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Summary



1. Motivation

• Lambda Cold Dark Matter (ΛCDM) 
- Collision-less cold DM 

✓ Extremely successful for large scale structure 

- Crisis on small scales (core-cusp, diversity, missing satellites, TBTF problems) 

- Cluster scales (core-cusp problem / baryon physics (AGN) ➝ cluster cores)

• Self-interacting dark matter (Spergel & Steinhardt 2000) 

- Elastic scatter DM (σ/m): 

- Small scales: cusps into cores and TBTF (σ/m ~ 0.5-1 cm2/g)

Thermalization Central density Spherical halo

Credits: 
Tulin & Yu 2018
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High rate 
in clusters

• Self-interacting dark matter (Spergel & Steinhardt 2000) 

- Elastic scatter DM (σ/m): 

- Small scales: cusps into cores and TBTF (σ/m ~ 0.5-1 cm2/g) 

- Cluster scales 

‣ Bullet cluster: σ/m ≲ 0.1 cm2/g (Randall et al. 2008) 

‣ core clusters with  σ/m ~ 0.1 cm2/g (Yoshida et al. 2000, Rocha et al. 2013) 

‣ Diversity central densities with σ/m ~ 1 cm2/g (Rocha et al. 2013) 

‣ Cluster ellipticity: σ/m ~ 1 cm2/g not excluded (Peter et al. 2013) 

‣ Strong lensing: σ/m < 0.1 cm2/g (Meneghetti et al. 2001)
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1. Motivation

• Meneghetti et al. 2001 

- Extreme strong lensing arcs in simulated SIDM cluster-size halo 

- 1 halo with Mvir = 7.4 x 1014 h−1 M⊙ at z= 0.278 (from Yoshida et al. 2000a,b) 

- SIDM with σ/m < 0.1, 1, 10 cm2/g 

‣ NO Radial arcs ⇒ σ/m < 0.1 cm2/g

No SIDM 
radial 
arcs
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2. SIDM simulations of cluster-size halos

• 1 halo zoom simulations (M200c ~ 1015 h−1 M⊙ at z=0) 

Strongest lens and mayor merger at z ~ (0.250-0.333)

MultiDark (MDR1) 

Prada et al. 2012 

www.cosmosim.org 

20483 part. 1h−1Gpc box

MUSIC project 

http://music.ft.uam.es/ 

40963 particles 

sphere 6h−1Mpc radius

WMAP7+BAO+SNI 
ΩM=0.27, ΩΛ=0.73, 
Ωb=0.0469, h=0.7

283 most 
massive halos

• 5 halo zoom simulations (M200c > 1015 h−1 M⊙ at z=0) 

Strongest lenses at z ~ (0.250, 0.333, 0.429, 0.538)

MultiDark (MDPL2) 

Klypin et al. 2016 

www.cosmosim.org 

38403 part. 1h−1Gpc box

300th project 

http://the300-project.org 

38403 particles 

sphere 15h−1Mpc radius

PLANCK 2016 
ΩM=0.3, ΩΛ=0.69, 
Ωb=0.048, h=0.678

324 most 
massive halos

Non-radiative runs (adiabatic): DM + GAS
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2. SIDM simulations of cluster-size halos

• 6 cluster-size halos with GIZMO (Hopkings 2015, 2017) 

- Based on P-GADGET and GADGET-2 (Springel 2005) 

- SPH + grid-based/AMR schemes 

- SIDM module (Rocha et al. 2013)  

- DM + GAS (non-radiative) particles 

- Same ΛCDM initial conditions  

- SIDM cross-section (velocity independent)

σ/m = 1 cm2/g

VII Meeting on Fundamental Cosmology (Madrid - 2019) 7



2. SIDM simulations of cluster-size halos

• 6 cluster-size halos with SIDM

σ/m = 1 cm2/g

M200c 

[1015 h−1 M⊙]
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Axis ratios

R200c
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3. Gravitational lensing by galaxy clusters

• Deflection angle, convergence, shear and magnification

Lens equation

Magnification

=0 
Tangential CC 
(total mass)

=0 
Radial CC 

(slope mass)

{ <latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit> { <latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit>

µ = µtµr =
1

(1� � �)(1� + �)
<latexit sha1_base64="x6635TBM9XuaAUNHTkso1oG5ZQc=">AAACI3icbVBNS8NAFNzUr1q/qh69LBahIi2JCHoRil48VrC20ITyst20S3eTsLsRSujP0T9jT6KCB/+L2xhEW+fwmDczC/vGjzlT2rY/rMLS8srqWnG9tLG5tb1T3t27V1EiCW2RiEey44OinIW0pZnmtBNLCsLntO2Prmd++4FKxaLwTo9j6gkYhCxgBLSReuWGKxJ8ic3s6WzK2RZIIKkzSatOzR1BHEPNHYAQcPwjnOTCpFeu2HU7A14kTk4qKEezV566/YgkgoaacFCq69ix9lKQmhFOJyU3UTQGMoIB7RoagqDKS7NLJ/goiCTWQ4qz/Xc2BaHUWPgmI0AP1bw3E//zuokOLryUhXGiaUhMxHhBwrGO8Kww3GeSEs3HhgCRzPwSkyGYgrSptWTOd+aPXST3p3XHrju3Z5XGVV5EER2gQ1RFDjpHDXSDmqiFCHpCU/SG3q1H69l6sV6/owUrf7OP/sD6/AIJVKKX</latexit><latexit sha1_base64="x6635TBM9XuaAUNHTkso1oG5ZQc=">AAACI3icbVBNS8NAFNzUr1q/qh69LBahIi2JCHoRil48VrC20ITyst20S3eTsLsRSujP0T9jT6KCB/+L2xhEW+fwmDczC/vGjzlT2rY/rMLS8srqWnG9tLG5tb1T3t27V1EiCW2RiEey44OinIW0pZnmtBNLCsLntO2Prmd++4FKxaLwTo9j6gkYhCxgBLSReuWGKxJ8ic3s6WzK2RZIIKkzSatOzR1BHEPNHYAQcPwjnOTCpFeu2HU7A14kTk4qKEezV566/YgkgoaacFCq69ix9lKQmhFOJyU3UTQGMoIB7RoagqDKS7NLJ/goiCTWQ4qz/Xc2BaHUWPgmI0AP1bw3E//zuokOLryUhXGiaUhMxHhBwrGO8Kww3GeSEs3HhgCRzPwSkyGYgrSptWTOd+aPXST3p3XHrju3Z5XGVV5EER2gQ1RFDjpHDXSDmqiFCHpCU/SG3q1H69l6sV6/owUrf7OP/sD6/AIJVKKX</latexit><latexit sha1_base64="x6635TBM9XuaAUNHTkso1oG5ZQc=">AAACI3icbVBNS8NAFNzUr1q/qh69LBahIi2JCHoRil48VrC20ITyst20S3eTsLsRSujP0T9jT6KCB/+L2xhEW+fwmDczC/vGjzlT2rY/rMLS8srqWnG9tLG5tb1T3t27V1EiCW2RiEey44OinIW0pZnmtBNLCsLntO2Prmd++4FKxaLwTo9j6gkYhCxgBLSReuWGKxJ8ic3s6WzK2RZIIKkzSatOzR1BHEPNHYAQcPwjnOTCpFeu2HU7A14kTk4qKEezV566/YgkgoaacFCq69ix9lKQmhFOJyU3UTQGMoIB7RoagqDKS7NLJ/goiCTWQ4qz/Xc2BaHUWPgmI0AP1bw3E//zuokOLryUhXGiaUhMxHhBwrGO8Kww3GeSEs3HhgCRzPwSkyGYgrSptWTOd+aPXST3p3XHrju3Z5XGVV5EER2gQ1RFDjpHDXSDmqiFCHpCU/SG3q1H69l6sV6/owUrf7OP/sD6/AIJVKKX</latexit><latexit sha1_base64="x6635TBM9XuaAUNHTkso1oG5ZQc=">AAACI3icbVBNS8NAFNzUr1q/qh69LBahIi2JCHoRil48VrC20ITyst20S3eTsLsRSujP0T9jT6KCB/+L2xhEW+fwmDczC/vGjzlT2rY/rMLS8srqWnG9tLG5tb1T3t27V1EiCW2RiEey44OinIW0pZnmtBNLCsLntO2Prmd++4FKxaLwTo9j6gkYhCxgBLSReuWGKxJ8ic3s6WzK2RZIIKkzSatOzR1BHEPNHYAQcPwjnOTCpFeu2HU7A14kTk4qKEezV566/YgkgoaacFCq69ix9lKQmhFOJyU3UTQGMoIB7RoagqDKS7NLJ/goiCTWQ4qz/Xc2BaHUWPgmI0AP1bw3E//zuokOLryUhXGiaUhMxHhBwrGO8Kww3GeSEs3HhgCRzPwSkyGYgrSptWTOd+aPXST3p3XHrju3Z5XGVV5EER2gQ1RFDjpHDXSDmqiFCHpCU/SG3q1H69l6sV6/owUrf7OP/sD6/AIJVKKX</latexit>

{
<latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit>{

<latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit><latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit>

Shear

Convergence

{
<latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit> <latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit> <latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit> <latexit sha1_base64="9GzJQjYLTsOekzGxQ1FiTE2GEBc=">AAAB43icbVDJSgNBFHzjGuMW9eilMQiewowIegx48ZiIWSAZQk/nTdKkZ6H7jRCGgHc9iXrzj/wB/8bOctDEOtWrqsOrClIlDbnut7O2vrG5tV3YKe7u7R8clo6OmybJtMCGSFSi2wE3qGSMDZKksJ1q5FGgsBWMbqd+6xG1kUn8QOMU/YgPYhlKwclK9928Vyq7FXcGtkq8BSnDArVe6avbT0QWYUxCcWM6npuSn3NNUiicFLuZwZSLER9gx9KYR2j8fPbphJ2HiWY0RDa7f2dzHhkzjgKbiTgNzbI3Ff/zOhmFN34u4zQjjIWNWC/MFKOETQuzvtQoSI0t4UJL+yUTQ665IDtL0db3lsuukuZlxXMrXv2qXK0/zYcowCmcwQV4cA1VuIMaNEBACC/wDh8OOs/Oq/M2j645i/FO4A+czx+4x4uJ</latexit> {
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Deflection angle

Critical density of the Universe
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Lens plane z = 0.3 (zs = 2.0)
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3. Gravitational lensing by galaxy clusters

• Ray-shooting (Meneghetti et al. 2008, 2010) 

- Project halo particles (DM+GAS) within 4.3h−1Mpc side box 

- Light-rays through a regular grid of 512 × 512 pix (250'' x 250'') 

- 1,000 random projections on the lens plane 

- Select super-critical projections with µr > 1,000
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z = 0.429 
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3. Gravitational lensing by galaxy clusters

• Super-critical projections (µr > 1,000)

Cluster z ΛCDM SIDM

clus2 0.250

clus9 0.250

clus11 0.250

clus11 0.300

clus2 0.333

clus9 0.333

clus11 0.333

clus2 0.429

clus7 0.429

clus82 0.429

clus2 0.538

clus9 0.538

clus30 0.538

{
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SIDM clusters at 
low redshift are 
not supercritical

DM self-
interactions in 

mergers

Cores with 
Σ < Σc

Strong lensing 
comparison 
ΛCDM/SIDM 

6 halos 
4 redshifts {
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3. Gravitational lensing by galaxy clusters

• Super-critical projections (µr > 1,000) 

- Einstein radius slightly larger in 

ΛCDM than SIDM 

- Number o f p ro jec t i ons w i th 

tangential CC larger in ΛCDM than 

SIDM 

- Number of projections with radial 

CC larger in ΛCDM than SIDM

✓E /
p

⌃(< RE)
<latexit sha1_base64="ETYMm0qGCZZSG6RxYE7EM+lKEwg=">AAACCHicbVDLTsJAFJ3iC/FVdelmIiHBDWnVRBcuiIbEJT54JLRppsMAE6YPZ25NSMMP6M/oyqg71/6Af+OAXSh4Vufec25yz/FjwRVY1peRW1hcWl7JrxbW1jc2t8ztnaaKEklZg0Yikm2fKCZ4yBrAQbB2LBkJfMFa/vBiorfumVQ8Cm9hFDM3IP2Q9zgloFeeWXJgwIB4NezEMoohwo66k5A6N7wfEFw+u/ZqB2PPLFoVawo8T+yMFFGGumd+Ot2IJgELgQqiVMe2YnBTIoFTwcYFJ1EsJnRI+qyjaUgCptx0GmeMS71IYv0Wns6/vSkJlBoFvvYEBAZqVpss/9M6CfRO3ZSHcQIspNqitV4isM47aQV3uWQUxEgTQiXXX2I6IJJQ0N0VdHx7Nuw8aR5W7KOKdXVcrJ5nReTRHtpHZWSjE1RFl6iOGoiiR/SM3tC78WA8GS/G6481Z2Q3u+gPjI9vzwmZGA==</latexit>
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4. Radial arcs statistics

• High-res maps (2048x2048 pix2, 0.12x0.12 arcsec2 resolution) 

• Lensing of 𝒪(104) random sources in the source plane (zs = 2.0) 

- Spatial density of sources increases near the caustics 

- Elliptical sources (axis ratios > 0.5), surface = circle 1'' radius 

• Radial arcs selection: µr > 5 and (µr / µt) > 4

−0.5  0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5
log µ

−0.5  0.0  0.5  1.0  1.5  2.0  2.5  3.0  3.5
log µ

ΛCDM SIDM
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ΛCDM SIDM

4. Radial arcs statistics
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• High-res maps (2048x2048 pix2, 0.12x0.12 arcsec2 resolution) 

• Lensing of 𝒪(104) random sources in the source plane (zs = 2.0) 

- Spatial density of sources increases near the caustics 

- Elliptical sources (axis ratios > 0.5), surface = circle 1'' radius 

• Radial arcs selection: µr > 5 and (µr / µt) > 4



SIDM Length (l) and width (w) of radial arcs 
(Miralda-Escudé 1993, Bartlemann & Weiss 1994)

(1) Image 
source 
center

(2) Most 
distant from 1

(3) Most 
distant from 2

Length (l): segment 
connecting 1 and 3

Width (l): fitting 
ellipse, circle, 
rectangle and ring

4. Radial arcs statistics
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• High-res maps (2048x2048 pix2, 0.12x0.12 arcsec2 resolution) 

• Lensing of 𝒪(104) random sources in the source plane (zs = 2.0) 

- Spatial density of sources increases near the caustics 

- Elliptical sources (axis ratios > 0.5), surface = circle 1'' radius 

• Radial arcs selection: µr > 5 and (µr / µt) > 4



log l (arcsec) log w (arcsec)

ΛCDM SIDM

4. Radial arcs statistics

Number of 
radial arcsLog w ('')Log l ('')
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No SIDM 
radial 
arcs

Meneghetti et al. 2001This work

4. Radial arcs statistics

• All radial arcs found

ΛCDM SIDM
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Comparable µr 



5. Conclusions and future prospects

• 6 cluster-size DM halos @ z ~ (0.250, 0.300, 0.333, 0.429, 0.538) 

• LCDM and SIDM (σ/m = 1 cm2/g) cosmological models 

• 1,000 different projections on the lens plane 

• High-resolution lensing maps (0.12 arcsec/pix) 

• No supercritical SIDM halo for z < 0.3 

• Length of radial arcs: 

- mean(lSIDM) ≳ mean(lLCDM) 

- max(lSIDM) ~ 60'', max(lLCDM) ~ 69'' 

• Width of radial arcs: mean(wSIDM) > mean(wLCDM) 

• Radial arcs in SIDM in regions with smaller convergence and shear 

• Comparable radial magnifications
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5. Conclusions and future prospects

SIDM with σ/m = 1 cm2/g cannot be ruled 

out based strong lensing by galaxy clusters

To do list: 

• Lensing probability in ΛCDM/SIDM (both tangential and radial)  

• Increase number of halos (variation in density profiles) 

• Velocity-dependence of DM interactions in GIZMO 

• Baryonic effects in SIDM simulations (Brinckmann et al. 2018)
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Thank you!
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