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What could be the problem
Baryons Dark Matter

0.1 1 10 100
10-8

10-6

10-4

10-2

100

102

r

ρ(
r)

Read & Gilmore 2005; Navarro et al. 1996

Inflow

Outflow

Repeat

Cusp

Core

3. The role of baryon physics | Cusp/core transformation

Wednesday, January 30, 2013

4 F. Governato et al.

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
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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).

Self-Interacting Dark Matter Simulations I 9

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
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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



Gravitational Lensing



Gravitational Lensing
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Cosmology with Clusters

Tinker et al. 2008 Vikhlinin et al. 2009
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The dark matter density profile
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The problem with the strong lenses

Postman & CLASH 2012
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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 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



“Unrelated” Success

MACS J1149 / Zheng & CLASH, Nature 2012

MACS J0647 / Coe & CLASH, ApJ 2012
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Figure 1. Lenstool strong lensing mass model of MACSJ0647.7+7015 and multiply-imaged galaxies as identified in this work using the
Zitrin et al. (2009) method, including two strong lensing systems identified in Zitrin et al. (2011a). Each strongly lensed galaxy is labeled
with a number and color-coded by redshift (scale at bottom right). Letters are assigned to the multiple images of each galaxy. Dashed
circles indicate predicted locations of counterimages not unambiguously identified. Overplotted are critical curves from our Lenstool model
indicating thin regions of formally infinite magnification for background galaxies at z = 2.0 (cyan), 3.5 (green) and 11.0 (red). Mirror
images of galaxies straddle these critical curves. The Hubble color image was produced using Trilogy (Coe et al. 2012) and is composed of
ACS and WFC3/IR filters as given at top right.

Previous authors have also noted that SExtractor
tends to underestimate flux uncertainties (Feldmeier
et al. 2002; Labbé et al. 2003; Gawiser et al. 2006) by
as much as a factor of 2–3 (Becker et al. 2007). In this
work, we obtained empirical measurements of the flux
uncertainties using the following method which also cap-
tures the effects of correlated noise.
SExtractor has the ability to measure the local back-

ground within a rectangular annulus (default width 24
pixels) around each object. We constructed a rectangle
of the same size, but rather than calculate the RMS of
the individual pixels, we obtained samples of the back-
ground flux within this region using the isophotal aper-
ture shifted to new positions. In other words, we moved
the isophotal aperture to every position within this rect-
angle, sampling the flux at each position. We discarded
measurements for which the aperture includes part of
any object, as we are interested in measuring the back-
ground flux. Finally we measured the RMS of these mea-
surements and added in quadrature the object’s Poisson
uncertainty to obtain the total flux uncertainty for that
object. We found this technique indeed yielded larger
flux uncertainties than reported by SExtractor, typically
by factors of 2–3 in the WFC3/IR filters and by lower
factors in ACS and WFC3/UVIS.
We also used this method to determine object fluxes.

The mean of the flux measurements in the nearby aper-
tures was adopted as the local flux bias, which we sub-

tracted from the flux measurement in the object itself.
We found this yielded photometry very similar to that
obtained using SExtractor, agreeing well within the pho-
tometric uncertainties. While we used this photometry
for all subsequent analyses, we also verified that our de-
rived photometric redshifts did not vary significantly (af-
ter excluding the F110W second epoch exposures; §3.1.3)
if we instead utilized photometry derived directly from
SExtractor.
We corrected for Galactic extinction of E(B − V ) =

0.11 in the direction of MACSJ0647.7+7015 as derived
using the Schlegel et al. (1998) IR dust emission maps.
For each filter, the magnitudes of extinction per unit
E(B − V ) are given in Postman et al. (2012, their Table
5). (These values should be ∼10% lower in the NUV and
optical according to Schlafly & Finkbeiner 2011.) This
extinction reddens the observed colors at the few percent
level in the near-IR. Thus the effects on the J-dropout are
negligible. The extinctions range from 0.05 to 0.11 mag
in the WFC3/IR images; 0.16 to 0.46 mag in the ACS
images; and 0.50 to 0.83 mag in WFC3/UVIS. We note
the extinction may be somewhat uncertain due to patchy
galactic cirrus in the direction of MACSJ0647.7+7015.

3.1.2. Photometric Results

Our resulting 17-band HST photometry is given in Ta-
ble 2 and Fig. 4. All three J-dropouts are detected at
>10-σ in F160W, >6-σ in F140W, and <3-σ in all other
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Figure 7. Spitzer IRAC ch1 (3.6µm) and ch2 (4.5µm) images of MACS0647-JD compared to the HST WFC3/IR F160W (1.6µm) image.

Two intensity scalings and zooms are shown. Left: Both 26
�� × 26

��
F160W cutouts are scaled linearly in photon counts to the same range

as Fig. 2. And for each Spitzer filter, the same count range is used in each row. The background photon counts are significantly higher

near JD1 and JD2 (top row) due to intracluster light and scattered starlight. MACS0647-JD is not detected brightly in the Spitzer images,

supporting the high-redshift solution. The only possible detection we report is for JD2 at 3.1-σ in ch2 (Table 2). JD1 is contaminated by

light from other nearby galaxies which we modeled and subtracted to estimate JD1’s photometry. Right: In each of these 5
�� × 5

��
closeups,

the intensity is scaled independently to the observed range within the central 3
�� × 3

��
.

Figure 8. Top row: photometric redshift probability distributions based on our BPZ analysis (§4.1) of HST+Spitzer photometry for

each image. Cumulative probabilities P (< z) are shaded gray; probabilities P (z) per unit 0.01 in redshift are drawn as black lines; and

likelihoods for individual SED templates are drawn as colored lines. In this work, we use four elliptical templates (Ell), one E/S0, two

spirals (Sbc and Scd), and four starbursts (SB). We then interpolate nine templates between each pair of adjacent templates. Bottom left:

joint likelihoods for all three images. Bottom center: likelihoods based on the summed photometry of all three images. For all of these

likelihoods, we assume the prior plotted at bottom right for galaxies of intrinsic (delensed) magnitude ∼28.2. This prior was empirically

derived from large surveys with photometric and spectroscopic redshifts and extrapolated to higher redshifts.
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Special Features
State-of-the-art data 
allows for high spatial 

resolution on wide fields

Errors are estimated by 
bootstrapping WL and SL 

input catalogues

Problem: Method is 
runtime expensive

Solution: Massively 
parallel implementation 

using also GPUs
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A tailored set of simulations
MUSIC-2, 535 re-simulated halos out of the 1 Gpc 

MultiDark box.

Full control over analysis technique and selection
Analysis 

in 2D
<--
--> 

X-ray
selecting

CLASH

Meneghetti, JM & CLASH 2014, 2 weeks to submission
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Some words about SNe
We found 3 lensed supernovae behind 

CLASH clusters

Two of them are of standardizable Type 1a

Patel, Iha, Rodney, Reese , 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

11

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
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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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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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Outlook: Exploit current data sets
CLASH enables

much more science 
than we did so far

•  other profiles
gNFW, Einasto

• full morphological
analysis

•  dark matter 
science

More merger data 
to come

• Abell 3827
• 6 more clusters 
with merging cluster 
collaboration, radio 

relic selected 
• HST Frontier Fields
• The goal: Set of 
O(20) cluster merger 

There is the strong need for much larger simulation sets

•  proper 
inclusion of 

baryons

• Realistic 
simulations of 

cluster mergers

• alternative 
dark matter 

models



Outlook: Big Surveys
LSST, Euclid, WFIRST and earlier surveys like HSC
+PFS will enable this science over large portions 

of the sky. Let’s be ready for it.

from Spergel et al. 
including JM 2013, 

WFIRST-AFTA 
science definition 

report

wide-fields:  here 
simulated 25 deg^2

                                       -->

single objects 
also profit 
from the 

enormous 
FOVs, here 
Abell 2744

<--



Outlook: Velocities

MACS 
J0717,

Sayers et 
al. 2013

CCAT



Summary
The standard model works fine on large scales but has to 
face some open questions on the scale of individual halos

Galaxy clusters are an ideal testbed for our understanding 
of structure formation

Comprehensive surveys like CLASH let us test the validity 
of numerical simulations to unprecedented accuracy 

Giant cluster mergers, let us understand dark matter on a 
microscopic level 

Future wide-field surveys will create unique data sets of 
observations which are currently only possible for single 

objects and probe cosmic velocity fields 


