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Constraining Dark Matter 

NASA



Simulations Improve Constraints

Randall et al. 2008
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Simulations Need Initial Conditions 

The observability of offsets is dependent 
on the viewing angle and time.



Sample Selection
• Ideal mergers:

• Merging in the plane of the sky.
• Observed between first 

pericenter passage and 
apocenter.

• Equal mass (Kim et al. 2017)

Radio Relic Clusters:
• Radio relics are synchrotron 

from merger induced shocks in 
ICM.

• Relic constrains viewing angle to 
near the plane of sky.

• Relic is good indicator of post-
merger system.

• Double relics likely to form in 
major mergers.

Jee et al. 2015

Sausage Cluster



Multiwavelength Approach
Radio

• Relic constrains merger axis, collision 
velocity, and viewing angle.

Deep optical imaging
• WL mapping of dark matter distribution.
• Accurate mass estimate.

Jee et al. 2015

Galaxy luminosity

Spectroscopy
• Cluster galaxy selection.
• LOS velocity of clusters.

X-ray
• ICM distribution.
• Investigate shocks.

Jee et al. 2015

Numerical 
Simulations



𝑀𝑀𝐶𝐶2 Cluster Sample
29 Radio Relic Selected Clusters
A few numbers on the data set:

• 40 hours of Subaru imaging

• 5500 cluster member galaxy 
spectra

• 4000 ks of X-ray observations

• 250 hrs of radio 



𝑀𝑀𝐶𝐶2 Cluster Sample

29 Radio Relic Selected Clusters

Megaparsec sized radio relics

Redshift range: 0.07 < z < 0.55

Disturbed X-ray morphologies



𝑀𝑀𝐶𝐶2 Cluster Sample

29 Radio Relic Selected Clusters

Megaparsec sized radio relics

Redshift range: 0.07 < z < 0.55

Disturbed X-ray morphologies

11 of the clusters contain 2 radio 
relics.



Two Relic Systems

Bonafede+2014

Golovich et al. 2017



Ongoing Lensing Investigations

Bonafede+2014

• Improving the characterization of the galaxy populations 
with *new* MMT-Hectospec observations thanks to the 
KGMT.

Cho et al. in prep. Finner et al. in prep.

Image credit: Golovich et al.. 2017



Ongoing Lensing Investigations

Bonafede+2014Image credit: Golovich et al.. 2017

Lee et al. in prep. Kim et al. submitted
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