1.35± 0.85 2.80± 0.69 A13, N15
SDSS J1511+4713 0.452 0.980 4.40 4.23± 2.12 1.13± 0.71 2.81± 0.70 A13
SDSS J2158+0257 0.287 2.081 3.49 1.19± 0.12 1.06± 0.67 1.66± 0.41 A13, N15
SDSS J2222+2745 0.485 2.807 7.96 9.64± 0.96 1.22± 0.76 3.77± 0.94 A13

O12, A13, and N15 correspond to Oguri et al. (2012), Auger et al. (2013), and Newman et al. (2015). SGAS sources without redshifts are set to zs = 2 as

was done in O12.

Figure 6. Projected mass distribution as a function of the radius. Lenses from all three samples are shown with circles both individually
(left) and by stacking them in di↵erent mass bins (right). For comparison, we also show predictions from cosmological hydrodynamical
simulations, Horizon-AGN (black), Horizon-noAGN (purple) and Horizon-DM (dark matter only, blue) at two di↵erent redshifts (z = 0.36
open, z = 0.63 solid) and for two mass bins (triangles and squares).
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SDSS J1147+3331 0.212 1.205 2.52 0.50± 0.05 1.35± 0.85 2.80± 0.69 A13, N15
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SDSS J2222+2745 0.485 2.807 7.96 9.64± 0.96 1.22± 0.76 3.77± 0.94 A13

O12, A13, and N15 correspond to Oguri et al. (2012), Auger et al. (2013), and Newman et al. (2015). SGAS sources without redshifts are set to zs = 2 as

was done in O12.

Figure 6. Projected mass distribution as a function of the radius. Lenses from all three samples are shown with circles both individually
(left) and by stacking them in di↵erent mass bins (right). For comparison, we also show predictions from cosmological hydrodynamical
simulations, Horizon-AGN (black), Horizon-noAGN (purple) and Horizon-DM (dark matter only, blue) at two di↵erent redshifts (z = 0.36
open, z = 0.63 solid) and for two mass bins (triangles and squares).
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Figure 7. Left: Concentrations and masses of the SARCS, SGAS, and CSWA samples by using combined contraints from strong lensing
and mass-richness relation. Red arrows show where c�M will change into transparent box (for SARCS using richness form redmapper)
and open box (for SA72 with zs = 2.0). Predictions for c�M relation from P12 (Prada et al. 2012), DM14 (Dutton & Macciò 2014), and
DK15 are shown by dotted, dashdotted, and dashed, respectively for average redshift z̄ = 0.46. The solid curve shows c�M inferred by
A13 from their full sample. Right: the same as the left panel, but the sample is divided into 3 redshift bins using colossus. To convert
the errors, we simply converted the upper and lower errors on M200m and c200m. Both panels show predictions for c�M relation from
DK15 (solid curves and scatter with dashed) as a function of redshift (red: z = 0.36, black: z = 0.65, blue: z = 0.90).

⇠ 4⇥ 1014h�1M�. In the left panel, we show prediction for
the c�M relation from three di↵erent studies Prada et al.
(2012), Dutton & Macciò (2014) and DK15 determined at
an average redshift of z̄ = 0.46. We find that 1� scatter
of group samples is in good agreement with prediction of
c �M from simulation (especially ⇠ 1014h�1M�). We also
show the c � M relation of A13 which is consistent with
our measurement at around ⇠ 1014h�1M�. Roughly, similar
trend can also be seen by plotting the ratio between the
Einstein mass and halo mass versus halo mass.

XXX is this sentence correct? The systematic bias in
the halo mass, due to the richness measurements coming
from di↵erent cluster-finding algorithms, will a↵ect the con-
centrations but only by a small factor. Here, the concentra-
tion index is constrained mainly from strong lensing mea-
surements using total mass within the Einstein radius. The
inferred Einstein radius has relatively less uncertainty and
the accuracy of the total lens mass depends on how well
the source and lens redshifts are measured. Even though we
attempted to obtain spectroscopic redshifts for some sys-
tems, we could not succeed in some cases because the lensed
sources were too faint and no emission lines were detected.

We tested the e↵ect of choosing di↵erent source red-
shifts (e.g., photometric redshift, twice the lens redshift and
redshift fixed at 2) on the lens mass. We found, for example,
systematic bias in the photometric redshifts can a↵ect the
concentrations up to 10�30 per cent. For an extreme case

like SA72 (see open box in Figure 7), the source redshift is
unsually close to the redshift of the lens galaxy, the concen-
trations can reduce by 30�40 per cent if the source redshift
is set to twice the lens redshift or if it is fixed at a value of
2.

In the right panel of Figure 7, we show the redshift
dependence in concentrations and masses. We stacked the
lens samples into three redshift bins: z ⇠ 0.36 (red), z ⇠ 0.63
(black), and z ⇠ 0.90 (blue). The concentrations for the
entire sample of lenses are evolved using the Du↵y et al.
(2008) scaling c200 / (1 + z)�1.01 into the three redshift
bins and stacked by masses. While each redshift bin shows
a similar turnover in the concentrations near 1014M�, we
could not test the redshift dependent evolution even with
a sample of 36 lenses, given the large scatter in individual
measurements. With significantly larger samples, it might
be possible to study evolution with redshift, if we compare,
for example, the highest redshift systems (blue, z ⇠ 0.9)
with the lowest redshift counterparts (red, z ⇠ 0.3). Not to
mention that the scatter in predicted concentrations is also
large enough such that the lowest and highest redshift bins
are consistent within 1�.

Next, we attempted to constrain the c � M relation
through a hierarchichal bayesian inference method (as de-
scribed in Section 3.3). We show the confidence contours
on the posterior distributions of the logarithmic slope a and
amplitude b assuming a power-law for the c�M relation and
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surements using total mass within the Einstein radius. The
inferred Einstein radius has relatively less uncertainty and
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attempted to obtain spectroscopic redshifts for some sys-
tems, we could not succeed in some cases because the lensed
sources were too faint and no emission lines were detected.
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trations can reduce by 30�40 per cent if the source redshift
is set to twice the lens redshift or if it is fixed at a value of
2.

In the right panel of Figure 7, we show the redshift
dependence in concentrations and masses. We stacked the
lens samples into three redshift bins: z ⇠ 0.36 (red), z ⇠ 0.63
(black), and z ⇠ 0.90 (blue). The concentrations for the
entire sample of lenses are evolved using the Du↵y et al.
(2008) scaling c200 / (1 + z)�1.01 into the three redshift
bins and stacked by masses. While each redshift bin shows
a similar turnover in the concentrations near 1014M�, we
could not test the redshift dependent evolution even with
a sample of 36 lenses, given the large scatter in individual
measurements. With significantly larger samples, it might
be possible to study evolution with redshift, if we compare,
for example, the highest redshift systems (blue, z ⇠ 0.9)
with the lowest redshift counterparts (red, z ⇠ 0.3). Not to
mention that the scatter in predicted concentrations is also
large enough such that the lowest and highest redshift bins
are consistent within 1�.

Next, we attempted to constrain the c � M relation
through a hierarchichal bayesian inference method (as de-
scribed in Section 3.3). We show the confidence contours
on the posterior distributions of the logarithmic slope a and
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(2012), Dutton & Macciò (2014) and DK15 determined at
an average redshift of z̄ = 0.46. We find that 1� scatter
of group samples is in good agreement with prediction of
c �M from simulation (especially ⇠ 1014h�1M�). We also
show the c � M relation of A13 which is consistent with
our measurement at around ⇠ 1014h�1M�. Roughly, similar
trend can also be seen by plotting the ratio between the
Einstein mass and halo mass versus halo mass.
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the halo mass, due to the richness measurements coming
from di↵erent cluster-finding algorithms, will a↵ect the con-
centrations but only by a small factor. Here, the concentra-
tion index is constrained mainly from strong lensing mea-
surements using total mass within the Einstein radius. The
inferred Einstein radius has relatively less uncertainty and
the accuracy of the total lens mass depends on how well
the source and lens redshifts are measured. Even though we
attempted to obtain spectroscopic redshifts for some sys-
tems, we could not succeed in some cases because the lensed
sources were too faint and no emission lines were detected.

We tested the e↵ect of choosing di↵erent source red-
shifts (e.g., photometric redshift, twice the lens redshift and
redshift fixed at 2) on the lens mass. We found, for example,
systematic bias in the photometric redshifts can a↵ect the
concentrations up to 10�30 per cent. For an extreme case

like SA72 (see open box in Figure 7), the source redshift is
unsually close to the redshift of the lens galaxy, the concen-
trations can reduce by 30�40 per cent if the source redshift
is set to twice the lens redshift or if it is fixed at a value of
2.

In the right panel of Figure 7, we show the redshift
dependence in concentrations and masses. We stacked the
lens samples into three redshift bins: z ⇠ 0.36 (red), z ⇠ 0.63
(black), and z ⇠ 0.90 (blue). The concentrations for the
entire sample of lenses are evolved using the Du↵y et al.
(2008) scaling c200 / (1 + z)�1.01 into the three redshift
bins and stacked by masses. While each redshift bin shows
a similar turnover in the concentrations near 1014M�, we
could not test the redshift dependent evolution even with
a sample of 36 lenses, given the large scatter in individual
measurements. With significantly larger samples, it might
be possible to study evolution with redshift, if we compare,
for example, the highest redshift systems (blue, z ⇠ 0.9)
with the lowest redshift counterparts (red, z ⇠ 0.3). Not to
mention that the scatter in predicted concentrations is also
large enough such that the lowest and highest redshift bins
are consistent within 1�.

Next, we attempted to constrain the c � M relation
through a hierarchichal bayesian inference method (as de-
scribed in Section 3.3). We show the confidence contours
on the posterior distributions of the logarithmic slope a and
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Image Separation distribution

• Constraints on c-M 
relation or inner 
slope of the DM 
profile will be 
feasible with larger 
lens samples

AM et al. 2012
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Fig. 10.— Image separation distribution. Theoretical curves for the total profile, shown with solid black line, are the same as in Fig. 9.
Left: Adopting the c-M relation of M07 (dashed) steepens the total profile. The dotted curve, with M -L relation of Y08 and c-M relation
of M07, steepens further but negligibly. The total profile without the AC (dashed-dotted) is also shown. Right: The effect of varying αLF
on the ISD is shown for the total profile. The total profile without any bias (long dashed) is independent of αLF. Changes in various model
parameters have degenerate effects on the expected ISD. The current uncertainties on the data do not have further constraining power on
the tested model parameters. All the theoretical curves are multiplied by the P(> θ

3.7′′
) since the SARCS sample consists of lenses with

θ > 3.7′′.

solid line represents the same ISD corresponding to the
total two-component profile which accounts for the con-
traction of the dark matter. First, we test the influence
of excluding the AC while computing the total profile.
This has the effect of making the expected ISD shallower
as shown by the dashed-dotted curve in the left panel of
Fig. 10. Prima facie, the AC model fits the data bet-
ter than the model without AC. However, as we show
below, there are other degeneracies in the model which
prevent us from ruling out the “no AC” model at high
significance.

Next, we test the effect of using different c-M rela-
tions on the ISD. For example, we use the c-M rela-
tion by Macciò et al. (2007, henceforth, M07) instead of
that given by Bullock et al. (2001). The c-M relation of
M07 is roughly 15-20% lower than that of Bullock et al.
(2001). The combined profile using the c-M relation of
M07 is shown by the dashed curve in the left panel of
Fig. 10. Within the current statistical limits on the data,
both the c-M relations appear plausible, although the
data appears to slightly favor the c-M relation of M07.
Since the c-M relations differ significantly at small and
large image separations, we will need additional samples
of galaxy or cluster-scale lenses to test between the dif-
ferent c-M relations.

We also test the effect of using a more recent deter-
mination of the M -L relation obtained by Yang et al.
(2008, henceforth, Y08) from a sample of SDSS groups
along with the c-M relation of M07 for the combined to-
tal profile. The M -L relation of Y08 differ by ∼0.2 dex
from that of Vale & Ostriker (2004) at the intermediate
mass regime which is the regime of interest. This appears
to cause a very negligible change in the predicted ISD.

We try to quantify the effect of varying the slope of

the source luminosity function at the faint-end. We show
the effect on the combined profile of O06 and vary the
power law index, αLF of the source luminosity function,
Φ(zs, L) ∝ LαLF . This influences the lens cross-section
via the magnification bias. The solid curve in Fig. 10
shows the expected ISD using the fiducial value of αLF =
−2.1, while the dotted and short dashed curves show the
ISD in the right panel, corresponding to αLF equal to -1.7
and -1.2, respectively. It is evident from the figure that
the observed ISD can be used to constrain the slope of
the luminosity function, if the statistical error bars could
be reduced.

We note that the magnification bias factor in the bi-
ased lens cross-section is calculated assuming that the
background sources are point sources such as quasars.
However, the background sources corresponding to the
lensed arcs are mostly galaxies with extended surface
brightness and their magnification bias could be negli-
gible (e.g., Narayan & Wallington 1993). Therefore, we
calculate the ISD assuming no bias, that is, by substi-
tuting B(zs) = 1 in Eq. 5. The long dashed curve in the
right panel of Fig. 10 shows the ISD without the bias.

The data is consistent with all of the above tested mod-
els within the uncertainties. The various scaling relations
from our model, that are tested here, have degenerate
effects on the expected ISD. For example, varying the
c-M relation has the same effect as changing the slope of
the luminosity function or excluding AC. However, con-
straints from independent observations such as dynamics
and strong lensing could be used to determine the c-M
relation. This will allow us to better constrain the slope
of the luminosity function or make more robust state-
ments about AC.

For all the theoretical calculations, we have assumed

16 More et al.

Fig. 10.— Image separation distribution. Theoretical curves for the total profile, shown with solid black line, are the same as in Fig. 9.
Left: Adopting the c-M relation of M07 (dashed) steepens the total profile. The dotted curve, with M -L relation of Y08 and c-M relation
of M07, steepens further but negligibly. The total profile without the AC (dashed-dotted) is also shown. Right: The effect of varying αLF
on the ISD is shown for the total profile. The total profile without any bias (long dashed) is independent of αLF. Changes in various model
parameters have degenerate effects on the expected ISD. The current uncertainties on the data do not have further constraining power on
the tested model parameters. All the theoretical curves are multiplied by the P(> θ

3.7′′
) since the SARCS sample consists of lenses with

θ > 3.7′′.

solid line represents the same ISD corresponding to the
total two-component profile which accounts for the con-
traction of the dark matter. First, we test the influence
of excluding the AC while computing the total profile.
This has the effect of making the expected ISD shallower
as shown by the dashed-dotted curve in the left panel of
Fig. 10. Prima facie, the AC model fits the data bet-
ter than the model without AC. However, as we show
below, there are other degeneracies in the model which
prevent us from ruling out the “no AC” model at high
significance.

Next, we test the effect of using different c-M rela-
tions on the ISD. For example, we use the c-M rela-
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Space Warps
• PIs: Anupreeta More, Phil 

Marshall, Aprajita Verma

Lens impostors

Simulated Lenses

Training sample

• Space Warps - first 
citizen science project 
within Zooniverse* to use 
supervised learning 
approach for processing 
multiple classifications

* zooniverse.org
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Space Warps: lens search

AM et al. 2016

Nearly 60 new lens candidates 
which were missed by previous 
searches in CFHT Legacy Survey 

Selection function can be 
characterized for such systems for 
the first time



• HSC Survey ongoing 
with Subaru Telescope 
(1400 sq. deg, 
r~26.5AB) 

• 500 lenses (order of 
magnitude increase in 
sample size)

Over 70 new lenses from early HSC data (AM et al. 2018 in prep) 

Hyper Suprime-Cam Survey



ELTs

Credit: Giant Magellan Telescope/GMTO Corporation Credit: ESO

Credit: NAOJ



Summary
• Mass distribution in galaxy groups will help understand nature of dark 

matter and its properties in the central regions of the halos 

• Individual group-scale lenses 

• Lens statistics 

• Current and upcoming imaging surveys (e.g. DES, HSC, LSST) will 
discover the lens systems we need 

• Extremely Large Telescopes will be critical in measuring the observables 
to enable the above goals


