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Astrophysical Probes of DM

• Minimum Halo Mass 

• Halo Profiles 

• Compact Object Abundance 

• Anomalous Energy Loss 

• Large-scale Structure

"Microscopic properties of dark matter have macroscopic consequences." 
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Galaxy Clusters

• Clustering of ~1000 galaxies

• Concentration of Hot Plasma
~10x more massive than galaxies

• Concentration of Dark Matter
~10x more massive than plasma



Dark Matter is Invisible







Jee et al. (2005)



Stage-of-the-merger 
ambiguity
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Stage-of-the-merger 
ambiguity

Jee et al. (2005)



Post-Merger Search

1.Find galaxy clusters that have DM and gas 
substructures. 

2.Select the subsample of clusters that show clear gas-
DM offsets and indicate bona-fide post-mergers. 

3.Measure the DM-galaxy offsets.



High Speed Collision of two Galaxy Clusters

Gas











Where will be the galaxies?



Where will be the dark matter?



the same location of the galaxies?

Collisionless DM



Slightly behind the galaxies?

Self-interacting DM



Constraints based-on 
survival



Constraints based-on offset

Randall et al. (2008)

σ/m<1 cm2 /g



Lower-limit constraints based-on  
excess mass

• Assume that P3 is expelled from both P2 and P4. 

• The P3 mass is the sum of P2 wing + P4wing + gas. 

• The net excess mass is ~1.3x1013 M⊙ mass. 

• The mass loss fraction is ~6%. 

• The average surface mass density is ~0.14 g/cm2.

σ
m

=
0.06

0.14 g/cm2 ∼ 0.47 cm2g−1

This does not violate the constraint from the Bullet Cluster.

Jee et al. (2014)



Some Post-Merger Clusters 
identified by their Gas-Mass Offsets 

El Gordo



Why so few "dissociative" 
mergers?

1. Dissociative features are transitory. 
2. Gas cloud is still bound to its parent dark matter halo. 
3. As the merger progresses, the offset may disappear.



Shocks



"Sausage" Cluster



Sausage: Textbook Example of Radio Relic



The Astrophysical Journal, 802:46 (14pp), 2015 March 20 Jee et al.

Subaru/Suprime Cam CFHT/MegaCam

Figure 4. Maximum-entropy mass reconstructions from Subaru (left) and CFHT (right). The white contours represent the projected mass density (κ), which is subject
to the mass-sheet degeneracy (κ → λκ + 1 −λ). We arbitrarily scale the mass map in such a way that the average κ value becomes approximately zero near the
field boundary. The Subaru and CFHT results are consistent with other each. The consistency between independent telescopes serves as verification that the observed
substructures in both maps are not due to residual systematics. Readers are reminded that the PSF patterns are very different between the two observations (Figure 2).
It is also important to note that the source number density from the CFHT data is a factor of two lower.

Subaru Telescope, which obviates the need for any transforma-
tion between the current CIZA J2242.8+5301 and the COSMOS
photometric systems.

We apply the source selection criteria described in Section 3.8
to the COSMOS galaxy catalog. We obtain ⟨β⟩ = 0.656 and
the corresponding effective redshift of this subset is zeff =
0.626. Because the depth of our CIZA J2242.8+5301 image
is shallower than the COSMOS images, it is necessary to
correct for the difference. We compute this correction factor
by constructing magnitude histograms for the two catalogs and
weight galaxies according to the ratio of our source number
density per magnitude bin to the COSMOS one. The stellar
contamination discussed in Section 3.7 is also taken into account
in this step. Both ⟨β⟩ and zeff decrease to 0.616 and 0.549,
respectively. We obtain

!
β2

"
= 0.438, which is needed to account

for the width of the redshift distribution (Equation (9)).

5. TWO-DIMENSIONAL MASS RECONSTRUCTION

The reduced shear defined in Equations (4) and (5) is directly
observable (up to shear calibration) by averaging object elliptic-
ities. However, in order to obtain the surface mass density κ , we
need to know shears γ , which are related to reduced shears via

g = γ

1 −κ
. (10)

Often, g = γ is assumed in the very weak-lensing regime
where κ ≪ 1. Under this assumption, we can obtain the two-
dimensional convergence field by performing the following
integral:

κ(x ) = 1
π

#
D∗(x −x ′)γ (x ′)d2x , (11)

where D∗ is the convolution kernel defined as D(x ) = −1/(x1−
ix2)2 and x is the coordinate. This direct inversion first used in
Kaiser & Squires (1993) is still a popular method to reconstruct
a two-dimensional mass distribution.

However, near cluster centers, κ is non-negligible, and thus
we need to include the nonlinear relation between g and γ . In the
current paper, we used the maximum-entropy inversion code of
Jee et al. (2007b), which utilizes the entropy of the mass pixels
as prior to regularize the result.

We show our mass reconstruction results in Figure 4 from both
Subaru and CFHT. Clearly, the results demonstrate that the mass
distribution is elongated along the merger axis inferred from the
radio relics. Note that the substructures seen in both instruments
are consistent. We regard this consistency as verification that the
observed substructures are not due to any residual systematics
in weak-lensing measurements. As shown in Figure 2, the PSF
ellipticity patterns of Subaru and CFHT are different. Thus,
if our PSF correction error were significant, we would not
observe this level of consistency between the two instruments.
Also, remember that the source number density in the CFHT
weak-lensing catalog is a factor of two lower. This implies that
the CFHT result can be regarded as one of the bootstrapping
realizations of the Subaru result (in the absence of systematic
errors). Most of the sources used for the CFHT weak-lensing
analysis are present in the Subaru source catalog. Therefore,
little difference from the Subaru result is observed when we
combine the two source catalogs. Nevertheless, we note that our
weak-lensing analysis hereafter is based on the union of both
Subaru and CFHT shape catalogs.

Figure 5 compares the mass reconstruction from the combined
catalog (CFHT+Subaru) with the cluster galaxies. The cluster
member selection is described in Section 3.9. We smooth the
galaxy distribution using a Gaussian kernel with a FWHM ≃
3.′4. Both number and luminosity maps indicate that the cluster
galaxies in CIZA J2242.8+5301 have a bimodal distribution,
and our mass reconstruction reveals two dominant mass clumps
that can be associated with the two peaks in both luminosity
and number density maps. It is apparent that the mass centroids
do not perfectly align with the cluster galaxies. The mean offset
between the mass and luminosity/number density peaks is ∼ 1′.
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"Sausage Cluster" Jee et al. (2015)

Gas+Galaxy+Mass+Shock



Diffusive Shock Acceleration

u1

u2



Re-acceleration Model

van Weeren et al. (2017), Nature Astronomy



Merits of Radio Relic

• A sure sign of post merger 

• Merger axis 

• Collision velocity 

• Time since merger 

• Viewing angle



Merger Axis from Radio Relic



Collision Speed from  
Radio Relic

α~-0.7 corresponds to a Mach number of ~3 or 2500 km/s
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Time Since Collision from  
Radio Relic

TSC = distance to the relic / collision speed 
        = 1.5 Mpc / 2500 km/s 
        = ~0.4 Gyrs



Merger Viewing Angle  Ambiguity



Viewing Angle Constrain  from  
Radio Relic

A polarization fraction of ~60% means the merger axis is within ~30 degrees with respect to the 
plane of the sky.



Merging Cluster Analysis

Radio 
Observation

X-ray 
Observation

Optical 
Observation Spectroscopy

Numerical 
Simulation

Plasma Physics Dark Matter
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YOUNG (Yonsei Observable 
Universe Group)



MC2 Targets

30 targets  
with radio relics



RR Clusters





Executive Summary of MC2

• Across the sky, ~30 RR clusters have been discovered. 

• We have obtained WL-quality imaging data for 28 RR 
clusters. 

• 15 RR clusters have been measured with WL. 

• 21 RR clusters have been observed with Chandra. 

• 28 RR clusters have been observed with optical 
spectroscopy using Keck, MMT, and Gemini (~5400 
members).



Conclusions
• Microscopic properties of dark matter imprint themselves on 

macroscopic distribution of dark matter. 

• Future surveys will provide statistical power to constrain properties 
of dark matter with astrophysical probes. 

• One of the useful astrophysical probes is the cluster merger. To 
date, Subaru imaging data are the main workhorses for dark matter 
mapping. 

• The current upper limit of self-interacting cross-section is ~1 cm2/g. 

• Hopefully, our MC2 project will provide more stringent constraint 
within the next few years using ~30 radio relic clusters.
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