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Motivation: clusters

∼ 1015M⊙ & Mpc scales

Appear to be DM dominated
(85% DM, 13% hot gas, 2% stars)

Baryonic component not 
dominant, though not negligible

All main components are 
observable in three main 
wavelength regimes

Powerful gravitational lenses => Cosmic laboratories
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Astrophysics motivation: SIDM

SIDM vs. CDM, Peter et al. 2012

“Missing satellite problem”

Cored density profiles 
found for DM haloes over a 

wide range of scales

Too big to fail

Caution: 
halo ellipticities
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Figure 2. Surface density profiles for the same halo shown in Fig. 1, now projected along the intermediate axis. Deviations from axisymmetry are highest

along this projection.

Figure 3. Host halo shapes in shells of radius scaled by the virial radius in three virial-mass bins as indicated. The black solid lines denote the 20th percentile

(lowest), median (middle), and 80th percentile (highest) value of c/a at fixed r/rvir for CDM. The blue dashed lines show the median and 20th/80th percentile

ranges for σ/m = 1 cm
2/g, and the green dotted lines show the same for σ/m = 0.1 cm

2/g. There are 440, 65, and 50 halos in each mass bin (lowest mass

bin to highest).

3 SIMULATED HALO SHAPES

3.1 Preliminary Illustration

Before presenting a statistical comparison of CDM and SIDM halo

populations, we provide a pictorial illustration of how an individ-

ual halo changes shape as we vary the cross section. The columns

of Figs. 1 and 2 show surface density maps for the same halo sim-

ulated in CDM, SIDM0.1, and SIDM1 from left to right. In Fig.

1, we project the halo along the major axis, which is the orienta-

tion that maximizes the strong-lensing cross section (van de Ven,

Mandelbaum & Keeton 2009; Mandelbaum, van de Ven & Kee-

ton 2009). In Fig. 2, we project the halo along the intermediate
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Figure 2. Top: Large scale structure in CDM (left) and SIDM1 (right) shown as a 50!50 h!1 Mpc slice with 10h!1 Mpc thickness through our cosmological
simulations. Particles are colored according to their local phase-space density. There are no visible differences between the two cases. Bottom: Small scale
structure in a Milky Way mass halo (Z12) simulated with CDM (left) and SIDM1 (right), including all particles within 200h!1 kpc of the halo centers. The
magnitude of the central phase-space density is lower in SIDM because the physical density is lower and the velocity dispersion is higher. The core of the
SIDM halo is also slightly rounder. Note that substructure content is quite similar except in the central regions

cross section runs here because no core density differences were re-
solved within the numerical convergence radii of our simulations.

As shown in §3 the self-interaction smoothing length hsi must
be larger than 20% the inter-particle separation in order to achieve
convergence on the interaction rate. All the work for this paper was
done with a fixed hsi for all particles carefully chosen for each sim-
ulation so that the self-interactions are well resolved at densities a
few times to an order of magnitude lower than the lowest densities
for which self-interactions are significant. We have run the cosmo-
logical boxes with different choices for hsi (changes by factors of
2 to 4) and have found that our results are unaffected. We have
also run tests on isolated halos with varying smoothing lengths and

again find that the effects of self-interactions are robust to reason-
able changes in hsi.

All of our halo catalogs and density profiles are derived
using the publicly available code Amiga Halo Finder (AHF)
(Knollmann & Knebe 2009).
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50 Mpc box
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core sizes:
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Figure 3. Large-scale characteristics Left: Dark matter two-point correlation functions from our CDM-50 (CDM-25) and SIDM1-50 (SIDM1-25) simulations
in black (grey) and blue (cyan) colors respectively. There are no noticeable difference between the CDM and SIDM1 dark matter clustering over the scales
plotted. Right: Cumulative number density of dark matter halos as a function of their maximum circular velocity (Vmax) at different redshifts for our CDM-50
(solid) and SIDM1-50 (dashed) simulations. There are no significant differences in the Vmax functions of CDM and SIDM1 at any redshift.

5 SIMULATION RESULTS

5.1 Preliminary Illustrations

Before presenting any quantitative comparisons between our CDM
and SIDM runs, we provide some simulation renderings in order to
help communicate the qualitative differences.

The upper panels of Figure 2 show a large-scale comparison:
two (50!50!10) h!1 Mpc slices from the CDM-50 and SIDM1-
50 boxes side-by-side at z = 0. The structures are color-coded by
local phase-space density (" !/v3rms). It is evident that there are
no observable differences in the large-scale characteristics of CDM
and SIDM1. We discuss this result in more quantitative terms in
§5.2 but of course this is expected. The SIDM models we explore
do not have appreciable rates of interaction for densities outside the
cores of dark matter halos. The upper panels of Figure 2 provide a
visual reminder that the SIDM models we consider are effectively
identical to CDM on larges scales.

The differences between CDM and SIDM become apparent
only when one considers the internal structure of individual ha-
los. The lower panels of Figure 2 provide side-by-side images of a
Milky-Way mass halo (Z12) simulated with CDM (left) and SIDM1

(right). SIDM tends to make the cores of halos less dense and ki-
netically hotter (see §5.3) and these two differences are enhanced
multiplicatively in the phase-space density renderings. The central
regions of the host halo are also slightly rounder in the SIDM case
(Peter et al. 2012). Importantly, the difference in substructure char-
acteristics are minimal, especially at larger radii. We return to a
quantitative description of substructure differences in §5.4.

5.2 Large Scale Structure and Halo Abundances

Figure 3 provides a quantitative comparison of both the clustering
properties (left) and halo abundance evolution (right) between our
full-box CDM and SIDM1 simulations. The left panel shows the
two-point function of dark matter particles in both cosmological
runs for CDM and SIDM1. There are no discernible differences

between SIDM and CDM over the scales plotted, though of course
the different box sizes (and associated resolutions) mean that the
boxes themselves only overlap for a limited range of scales. For
a given set of initial conditions, however, SIDM and CDM give
identical results.

The right panel of Figure 3 shows the cumulative number
density of dark-matter halos (including subhalos) as a function of
their peak circular velocity (Vmax) for the CDM-50 (solid) and
SIDM1-50 (dashed) simulations at various redshifts. Remarkably,
this comparison shows no significant difference either – indicat-
ing that SIDM with cross sections as large as 1 cm2/g does not
strongly affect the maximum circular velocities of individual halos.
The two panels of Figure 3 demonstrate that for large-scale com-
parisons, including analyses involving field halo mass functions,
SIDM and CDM yield identical results. The implication is that ob-
servations of large-scale structure are just as much a “verification”
of SIDM as they are of CDM.

5.3 Halo Structure

Before presenting statistics on halo structure, we focus on six well
resolved halos that span our full mass range Mvir = 5 ! 1011 #
2 ! 1014 M", selected from our full simulation suite, including
our two zoom-simulation halos (Z12 and Z11). Figures 4 through
6 show radial profiles for the density, circular velocity and velocity
dispersion for all three dark matter cases. In each figure, black cir-
cles correspond to CDM, green triangles to SIDM0.1, and blue stars
to SIDM1. All profiles are shown down to the innermost resolved
radius for which the average two-body relaxation time roughly
matches the age of the Universe (Power et al. 2003).

We begin with the density profiles of halos shown in the six-
panel Figure 4. For each halo in the CDM run we have fit an NFW
profile (Navarro et al. 1997) to its radial density structure:

!NFW(r) =
!s r

3
s

r(rs + r)2
, (11)

and recorded its corresponding scale radius rs. The CDM-fit rs

With: M. Rocha, A. 
Peter, J. Bullock 

and M. Kaplinghat 
(UCI + OSU)

50 Mpc box

5 x 10^11 - 
2 x 10^14 m_sol

expected cluster 
core sizes:
~ 16-20 kpc 

(for 0.1 cm^2/g)sweet spot: 0.1 -1.0 cm^2/g 



Simulations results

4 Peter et al.

Figure 2. Surface density profiles for the same halo shown in Fig. 1, now projected along the intermediate axis. Deviations from axisymmetry are highest

along this projection.

Figure 3. Host halo shapes in shells of radius scaled by the virial radius in three virial-mass bins as indicated. The black solid lines denote the 20th percentile

(lowest), median (middle), and 80th percentile (highest) value of c/a at fixed r/rvir for CDM. The blue dashed lines show the median and 20th/80th percentile

ranges for σ/m = 1 cm
2/g, and the green dotted lines show the same for σ/m = 0.1 cm

2/g. There are 440, 65, and 50 halos in each mass bin (lowest mass

bin to highest).
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Figure 4. Density profiles for our six example halos from our SIDM1 (blue stars) and SIDM0.1 (green triangles) simulations and their CDM counterparts.
With self-interactions turned on, halo central densities decrease, forming cored density profiles. Solid lines are for the best NFW (black) and Burkert (blue) fits,
with the points representing the density at each radial bin found by AHF. The arrow indicates the location of the Burkert core radius rb. rs is the NFW scale
radius of the corresponding CDM halo density profile (black solid line). Burkert profiles provide a reasonable fit to our SIDM1 halos only because rb ! rs
for !/m = 1 cm2/g, so a cored profile with a single scale radius works. As discussed in §7 this is not the case for !/m = 0.1 cm2/g and thus Burkert
profiles are not a good fit to our SIDM0.1 halos.

in SIDM are not as strong as previously suggested on analytic
grounds. Here we show the cumulative number of subhalos larger
than a given Vmax for a sample of well-resolved halos in our CDM
(solid), SIDM0.1 (dotted), and and SIDM1 (dashed) simulations.
The associated virial masses for each host halo are shown in the
legend. The left panel presents the Vmax function for all subhalos
within the virial radius of each host and the right panel restricts the
analysis to subhalos within half of the virial radius. We see that gen-
erally the reduction in substructure counts at a fixed Vmax is small
but non-zero and that the effects appear to be stronger at small radii
than large. Similarly, there appears to be slightly more reduction of
substructure in the SIDM cluster halos compared to the galaxy size
systems.

We can understand both trends, 1) the increase in the differ-
ence between the CDM and SIDM Vmax functions as Mvir in-
creases and 2) the increase in the difference as one looks at the
central regions of the halo, using the results from the previous sec-
tion as a guide. The typical probability that particle in an SIDM
subhalo will interact with a particle in the background halo is

P ! "!host(r)("/m)vorb(r)#T T, (14)

where vorb(r) is the orbital speed of the subhalo at position r, !host
is the mass density of the host halo, and T is the orbital period.
The typical speed of the subhalo is similar to the rms speed of
the smooth component of the halo, and thus !host(r)("/m)vorb(r)

should be similar to the function we show in Figure 7. At fixed
r/rs we expect P to scale with Vmax as V 3

max/r
2
max (given that

!s $ V 2
max/r

2
max), which is a very mildly increasing function

of Vmax over the range of halo masses we have simulated. Note
though that we expect scatter at fixed halo mass because of the
scatter in the Vmax % rmax relation (Bullock et al. 2001).

While the increase in destruction of subhalos with host halo
mass is not strong, it is clear from the above arguments that subha-
los in the inner parts of the halo (r/rs & 1) should be destroyed
but the bulk of the subhalos around r/rs ' 1 and beyond should
survive for "/m = 1 cm2/g. This effect is strengthened by the
fact that subhalos in the innermost region of the halo were accreted
much longer ago than subhalos in the outskirts, so they have ex-
perienced many more orbits (Rocha et al. 2011). These arguments
explain the comparisons between the subhalo mass functions plot-
ted in Figure 8. Our arguments demonstrate that a large fraction of
the subhalos found in CDM halos (most of which are in the outer
parts) would still survive in SIDM halos for "/m values around or
below 1 cm2/g.

Overall in the previous two sections we have seen that the effects
of self-interactions between dark matter particles in cosmological
simulations are primarily in the central regions of dark matter ha-
los, leaving the large scale structure identical to our non-interacting
CDM simulations. Thus we retain the desirable features of CDM
on large scales while revealing different phenomenology near halo



Flat cores in clusters
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Figure 4. Density profiles for our six example halos from our SIDM1 (blue stars) and SIDM0.1 (green triangles) simulations and their CDM counterparts.
With self-interactions turned on, halo central densities decrease, forming cored density profiles. Solid lines are for the best NFW (black) and Burkert (blue) fits,
with the points representing the density at each radial bin found by AHF. The arrow indicates the location of the Burkert core radius rb. rs is the NFW scale
radius of the corresponding CDM halo density profile (black solid line). Burkert profiles provide a reasonable fit to our SIDM1 halos only because rb ! rs
for !/m = 1 cm2/g, so a cored profile with a single scale radius works. As discussed in §7 this is not the case for !/m = 0.1 cm2/g and thus Burkert
profiles are not a good fit to our SIDM0.1 halos.

in SIDM are not as strong as previously suggested on analytic
grounds. Here we show the cumulative number of subhalos larger
than a given Vmax for a sample of well-resolved halos in our CDM
(solid), SIDM0.1 (dotted), and and SIDM1 (dashed) simulations.
The associated virial masses for each host halo are shown in the
legend. The left panel presents the Vmax function for all subhalos
within the virial radius of each host and the right panel restricts the
analysis to subhalos within half of the virial radius. We see that gen-
erally the reduction in substructure counts at a fixed Vmax is small
but non-zero and that the effects appear to be stronger at small radii
than large. Similarly, there appears to be slightly more reduction of
substructure in the SIDM cluster halos compared to the galaxy size
systems.

We can understand both trends, 1) the increase in the differ-
ence between the CDM and SIDM Vmax functions as Mvir in-
creases and 2) the increase in the difference as one looks at the
central regions of the halo, using the results from the previous sec-
tion as a guide. The typical probability that particle in an SIDM
subhalo will interact with a particle in the background halo is

P ! "!host(r)("/m)vorb(r)#T T, (14)

where vorb(r) is the orbital speed of the subhalo at position r, !host
is the mass density of the host halo, and T is the orbital period.
The typical speed of the subhalo is similar to the rms speed of
the smooth component of the halo, and thus !host(r)("/m)vorb(r)

should be similar to the function we show in Figure 7. At fixed
r/rs we expect P to scale with Vmax as V 3
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though that we expect scatter at fixed halo mass because of the
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While the increase in destruction of subhalos with host halo
mass is not strong, it is clear from the above arguments that subha-
los in the inner parts of the halo (r/rs & 1) should be destroyed
but the bulk of the subhalos around r/rs ' 1 and beyond should
survive for "/m = 1 cm2/g. This effect is strengthened by the
fact that subhalos in the innermost region of the halo were accreted
much longer ago than subhalos in the outskirts, so they have ex-
perienced many more orbits (Rocha et al. 2011). These arguments
explain the comparisons between the subhalo mass functions plot-
ted in Figure 8. Our arguments demonstrate that a large fraction of
the subhalos found in CDM halos (most of which are in the outer
parts) would still survive in SIDM halos for "/m values around or
below 1 cm2/g.

Overall in the previous two sections we have seen that the effects
of self-interactions between dark matter particles in cosmological
simulations are primarily in the central regions of dark matter ha-
los, leaving the large scale structure identical to our non-interacting
CDM simulations. Thus we retain the desirable features of CDM
on large scales while revealing different phenomenology near halo
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Flat cores in clusters

Abell 611, Newman et al. 2009



Flat cores in clusters

Newman et al. 2011
mean gNFW slope 

beta = 0.5 +/- 0.1 (stat.) +/- 0.14 (sys.)



The CLASH

To map the DM profile 
and substructure to 
unprecedented precision  

To detect SN 1a out to
z ~ 2.5

To detect and analyse 
galaxies out to z > 7

To study the structure 
and evolution of galaxies 
in and behind the clusters

Science DriversOne of three HST/MCT 
programmes ~550 orbits



The CLASH

To map the DM profile 
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The observing programme

25 clusters

20 X-ray selected

5 spec. lenses

0.18 < z < 0.9

use Hubbles full power

20 orbits and 16 filters /cluster

ACS/WFC3 in parallel

excellent photo z’s

BPZ / LePhare

follow-up time > CLASH



CLASH in a nutshell
HST 524 orbits: 25 clusters, each imaged in 
16 passbands. (0.23 – 1.6 μm) ~20 orbits 
per cluster. 

CLASH observations are 80% done - 20 
clusters completed, all  HST data by July.

Chandra x-ray Observatory archival data 
(0.5 – 7 keV) 

Spitzer Space Telescope archival and new 
cycle 8 data (3.6, 4.5 μm)

SZE observations (Bolocam, Mustang) to 
augment existing data (sub-mm)

Subaru wide-field imaging (0.4 – 0.9 μm)

VLT, LBT, Magellan, MMT, Palomar 
Spectroscopy
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basic assumption adopted is that cluster galaxy light
approximately traces the DM; the latter is modeled
as a smoothed version of the former (see, for details,
Zitrin et al. 2009). This approach to strong lensing is
su!cient to accurately predict the locations and internal
structure of multiple images, since in practice the number
of multiple images uncovered readily exceeds the number
of free parameters, so that the fit is fully constrained.
Zitrin et al. (2012) identified 47 new multiple images of

12 distant sources (including 3 candidate systems; Sys-
tems 9–11 therein), in addition to the known giant arc
system at zs = 1.03 (Ebeling et al. 2009), bringing the
total known for this cluster to 50 multiply-lensed im-
ages of 13 sources, spanning a wide redshift range of
1 <! zs <! 5.5, spread fairly evenly over the central region,
3!! <! ! <! 1!. Zitrin et al. (2012) used the position and
redshift of 32 secure multiple images of 9 systems to con-
strain the mass model. Following Zitrin et al. (2012), we
adopt an image positional error of 2!! (" 1.4!! in each
dimension), which is a typical value in the presence of
uncorrelated large scale structure (LSS) along the line
of sight (for details, see Zitrin et al. 2012; Host 2012;
Jullo et al. 2010). Including the BCG mass as an addi-
tional free parameter, we find here an acceptable fit with
the minimized "2 value ("2

min) of 22.8 for 39 degrees of
freedom (dof), with an image-plane reproduction error
of 1.76!!. The new MCMC results are in good agreement
with the results of Zitrin et al. (2012), as shown here in
Figure 6, with only some minor di"erences at the inner-
most radii <! 2!! (! 8 kpch"1) dominated by the BCG
(see Newman et al. 2009). The detailed central mass
map reveals a fairly elliptical outer critical curve (see
Figure 1 of Zitrin et al. 2012). For a source at zs = 2.54,
the outer critical curve encloses an area with an e"ective
Einstein radius of !Ein = 28!! ± 3!!; for the lower-redshift
system with zs = 1.03, the e"ective Einstein radius of
the critical area is !Ein = 17!! ± 3!! (Table 1).

4.2. Cluster Miscentering E!ects

To obtain meaningful radial profiles, one must care-
fully define the cluster center. It is often assumed that
the cluster mass centroid coincides with the BCG po-
sition, whereas BCGs can be o"set from the mass cen-
troids of the corresponding DM halos (Johnston et al.
2007; Oguri & Takada 2011; Umetsu et al. 2011b,a).
Here we utilize our detailed mass model of Zitrin et al.

(2012), which allows us to locate the peak position of the
smooth DM component, providing an independent mass
centroid determination (e.g., Umetsu et al. 2010, 2011b).
In this method, we approximate the large-scale distribu-
tion of cluster mass by assigning a power-law mass profile
to each cluster galaxy, the sum of which is then smoothed
to represent the DM distribution. The success of this
simple model in describing the projected mass distribu-
tions of lensing clusters, as well as identifying many sets
of multiply-lensed images, assures us that the e"ective
DM center can be determined using multiple images as
well as the distribution of cluster member galaxies. In
this context, the DM peak location is primarily sensi-
tive to the degree of smoothing (S) and the index of the

maximum-likelihood parameter estimation in the 6-dimensional pa-
rameter space, where the seventh parameter included in the present
work is the BCG mass.

Figure 6. Surface mass density profile ! derived from our Subaru
weak-lensing and Hubble strong-lensing measurements. The red
circles represent our full weak-lensing constraints from joint shear
and magnification measurements (Figure 9), consistent with the
purely shear-based results (squares) and the SaWLens results (or-
ange line with error bars), all showing a shallow radial trend with
a nearly isothermal logarithmic density slope, d ln!/d lnR ! "1.
For weak lensing, the innermost bin represents the average con-
vergence !(< "min) interior to the inner radial boundary of the
weak-lensing data (0.8! # " # 16!), "min = 0.8!, which is about
twice the Einstein radius for a distant background source at zs ! 2
(see Tables 3 and 4), and hence su"ciently large for our back-
ground galaxies at an e#ective source redshift of zs,e! = 1.15±0.1.
The triangles show the NE-SW mass profile excluding the large
scale structure extending along the NW-SE direction (see Figure
8), derived from a two-dimensional mass reconstruction using both
shear and magnification data, in good agreement with the stan-
dard NFW form (gray area). The black solid line is the best-fit
model of Zitrin et al. (2012) based on the grid-based maximum
likelihood parameter estimation. The small blue circles with error
bars represent our primary strong-lens constraints on the binned
mass profile derived from an MCMC implementation of Zitrin et al.
(2012). The errors are based on the self-calibrated covariance ma-
trix (only every other point is shown here; Section 4.3). Our mass
profile results from several weak and strong lensing methods all
agree in the regions of overlap within their corresponding uncer-
tainties. For the sake of clarity, the Pixelens and Lenstool results
are shown without error bars. The bottom panel shows the respec-
tive deviations $! (in units of the error #) from the best-fit NFW
model. The projected mass profile averaged over all azimuthal an-
gles (squares, circles) shows a systematic excess at large radii with
R >

! 1Mpch"1 (" >
! 4!).

power law (q) of Zitrin et al. (2009).
We find only a small o"set of ! 1!!, or a projected o"-

set distance of do! = 4kpch"1 at zl = 0.439, between
the BCG and the DM peak of mass, well within the un-
certainties. The BCG position also coincides well with
the peak of X-ray emission within 2!! in projection (Table
1). This level of cluster centering o"set is fairly small as
compared to those found in other high-mass clusters, say
do! " 20 kpch"1 in RXJ1347-11 (Umetsu et al. 2011b),
often implied by other massive bright galaxies in the
vicinity of the BCG. In the present work, we thus adopt
the BCG position as the cluster center, and limit our
analysis to radii greater than 4!! (" 16 kpch"1), which
is approximately the location of the innermost strong-
lensing constraint (see Section 4.1) and su!ciently large
to avoid the BCG contribution. This inner radial limit
corresponds roughly to 4do!(> 2do!), beyond which
smoothing from the cluster miscentering e"ects on the
# profile is su!ciently negligible (Johnston et al. 2007;
Umetsu et al. 2011a; Sereno & Zitrin 2012).

< -- Umetsu, JM & CLASH 
2012

Coe, JM & CLASH 2012 -->



CLASH in a nutshell
HST 524 orbits: 25 clusters, each imaged in 
16 passbands. (0.23 – 1.6 μm) ~20 orbits 
per cluster. 

CLASH observations are 80% done - 20 
clusters completed, all  HST data by July.

Chandra x-ray Observatory archival data 
(0.5 – 7 keV) 

Spitzer Space Telescope archival and new 
cycle 8 data (3.6, 4.5 μm)

SZE observations (Bolocam, Mustang) to 
augment existing data (sub-mm)

Subaru wide-field imaging (0.4 – 0.9 μm)

VLT, LBT, Magellan, MMT, Palomar 
Spectroscopy

Umetsu et al. 9

basic assumption adopted is that cluster galaxy light
approximately traces the DM; the latter is modeled
as a smoothed version of the former (see, for details,
Zitrin et al. 2009). This approach to strong lensing is
su!cient to accurately predict the locations and internal
structure of multiple images, since in practice the number
of multiple images uncovered readily exceeds the number
of free parameters, so that the fit is fully constrained.
Zitrin et al. (2012) identified 47 new multiple images of

12 distant sources (including 3 candidate systems; Sys-
tems 9–11 therein), in addition to the known giant arc
system at zs = 1.03 (Ebeling et al. 2009), bringing the
total known for this cluster to 50 multiply-lensed im-
ages of 13 sources, spanning a wide redshift range of
1 <! zs <! 5.5, spread fairly evenly over the central region,
3!! <! ! <! 1!. Zitrin et al. (2012) used the position and
redshift of 32 secure multiple images of 9 systems to con-
strain the mass model. Following Zitrin et al. (2012), we
adopt an image positional error of 2!! (" 1.4!! in each
dimension), which is a typical value in the presence of
uncorrelated large scale structure (LSS) along the line
of sight (for details, see Zitrin et al. 2012; Host 2012;
Jullo et al. 2010). Including the BCG mass as an addi-
tional free parameter, we find here an acceptable fit with
the minimized "2 value ("2

min) of 22.8 for 39 degrees of
freedom (dof), with an image-plane reproduction error
of 1.76!!. The new MCMC results are in good agreement
with the results of Zitrin et al. (2012), as shown here in
Figure 6, with only some minor di"erences at the inner-
most radii <! 2!! (! 8 kpch"1) dominated by the BCG
(see Newman et al. 2009). The detailed central mass
map reveals a fairly elliptical outer critical curve (see
Figure 1 of Zitrin et al. 2012). For a source at zs = 2.54,
the outer critical curve encloses an area with an e"ective
Einstein radius of !Ein = 28!! ± 3!!; for the lower-redshift
system with zs = 1.03, the e"ective Einstein radius of
the critical area is !Ein = 17!! ± 3!! (Table 1).

4.2. Cluster Miscentering E!ects

To obtain meaningful radial profiles, one must care-
fully define the cluster center. It is often assumed that
the cluster mass centroid coincides with the BCG po-
sition, whereas BCGs can be o"set from the mass cen-
troids of the corresponding DM halos (Johnston et al.
2007; Oguri & Takada 2011; Umetsu et al. 2011b,a).
Here we utilize our detailed mass model of Zitrin et al.

(2012), which allows us to locate the peak position of the
smooth DM component, providing an independent mass
centroid determination (e.g., Umetsu et al. 2010, 2011b).
In this method, we approximate the large-scale distribu-
tion of cluster mass by assigning a power-law mass profile
to each cluster galaxy, the sum of which is then smoothed
to represent the DM distribution. The success of this
simple model in describing the projected mass distribu-
tions of lensing clusters, as well as identifying many sets
of multiply-lensed images, assures us that the e"ective
DM center can be determined using multiple images as
well as the distribution of cluster member galaxies. In
this context, the DM peak location is primarily sensi-
tive to the degree of smoothing (S) and the index of the

maximum-likelihood parameter estimation in the 6-dimensional pa-
rameter space, where the seventh parameter included in the present
work is the BCG mass.

Figure 6. Surface mass density profile ! derived from our Subaru
weak-lensing and Hubble strong-lensing measurements. The red
circles represent our full weak-lensing constraints from joint shear
and magnification measurements (Figure 9), consistent with the
purely shear-based results (squares) and the SaWLens results (or-
ange line with error bars), all showing a shallow radial trend with
a nearly isothermal logarithmic density slope, d ln!/d lnR ! "1.
For weak lensing, the innermost bin represents the average con-
vergence !(< "min) interior to the inner radial boundary of the
weak-lensing data (0.8! # " # 16!), "min = 0.8!, which is about
twice the Einstein radius for a distant background source at zs ! 2
(see Tables 3 and 4), and hence su"ciently large for our back-
ground galaxies at an e#ective source redshift of zs,e! = 1.15±0.1.
The triangles show the NE-SW mass profile excluding the large
scale structure extending along the NW-SE direction (see Figure
8), derived from a two-dimensional mass reconstruction using both
shear and magnification data, in good agreement with the stan-
dard NFW form (gray area). The black solid line is the best-fit
model of Zitrin et al. (2012) based on the grid-based maximum
likelihood parameter estimation. The small blue circles with error
bars represent our primary strong-lens constraints on the binned
mass profile derived from an MCMC implementation of Zitrin et al.
(2012). The errors are based on the self-calibrated covariance ma-
trix (only every other point is shown here; Section 4.3). Our mass
profile results from several weak and strong lensing methods all
agree in the regions of overlap within their corresponding uncer-
tainties. For the sake of clarity, the Pixelens and Lenstool results
are shown without error bars. The bottom panel shows the respec-
tive deviations $! (in units of the error #) from the best-fit NFW
model. The projected mass profile averaged over all azimuthal an-
gles (squares, circles) shows a systematic excess at large radii with
R >

! 1Mpch"1 (" >
! 4!).

power law (q) of Zitrin et al. (2009).
We find only a small o"set of ! 1!!, or a projected o"-

set distance of do! = 4kpch"1 at zl = 0.439, between
the BCG and the DM peak of mass, well within the un-
certainties. The BCG position also coincides well with
the peak of X-ray emission within 2!! in projection (Table
1). This level of cluster centering o"set is fairly small as
compared to those found in other high-mass clusters, say
do! " 20 kpch"1 in RXJ1347-11 (Umetsu et al. 2011b),
often implied by other massive bright galaxies in the
vicinity of the BCG. In the present work, we thus adopt
the BCG position as the cluster center, and limit our
analysis to radii greater than 4!! (" 16 kpch"1), which
is approximately the location of the innermost strong-
lensing constraint (see Section 4.1) and su!ciently large
to avoid the BCG contribution. This inner radial limit
corresponds roughly to 4do!(> 2do!), beyond which
smoothing from the cluster miscentering e"ects on the
# profile is su!ciently negligible (Johnston et al. 2007;
Umetsu et al. 2011a; Sereno & Zitrin 2012).
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Simulation Galaxies stellar DM part. Star part. Softening Overdensity Particles Vpeak

masses M! mass M! mass (M!) (pc) !!/! within Rvir km s!1

Fields 1 & 2 1010-108 1.6"105 8 "103 170 0.38 – 0.03 3.4-0.05"106 100-40
Field 3 & 4 3 " 108-105 2"104 103 85 0.58 – -0.07 2-0.05"106 55-30
Field 5 108-103.5 6"103 4.2"102 64 0.01 2-0.05"106 35-10

Table 1. Properties of the simulated galaxies. All masses in M". Column (2) lists the total stellar mass range for each galaxy in the
subsample at z=0. Columns (3) and (4) list the mass of individual dark matter and star particles, respectively. Column (5) shows ", the
spline gravitational force softening, in pc. Column (6) shows the overdensity in units of the average density around the most massive
halo in that zoomed-in region measured on a scale of 4h!1 Mpc. (7) lists the range in total number of particles (gas, stars and DM)
within the virial radius of the halo at z=0. (8) gives the peak velocity at z=0. All simulations but Field 4 have also been run as DM-only
(See Fig.2).

local radiation play an important role in determining the
structure of the ISM and where SF can occur (Kennicutt
1998; Elmegreen et al. 2008; Krumholz & McKee 2005;
Bigiel et al. 2008; Gnedin et al. 2009; Feldmann et al. 2011;
Narayanan et al. 2011). With this approach the local SF ef-
ficiency is linked directly to the local H2 abundance, as reg-
ulated by the gas metallicity and local radiation from young
stars. As a result, in our simulations stars naturally form in
high density regions around 10-100 amu cm!3 without hav-
ing to resort to simplified approaches based on a fixed local
gas density threshold (Governato et al. 2010; Saitoh et al.
2008; Guedes et al. 2011; Kuhlen et al. 2011). A Kroupa
(1993) IMF and relative yields are assumed. We include
a gas heating spatially uniform, time evolving UV cosmic
background following an updated model of Haardt & Madau
(1996). Gas heating from UV radiation progressively sup-
presses star formation in galaxies below 1010 M", making
small DM halos completely void of stars (Benson et al. 2002)
and reducing the overabundance of dwarf satellite galax-
ies (Moore et al. 1998). The smallest galaxies in our sample
have some SF occurring before reionization (z ! 9 in our
model) likely associated to H2 cooling and then in small,
sparse bursts thereafter.

The full details of our physically motivated SN feedback
implementation and its applications have been described
in several papers and shown to reproduce many galaxy
properties over a range of redshifts: Stinson et al. (2006);
Brooks et al. (2007); Governato et al. (2007); Pontzen et al.
(2008); Governato et al. (2009); Zolotov et al. (2009);
Pontzen et al. (2010); Brook et al. (2011); Brooks et al.
(2011); Guedes et al. (2011). As in G10 The SFR in our
simulations is set by the local gas density (!gas)

1.5 and a
SF e!ciency parameter, c# = 0.1 to give the correct nor-
malization of the Kennicutt-Schmidt relation (the SF e!-
ciency for each star forming region is much lower than the
implied 10%, as only a few star particles are formed before
gas is disrupted by SN winds). The maximum temperature
for gas to turn into stars is set to 3000K and the e!ciency
of SF is then further multiplied by the H2 fraction, which
e"ectively drops to zero in warm gas with T > 10,000 K.
As massive stars evolve into SN, mass, thermal energy and
metals are deposited into nearby gas particles. Gas cooling
is turned o" until the end of the snow plow phase as de-
scribed by the Sedov-Taylor solution, typically a few million
years. The amount of energy deposited amongst those neigh-
bors is 1051 ergs per SN event. Energy deposition from SN
feedback leads to enhanced gas outflows that remove low
angular momentum gas from the central regions of galaxies

Figure 1. The slope of the dark matter density profile # vs stel-
lar mass measured at 500 pc and z=0 for all the resolved halos
in our sample. The Solid ’DM-only’ line is the slope predicted for
the same CDM cosmological model assuming i) the NFW con-
centration parameter trend given by Macció et al (2007) and ii)
the same stellar mass vs halo mass relation as measured in our
simulations to convert from halo masses. Large Crosses: haloes re-
solved with more than 0.5 " 106DM particles within Rvir . Small
crosses: more than 5 " 104 DM particles. The small squares rep-
resent 22 observational data points measured from galaxies from
the THINGS and LITTLE THINGS surveys.

(Brook et al. 2011). We have verified that in this set of sim-
ulations the ‘loading factor’ of the winds, i.e. the amount of
baryons removed is typically a few times the current SFR,
similar to what is observed in real galaxies over a range
of redshifts (Martin 1999; Shapley et al. 2003; Kirby et al.
2011; van der Wel et al. 2011).

As SF is limited by the local H2 abundance, stars form
only in high density peaks su!ciently shielded from ra-
diation from hot stars and The SFHs of the galaxies in
our simulated sample are bursty over a significant frac-
tion of the Hubble time, but especially at high redshift
whey each galaxy is still divided into individual progeni-

c# 2002 RAS, MNRAS 000, 1–12

Governato et al. 2012 
Zolotov et al. 2012
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Figure 1. Background-subtracted, exposure-corrected Chandra images. The image in the left panel is binned to S/N = 5 using the WVT algorithm and the point
sources have been removed and filled using dmfilth. The image in the right panel shows the image with point sources, binned to 1.!!968 pixels and smoothed with a
Gaussian kernel with FWHM = 4!!.
(A color version of this figure is available in the online journal.)

(2006), which is a generalization of the Cappellari & Copin
(2003) Voronoi binning algorithm. The bin size is determined
by the constraint that the signal-to-noise ratio (S/N) must be
"5. Prior to binning, point sources detected with wavdetect
were removed and the regions were filled via interpolation
from a surrounding background region using dmfilth. The
exposure map was generated using standard CIAO procedures4

and accounts for the effects of vignetting, quantum efficiency
(QE), QE non-uniformity, bad pixels, dithering, and effective
area. The energy dependence of the effective area is accounted
for by computing a weighted instrument map where the weights
are computed from an absorbed MEKAL spectral model with
Galactic absorption, temperature, redshift, and abundance set to
the average cluster values obtained in Section 2.3.1. The right
panel of Figure 1 shows the background-subtracted, exposure-
corrected image of Abell 2744 with point sources included, and
with a light Gaussian smooth (FWHM = 4!!) applied. Abell 2744
is clearly a disturbed system, with a structure "750 kpc to
the northwest of the X-ray surface brightness peak (labeled
northwestern interloper). Within the main X-ray structure, there
are a further three substructures: one "190 kpc south (labeled
southern compact core), one "480 kpc to the north (labeled
northern core), and another "220 kpc to the north of the X-ray
surface brightness peak. The northern core furthest from the
X-ray peak has a tail, which includes the second structure north
of the X-ray peak, extending southward and curving westward
toward the peak in the X-ray emission. The southern compact
core has a blunted cone morphology with a prominent head and
a fan-like tail of emission extending back toward the peak in the
X-ray emission. There is also an edge in the surface brightness
"250 kpc to the southeast of the southern substructure.

The northwestern interloper appears asymmetric, with an
edge just east of north and an extended tail toward the south.
There also appears to be a bridge of emission connecting it to the

4 See http://cxc.harvard.edu/ciao3.4/threads/expmap_acis_multi/.

main cluster emission. Based on a shorter Chandra observation,
KD04 tentatively identified a cold front and bow shock on
the eastern side of the northwestern interloper and also a fan-
like feature extending toward the west. They concluded the
northwestern interloper was moving from west to east on its
way toward the cluster core. However, the deeper observations
presented in Figure 1 do not confirm the existence of a bow
shock and indicate the cold front on the eastern side is part of a
larger northern edge, meaning the interpretation of KD04 may
not be the correct one.

To emphasize the structures revealed in Figure 1 we present
the residual significance map, which highlights low surface
brightness structures and the unsharp masked image, which is
useful for revealing sharp structures such as shocks and cold
fronts, in Figure 2. To produce the significance map, we first
fit the Chandra image with an azimuthally symmetric ! model
with best-fitting values of rc = 471 ± 8 kpc, ! = 0.96 ± 0.13,
R.A. = 00h14m18.s4, and decl. =#30$23!14.!!0. During the fitting
of the ! model, the northwest substructure was excluded, along
with point sources. This ! model accounts for the main cluster
emission and is subtracted from Chandra image to produce a
residual image which is then smoothed with a Gaussian kernel
with " = 3!!. The resulting smoothed residual map is then
divided by an error map to produce the residual significance
map (see Neumann & Böhringer 1997; Owers et al. 2009c,
for more details). The left panel in Figure 2 shows that the
northwest interloper and its extended tail to the south are
detected with high significance, while the northern core and
southern compact core, along with the tail near the northern
core, are also detected. The unsharp masked image is produced
by dividing a background-subtracted, exposure-corrected image
that was smoothed with a 4.!!4 Gaussian by the same image
smoothed by 22!!, corresponding to physical scales of 20 kpc
and 100 kpc at the cluster redshift. The unsharp masked image is
shown in the right panel of Figure 2, where it can be seen that the
structure in the central cluster region is very similar to that seen

3
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Figure 1. Background-subtracted, exposure-corrected Chandra images. The image in the left panel is binned to S/N = 5 using the WVT algorithm and the point
sources have been removed and filled using dmfilth. The image in the right panel shows the image with point sources, binned to 1.!!968 pixels and smoothed with a
Gaussian kernel with FWHM = 4!!.
(A color version of this figure is available in the online journal.)

(2006), which is a generalization of the Cappellari & Copin
(2003) Voronoi binning algorithm. The bin size is determined
by the constraint that the signal-to-noise ratio (S/N) must be
"5. Prior to binning, point sources detected with wavdetect
were removed and the regions were filled via interpolation
from a surrounding background region using dmfilth. The
exposure map was generated using standard CIAO procedures4

and accounts for the effects of vignetting, quantum efficiency
(QE), QE non-uniformity, bad pixels, dithering, and effective
area. The energy dependence of the effective area is accounted
for by computing a weighted instrument map where the weights
are computed from an absorbed MEKAL spectral model with
Galactic absorption, temperature, redshift, and abundance set to
the average cluster values obtained in Section 2.3.1. The right
panel of Figure 1 shows the background-subtracted, exposure-
corrected image of Abell 2744 with point sources included, and
with a light Gaussian smooth (FWHM = 4!!) applied. Abell 2744
is clearly a disturbed system, with a structure "750 kpc to
the northwest of the X-ray surface brightness peak (labeled
northwestern interloper). Within the main X-ray structure, there
are a further three substructures: one "190 kpc south (labeled
southern compact core), one "480 kpc to the north (labeled
northern core), and another "220 kpc to the north of the X-ray
surface brightness peak. The northern core furthest from the
X-ray peak has a tail, which includes the second structure north
of the X-ray peak, extending southward and curving westward
toward the peak in the X-ray emission. The southern compact
core has a blunted cone morphology with a prominent head and
a fan-like tail of emission extending back toward the peak in the
X-ray emission. There is also an edge in the surface brightness
"250 kpc to the southeast of the southern substructure.

The northwestern interloper appears asymmetric, with an
edge just east of north and an extended tail toward the south.
There also appears to be a bridge of emission connecting it to the

4 See http://cxc.harvard.edu/ciao3.4/threads/expmap_acis_multi/.

main cluster emission. Based on a shorter Chandra observation,
KD04 tentatively identified a cold front and bow shock on
the eastern side of the northwestern interloper and also a fan-
like feature extending toward the west. They concluded the
northwestern interloper was moving from west to east on its
way toward the cluster core. However, the deeper observations
presented in Figure 1 do not confirm the existence of a bow
shock and indicate the cold front on the eastern side is part of a
larger northern edge, meaning the interpretation of KD04 may
not be the correct one.

To emphasize the structures revealed in Figure 1 we present
the residual significance map, which highlights low surface
brightness structures and the unsharp masked image, which is
useful for revealing sharp structures such as shocks and cold
fronts, in Figure 2. To produce the significance map, we first
fit the Chandra image with an azimuthally symmetric ! model
with best-fitting values of rc = 471 ± 8 kpc, ! = 0.96 ± 0.13,
R.A. = 00h14m18.s4, and decl. =#30$23!14.!!0. During the fitting
of the ! model, the northwest substructure was excluded, along
with point sources. This ! model accounts for the main cluster
emission and is subtracted from Chandra image to produce a
residual image which is then smoothed with a Gaussian kernel
with " = 3!!. The resulting smoothed residual map is then
divided by an error map to produce the residual significance
map (see Neumann & Böhringer 1997; Owers et al. 2009c,
for more details). The left panel in Figure 2 shows that the
northwest interloper and its extended tail to the south are
detected with high significance, while the northern core and
southern compact core, along with the tail near the northern
core, are also detected. The unsharp masked image is produced
by dividing a background-subtracted, exposure-corrected image
that was smoothed with a 4.!!4 Gaussian by the same image
smoothed by 22!!, corresponding to physical scales of 20 kpc
and 100 kpc at the cluster redshift. The unsharp masked image is
shown in the right panel of Figure 2, where it can be seen that the
structure in the central cluster region is very similar to that seen
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Conclusions

SIDM is astrophysically well-motivated

State-of-the-art simulations identify a 
“sweet-spot” around 0.1 cm^2/g

Clusters constrain SIDM through their 
density profile and by mergers 

Rich datasets become available soon from 
observations

A lot to be done in the simulations: Baryons, 
larger boxes, velocity-dep. cross sections


