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Hudson et al. (2010) examined the 
HIFLUGCS (Reiprich & Boringer 2002) 
against numerous CC diagnostics 

Using tcool to segregate clusters: 

44% Strong Cool Cores (tcool < 1 Gyr) 
28% Weak Cool Cores (1 < tcool < 7.7 Gyr) 
28% Non Cool Cores (tcool > 7.7 Gyr)

Hudson et al. (2010)

tcool



Cool Core Disruption via 
Cluster Mergers 

numerous observations of disrupted cool 
cores in systems undergoing low angular 
momentum (head-on) major mergers 

simulations of head-on CCs result in core 
entropies of ~ 300 keV cm2  (e.g. ZuHone 
2011) 

While Ricker and Sarazin (2001), ZuHone 
(2011) showed off-axis mergers can 
significantly transform a cluster core, 
recent cosmological simulations of Hahn et 
al. (2017) suggest head-on mergers are 
required to produce long-lived NCCs   
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ZuHone 2011

Rhapsody-G I: massive galaxy clusters 9

3.4 Gas depletion profiles

A crucial observable reflecting the degree to which collisional
matter follows the total mass distribution of galaxy clusters
is given by the gas depletion profiles. Especially in the cluster
cores, cooling and AGN feedback will a⇤ect both the gas
and the dark matter distribution. In particular, if the central
black hole accretes gas quasi-periodically, AGN feedback can
transform the cuspy dark matter profiles into cored profiles
(Martizzi et al. 2013, consistent with what we find in the
RHAPSODY-G simulations). In Figure 5, we show the ratio
of enclosed gas mass to total mass in units of the universal
baryon fraction. We split our sample of clusters into non-cool-
core (top) and cool-core (bottom) systems. We compare our
results to the observational relations of Mantz et al. (2014), as
indicated by the blue ribbons.

The NCC systems follow the observational relation reason-
ably well. The fossil cluster and the CC systems however show
a very large central gas fraction, in many cases even above
the universal gas fraction (similar to the results of Burns et al.
2008). This result is clearly in tension with the results of Mantz
et al. (2014), and reflects the high electron densities and very
low central entropies we have seen for the CC systems above.
The conclusion must be that in the case of the CC systems,
the AGN feedback is not able to stabilise the core at levels
consistent with X-ray observations. The exciting possibility is
that other forms of non-thermal feedback (or processes) must
be plausibly involved in order to bring these results in line
with observations. We note that our results for NCC systems
are consistent with published results from SPH simulations
(e.g. Battaglia et al. 2013; Sembolini et al. 2013; Planelles et al.
2013) at scales of 0.1Rvir, but are somewhat higher at larger
radii.

Less visible but as significant is the discrepancy of the
gas fraction at � Rvir/2, where the profiles are slightly but
systematically high with very little scatter. As we see below in
Section 17, the thermal AGN feedback does not reach these
large radii in our simulations, and it is not possible to tune
the energy injection parameter ⌅T to deplete the cool cores
e⇧ciently.

Despite these discrepancies, the use of the gas fraction at
R2500 as a robust cosmological observable (Allen et al. 2008;
Mantz et al. 2014) is strongly supported by our simulations
since R2500 appears to be outside the reach of the AGN and
shows a virtually unbiased thermal mass (c.f. Section 3.3).

4 THE ORIGIN OF THE COOL-CORE /
NON-COOL-CORE DICHOTOMY

We next inspect the origin of the CC/NCC dichotomy in our
simulations. We find that at early times, z � 0.6 and z � 0.8,
respectively, both RG 348 and RG 545 are cool-core clusters
and have a very similar assembly history, which we show in
Figure 6. Both undergo a major merger with a similar mass
ratio at similar times. However, the cooling time of the core
(top panel of Figure 6) rises dramatically more in the case of
RG 348 to a value of about 5 Gyr after an initial higher spike.
Cluster RG 545 only experiences an increase in cooling time
to � 2.5Gyr. We define the core here as the gas enclosed in an
overdensity of 8 ◊ 104 and evaluate the cooling time at that
radius (we find that the free-fall time reduces only slightly over
the same time scale so that roughly tcool/t� ⇥ tcool). After the
merger, both clusters have a more quiescent merger history

Figure 6. Assembly history of RG 348 and RG 545. The first is
a non-cool-core cluster at z = 0, the latter is a cool core cluster.
The top panel shows the cooling time evolution in the core for the
two systems, the bottom panel the mass accretion history. Both
undergo a major merger between a � 0.5 and a � 0.6. While the
core of RG 348 is substantially heated during the merger, the e⇥ect
on RG 545 is not as dramatic. The vertical lines indicate the times
for which we show images illustrating the evolution of RG 545 and
RG 348 in Figure 7 and 8, respectively.

entropy density

RG 545

z=0.82

+322 Myr

+466 Myr 250 kpc/h

Figure 7. Cool core surviving after a major merger (RG 545): We
show the entropy (left column) and density (right column). The first
row is at z = 0.82, the next rows are 322 and 466 Myr later. The
top left panel clearly shows the two cool cores of the systems before
the merger, but due to enough angular momentum, the cores do not
collide (unlike in the case of RG 348, see Figure 8), and the cool
core survives. Solid and dashed circles indicate the cores of the main
cluster and the merging cluster, respectively.

c⇥ 0000 RAS, MNRAS 000, 000–000

Hahn et al. 2017



Sloshing of Cool Cores 

off-axis infall of sub cluster displaces ICM 
core from DM peak 

angular momentum introduced results in 
oscillatory motion of gas core about DM 
peak 

alternating cold fronts are launched by the 
oscillating cool core, resulting in the 
formation of spiral excess of cool, low 
entropy gas   

typically associated with SCCs, generally 
not energetic enough to significantly off-set 
cooling (ZuHone 2010)  
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Abell 2052 | Blanton et al. 2011

ZuHone et al. 2010 



Abell 1763 (z = 0.231)
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exp = 19.6 ksec (cycle 4)        K30kpc = 110 keV cm2 
kT = 8.0 keV.                            tcool = 6.8 Gyr 
ZIN = 0.52 +/-  0.15                  M200 = 1.7 x 1015Msun (Rines 2013) 
                        
somewhat similar to sloshing “warm core” seen in A2142  
(Wang & Markevitch 2018, Rossetti 2013)   K = 49 keV cm2 

Douglass et al. (2018)



Abell 1763
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Excess spiral coincident with lower entropy gas, associated with steep surface brightness 
features revealed in Gaussian Gradient Magnitude (GGM) filtered image.

ggm (color) 
resid (contours)

Douglass et al. (2018)

Pseudo entropy



Abell 1763
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Region of enhanced pressure to 
northeast of BCG1 at ~ 135 kpc

As seen in the off-axis merger simulations of ZuHone (2011), a shock is expected to develop during 
disruptive core sloshing as a cold front is launched into the high-velocity ICM counter flow induced by 
the infalling system.

Douglass et al. (2018)

Pressure Map



Abell 1763
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dynamical analysis of cluster 
using a total of 137 galaxy 
redshifts 

BCG2 in X-ray subcluster 
associated with secondary peak  

Large relative velocity between 
cluster / subcluster (1800 km/s) 

Large peculiar velocity of BCG1 
Douglass et al. (2018)



Abell 1763

 9

Abell 1763 3:1 Mass ratio, vt = 1000 km/s 
b=1 Mpc (ZuHone 2011)

Douglass et al. (2018)



Is this* happening elsewhere?
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*cool core disruption via off-axis mergers



the ACCEPT Sample
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Cavagnolo et al. (2009) determined 
K0 for 239 clusters publicly 
available in the archive as of Feb 
2009 (up to obsid: 9422) 

Distinct Gap at K0 ~ 30-40 keV cm2 

Two population peaks at: 
K0 ~ 15 keV cm2 
K0 ~ 150 keV cm2 
—————————————- 
K0 < 30 keV cm2 107 clusters  
K0 > 30 keV cm2 132 clusters 



some ACCEPT clusters with K0 > 30 keV cm2
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Beta-Model Subtraction Reveals 
Gas Sloshing Spirals 
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500 kpc



Beta-Model Subtraction Reveals 
Gas Sloshing Spirals 
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500 kpc

(gaseous perturbers)



Examining the ACCEPT Sample

 15

Performed substructure analysis 
(2D Beta model subtraction) of 
clusters with K0 > 30 keV cm2 
(132 clusters) 

Identified 28 clusters with 
apparent spiral SB edges 
consistent with sloshing 
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kT = 4.37 keV  
Z40kpc = 0.53 +/- 0.07 
K0 = 38 keV cm2

kT = 5.54 keV  
Z40kpc = 0.43 +/- 0.05 
K0 = 58 keV cm2
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kT = 6.59 keV 
Z40kpc = 0.35 +/- 0.06 
K0 = 268 keV cm2
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Conclusion

study has revealed a significant 
population of intermediate/high core 
entropy clusters which are currently 
undergoing off-axis cluster mergers 

features within the gas consistent with 
pre-merger clusters hosting SCCs  

results suggest off-axis mergers play 
a non-negligible role in populating the 
non-cool core cluster class   


