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Halo problems
LCDM  works on the 
very largest scales

On scales of individual 
haloes, problems 

emerge

This problem spans a 
wide range from 

dwarf galaxies to 
galaxy clusters

Right now not clear if 
this is related to 

baryons or our DM 
model

High-res simulations 
catching up
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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).



Clusters of galaxies
∼ 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 wavelength 
regimes

Powerful gravitational lenses

=> Cosmic laboratories

Right in the middle between the 
very large and small cosmological 
scales



The dark matter density profile
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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 Drivers
One of three HST/MCT 
programs ~550 orbits
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CLASH observations
HST 524 orbits: 25 clusters, each imaged in 
16 passbands. (0.23 – 1.6 μm) ~20 orbits 
per cluster. 

CLASH observations are complete - Last 
HST images were taken July 2013.

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



CLASH selection

Postman & CLASH 2012
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Ways to model clusters

Each method with its own advantages and 
limitations



CLASH reconstructions

JM et al. 2009

SaWLens

implements WL and SL

operates on adaptively 
refined grids (AMR)
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CLASH profiles

11_fit_cov

JM & CLASH 2014
(1404.1376) 
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CLASH simulations
MUSIC-2, 1500 re-simulated halos out of the 1 Gpc 

MultiDark box, 2x10^14 -- 2x10^15 M_sol, 6 redshifts.

Full control over analysis technique and selection
Analysis 

in 2D
<--
--> 

X-ray
selecting

CLASH

Meneghetti & CLASH 2014 (1404.1384)



Tailored comparison

JM & CLASH 2014 (1404.1376)

<c_obs/c_sim>

0.96 [0.80-1.06]



More CLASH science

Comprehensive Chandra and XMM X-ray analysis of 
CLASH clusters, with comparison to the lensing 

profiles, Donahue et al. (2014) 1405.7876

Density profile analyis of 20 stacked CLASH clusters 
Umetsu et al. (2014) 1404.1375 

High-redshift science, inlcuding z = 9.6 and z = 10.7 
galaxy candidates, Zheng et al. (2012) 1204.2305, 

Coe et al. (2013) 1211.3663

Many more studies of individual clusters



The HST Frontier Fields

From J. Lotz’s Yale HFF workshop presentation



A little pre-HFF story

http://www.spacetelescope.org/
news/heic1409/

MACS J1720

http://www.spacetelescope.org/news/heic1409/
http://www.spacetelescope.org/news/heic1409/
http://www.spacetelescope.org/news/heic1409/
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A little pre-HFF story

http://www.spacetelescope.org/
news/heic1409/

Abell 383

RX J1532

http://www.spacetelescope.org/news/heic1409/
http://www.spacetelescope.org/news/heic1409/
http://www.spacetelescope.org/news/heic1409/
http://www.spacetelescope.org/news/heic1409/


We now routinely use clusters to peer into 
the most distant Universe

To do so in a meaningful way, the lens has to 
be characterised accurately

Why is this exciting?
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Lens models and Type 1a SNe
We found 3 lensed supernovae behind 

CLASH clusters

Two of them are of standardisable Type 1a

Patel, Iha, Rodney, Riess, JM et al. 2014
see also: Nordin, Atek, Perlmutter et al. 2014

multi-colour
light-curves:

gravitational
lensing:

Car: 1.0 +/- 0.2 mag
Did: 0.2 +/- 0.2 mag

Car: 0.83 +/- 0.16 mag
Did: 0.28 +/- 0.08 mag
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FIG. 10.— Magnification map for SN CLO12Car (z = 1.281) behind MACSJ1720.2+3536 (z = 0.391). The image shows an RGB false-color background based
on 12-band HST/CLASH optical and near-IR images of the cluster field. The location of the SN is marked with a white cross. The contours show the magnitude
increase induced by the lensing magnification (∆mµ = 2.5 log10 µ) of the cluster for a source at the SN redshift. The lensing magnification was derived from
weak and strong lensing constraints jointly, and computed using the SaWLens lensing reconstruction algorithm (Merten et al. 2009, 2011). Multiple images used
for the strong lensing constraints in this system will be presented by Zitrin et al. (in prep.).

templates (restricted to those with χ2/ν < 10). For the CC SN
templates, STARDUST calculates a magnitude offset ∆m

(shown also in Figure 7) that is required for the best match
of the template to the data, and we show this on the abscissa
of Figure 14.

Figure 14 shows that none of the models considered is si-
multaneously consistent with the light curve of SN CLA11Tib
and the predicted lensing magnification from Abell 383.

As shown in Figure 7, we found that the best-fitting CC SN
models were the SN Ic SDSS-017548 and the SN IIP SDSS-
015339. The SN Ic and SN IIP models had best-fit model
mJ = 23.42± 0.11 mag and mJ = 23.33± 0.11 mag, respec-
tively. The observed red color of SN CLA11Tib matches the
SN Ic model with no relative extinction, but the SN II model
requires AV = 1.2 mag. Including this, we find the unextin-
guished absolute magnitudes of the models are MR = −19.25±
0.11 mag (SN Ic) or MR = −20.45±0.11 mag (SN IIP). These
are quite bright for CC SNe, though some of this could be
a result of the lensing magnification. The peak MR required
by both models is much brighter than the original templates;
the SN SDSS-017548 and SN SDSS-015339 spectral energy
distributions have MR = −18.00 mag and MR = −18.53 mag,
respectively. The offset between the template and data (∆m;

Figures 7 and 14) is −1.25 mag for the SN Ic model and −1.92
mag for the SN IIP model. These would be our best estimates
for the lensing magnification based on the SN light curve, but
an abundance of caution is warranted, as these estimates as-
sume that SN CLA11Tib had the same intrinsic luminosity as
the best-fit template, a dubious proposition given the large lu-
minosity scatter of CC SNe (Li et al. 2011; Drout et al. 2011;
Kiewe et al. 2012).

Because of this, we cannot claim that there is any con-
sistency or inconsistency between the lensing prediction for
SN CLA11Tib and its brightness. If we assume the lens-
ing map is accurate, the light-curve shape and colors of
SN CLA11Tib roughly match a SN Ic that is similar to the
template SN SDSS-017548, and ∼ 0.8 mag more luminous,
well within the dispersion in SN Ic intrinsic luminosities.

5. DISCUSSION AND CONCLUSION

SN CLO12Car clearly represents our most exciting result.
We find that it is likely a SN Ia at z = 1.281, gravitation-
ally magnified by ∼ 1.0± 0.2 mag. The magnification de-
rived from two independent methods (the SN light curve
and the cluster lensing maps), were consistent to within 1σ.
SN CLO12Car is the first SN Ia which is both measurably
magnified (i.e., with ∆mµ > 0 at high significance) and for

13

FIG. 12.— Magnification map for SN CLN12Did (z = 0.851) behind RXJ1532.9+3021 (z = 0.345). Similar to Figure 10, the color image is based on CLASH
optical and near-IR images, with the SN location marked by a white cross and lensing magnification (∆mµ, in mag units) shown with red contours. Because
RX J1532 is a much weaker lensing cluster than either MACS J1720 or Abell 383, this map was derived using weak lensing constraints alone, computed with
the SaWLens algorithm (Merten et al. 2009, 2011). The resolution of the reconstructed map from weak-lensing constraints is much poorer than for the other two
clusters, so the displayed contours are heavily smoothed, and the Monte Carlo magnification estimate at the SN position is actually ∆mµ = 0.28±0.08 mag.

tions in program GO-13396, PI S. Rodney). SNe Ia were the
key to the discovery the accelerating Universe; perhaps grav-
itationally lensed SNe Ia will play a starring role in further
illuminating the dark Universe, probing not just dark energy,
but dark matter as well.
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ful discussions, and Saul Perlmutter and the Supernova Cos-
mology Project for communication and coordination.
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FIG. 13.— Magnification map for SN CLA11Tib (z = 1.143) behind Abell 383, similar to Figures 10 and 12, computed from the SaWLens algorithm (Merten
et al. 2009, 2011) from strong and weak lensing constraints. The strong lens multiple images in this system were presented by Zitrin et al. (2011).

FIG. 14.— Reduced χ2 (with 11 degrees of freedom) versus magnitude offset for SN CLA11Tib. The magnitude offset is a proxy for ∆mµ from the light-curve
fit model, as described in the text. The cumulative probability for a given χ2

ν value is displayed on the right-hand side. The blue shaded region corresponds to
the 1σ range of ∆mµ derived from the lensing map in Figure 13. The black and blue points correspond to SN Ib/c and SN II models, respectively, while the red
(SALT2) and magenta (MLCS2k2) points are the best-fit SN Ia models. None of these models is consistent with both the SN light curve and the lensing map
magnification prediction, but the CC SN templates do not span the full range of CC SN luminosities and light curves.
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With a nice continuity
SN HFF14Tom in the prime field of A2744

z = 1.33

Rodney, JM et al. in prep. 2015
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SNe Refsdal in MACS J1149

Kelly et al. (2015), Science

Source: z = 1.491
Cluster: z = 0.544

Analysis based on:
CLASH 
HSTFF

HST GLASS
HSTFF SN data

Quite a media 
splash, including 

NY Times

Elliptical: z = 0.54
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Radial Basis Functions
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A simple Mock Lens

JMM 2014, 1412.5186

From numerical 
simulation, 5 Mpc/18’ 

on a side at z = 0.35

9000 shear sampling 
points with Gaussian 
noise (sigma_e ~ 0.3)

55 multiple images 
from 15 sources. 

Critical line sampled 
with 20 points
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Test Reconstructions
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Test Reconstructions
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Conclusions

CLASH cluster density profiles are in good 
agreement with LCDM expectations

Cosmic lenses are now routinely used to study 
the high-redshift Universe, however their 

magnification properties must be understood

Lenses supernovae provide the unique 
opportunity to check lens prescriptions

Future methods will exploit the lensing input 
even more efficiently and with a minimum 

number of initial assumptions


