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Es/mate	
  the	
  enclosed	
  
total	
  mass	
  (dark	
  
maNer	
  +	
  gas	
  +	
  stars)	
  
within	
  the	
  sphere	
  by	
  
assuming	
  gas	
  is	
  in	
  
hydrosta/c	
  
equilibrium	
  with	
  the	
  
gravita/onal	
  poten/al	
  



Determining	
  Cluster	
  Sizes	
  

Unlike	
  stars,	
  galaxy	
  clusters	
  don’t	
  
have	
  a	
  clear	
  edge.	
  	
  
	
  
So,	
  we	
  need	
  to	
  define	
  the	
  
enclosed	
  mass	
  (M∆)	
  within	
  a	
  
sphere	
  of	
  radius	
  R∆,	
  within	
  which	
  
the	
  average	
  density	
  is	
  ∆	
  /mes	
  the	
  
cri$cal	
  or	
  mean	
  reference	
  
background	
  mass	
  density	
  of	
  the	
  
Universe.	
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R500c:	
  R200c:	
  R200m	
  =	
  1:	
  1.4:	
  3	
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By	
  combining	
  Gauss’s	
  Law	
  for	
  
the	
  gravita/onal	
  field	
  with	
  the	
  
Euler	
  equa/ons	
  that	
  govern	
  gas	
  
mo/ons	
  in	
  simula/ons,	
  the	
  
mass	
  can	
  be	
  broken	
  down	
  into	
  
effec/ve	
  mass	
  terms.	
  

Lau,	
  Nagai,	
  Nelson	
  2013	
  



Hydrosta/c	
  Mass	
  Bias	
  

•  Mass	
  commonly	
  
measured	
  using	
  
hydrosta/c	
  mass	
  
es/mate	
  

•  Underes/mates	
  mass	
  
by	
  10-­‐30%	
  	
  

•  Bias	
  is	
  due	
  to	
  addi/onal	
  
non-­‐thermal	
  pressure	
  
from	
  gas	
  mo/ons	
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Omega	
  500	
  Simula/on	
  (Nelson	
  et	
  al.	
  2014)	
  

•  Box	
  Size:	
  500h-­‐1	
  Mpc	
  	
  
•  5123	
  root	
  grid,	
  effec/ve	
  20483	
  

resolu/on	
  zoom-­‐in	
  regions	
  
•  Cosmologically	
  representa/ve,	
  mass-­‐

limited	
  sample	
  of	
  65	
  clusters	
  with	
  
M500	
  =	
  3x1014	
  –	
  1015	
  h-­‐1M☉	
  

•  Par/cle	
  mass	
  ≈	
  109	
  h-­‐1	
  M☉,	
  	
  
•  Peak	
  Resolu/on	
  ≈	
  3.8	
  h-­‐1	
  kpc	
  	
  
•  Focus	
  on	
  results	
  from	
  the	
  non-­‐

radia/ve	
  (NR)	
  simula/on,	
  currently	
  
running	
  with	
  CSF+AGN	
  

•  Performed	
  on	
  the	
  Yale	
  Omega	
  HPC	
  
cluster.	
  

	
  

N-­‐body	
  +	
  Hydrodynamic	
  Cosmological	
  Simula/on	
  of	
  
Galaxy	
  Clusters	
  using	
  ART	
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Tree N-body+gas-dynamics code (Kravtsov 1999; Kravtsov
et al. 2002; Rudd et al. 2008), which is an Eulerian code
that uses adaptive refinement in space and time, and non-
adaptive refinement in mass (Klypin et al. 2001) to achieve
the dynamic ranges to resolve the cores of halos formed in self-
consistent cosmological simulations. The simulation volume
has a comoving box length of 500 h−1 Mpc, resolved using a
uniform 5123 grid and eight levels of mesh refinement, implying
a maximum comoving spatial resolution of 3.8 h−1 kpc. We
selected clusters with M500 ! 3 × 1014 h−1 M⊙ and performed
a simulation where only the regions surrounding the selected
clusters are resolved. The resulting simulation has effective mass
resolution of 20483 surrounding the selected clusters, allowing
a corresponding mass resolution of 1.09 × 109 h−1 M⊙. The
current simulation only models gravitational physics and non-
radiative hydrodynamics. As shown in Lau et al. (2009), the
exclusion of cooling and star formation have negligible effect
(less than a few percent) on the total contribution of gas motions
to the hydrostatic mass bias outside cluster cores.

3.2. Cluster Finder

Galaxy clusters are identified in the simulation using a variant
of the method described in Tinker et al. (2008). Potential clusters
are identified as peaks in the dark matter distribution, found by
constructing a local density estimate at the position of each
dark matter particle using a smoothed particle hydrodynamics
kernel and the 24 nearest neighboring particles. For each
potential cluster center, we grow a sphere at the location of
the particle with the highest density enclosing an overdensity
500ρc(z) (where ρc(z) is the critical density of the universe at
redshift z), including all matter components in the simulation.
We then apply an iterative procedure to refine the cluster
center by alternately reducing the current radius by 5% and
shifting to the center of mass within that sphere. This iteration
avoids mistakenly centering the cluster at the position of a
massive substructure with higher central dark matter density.
We consider the center to be converged when it has moved by
less than five times the minimum cell size or less than 10−4 of
the current radius.

We recompute r500 at the new cluster center and eliminate all
other particles within that radius as potential centers. The cluster
is discarded if its center lies within the r500 of a previously
identified cluster or if its M500 < 1011 h−1 M⊙. The entire
procedure is repeated for the next densest dark matter particle
until all potential centers have been associated with a cluster
or eliminated. This is a computationally efficient mechanism
for identifying isolated clusters in a simulation containing both
N-body and mesh mass components.

3.3. Dynamical State

We use each cluster’s mass accretion history to identify its
dynamical state at the present epoch. We identify and track the
most massive progenitor of the z = 0 clusters by iteratively
following the dark matter particles in the clusters at each
timestep to z = 0.5. In the event of a merger, we follow the
accretion history of the more massive progenitor. We calculate
the fractional increase in each progenitor’s mass between the
two epochs, ∆M500 ≡ M500(z = 0)/M500(z = 0.5). Clusters
are then classified as relaxed or unrelaxed if their fractional
mass growth are in the lowest or highest 15% of the sample,
respectively. Figure 1 shows the mass accretion histories of the
62 clusters in our simulation sample.

Figure 1. Mass accretion histories for relaxed (blue) and unrelaxed (red) clusters.
Clusters are classified as relaxed if their mass accretion since z = 0.5 is in the
lowest 15% of the sample, and unrelaxed if their mass accretion is in the
highest 15%.
(A color version of this figure is available in the online journal.)

This method of characterizing cluster dynamical state is
sensitive to the overall mass accretion history of each cluster,
rather than recent merger history. To test the robustness of
our “relaxedness” selection criterion, we have compared our
results to the time since last major merger method presented
in Nelson et al. (2012, hereafter N12) as well as varying
the definition of relaxed cluster from bottom 10% to 50% of
∆M500. A detailed examination of this comparison can be found
in the Appendix. We find that our results are insensitive to
our choice of method. In addition, we choose to define our
subsamples as the lowest or highest 15% of the sample as this
percentage balances a statistically significant sample size of
clusters while maximally reducing the contamination by clusters
with intermediate dynamical states.

3.4. Method

To compute each mass term in Section 2, we work in the
spherical coordinate system (r, θ,φ), and divide the analysis
region into 99 spherical bins spaced logarithmically from
10 h−1 kpc to 10 h−1 Mpc in the radial direction from the cluster
center, defined as the position with the maximum gas binding
energy. Each spherical bin is further subdivided into 60 and 120
uniform angular bins in the θ and φ directions, respectively.
We choose the rest frame of the system to be the velocity of
the center of mass of the cluster interior to each radial bin, and
rotate the coordinate system for each radial bin such that the
z-axis aligns with the axis of the total gas angular momentum
of that bin.

We compute gas density-weighted gas velocities, volume-
weighted density and volume-weighted pressure averaged over
the hydro cells residing in each angular bin. We remove large gas
substructures that may bias the global gas pressure and velocity
gradients by applying the clump exclusion method presented
in Zhuravleva et al. (2013). In addition, we smooth each mass
term by applying the Savitzky–Golay filter used in Lau et al.
(2009). Finally, the true mass Mtrue is measured directly. The
velocity and pressure derivatives are computed by differencing

3



Merger	
  Trees	
  

Merger	
  Tree	
  Code	
  
•  Maps	
  the	
  progenitors	
  of	
  halos	
  through	
  

comparing	
  bound	
  par/cles	
  between	
  
/me	
  steps	
  

•  Mergers	
  are	
  flagged	
  by	
  tracing	
  all	
  
subhalos	
  of	
  the	
  main	
  progenitor	
  back	
  in	
  
/me	
  and	
  out	
  of	
  the	
  parent	
  halo	
  

•  Mass	
  ra/o	
  is	
  measured	
  when	
  the	
  two	
  
halos	
  are	
  separated	
  by	
  the	
  sum	
  of	
  their	
  
virial	
  radii	
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Allows	
  us	
  to	
  follow	
  the	
  evolu/on	
  of	
  cluster	
  
astrophysics	
  as	
  the	
  cluster	
  itself	
  evolves	
  
	
  



Evolu/on	
  of	
  Cluster	
  during	
  Merger	
  

9	
  
Nelson,	
  Rudd,	
  Shaw,	
  Nagai,	
  2012,	
  ApJ,	
  751,	
  121	
  (based	
  on	
  N07	
  sample)	
  



Effect	
  of	
  Mergers	
  on	
  Mass	
  Bias	
  

•  Increase	
  in	
  mass	
  bias	
  
with	
  radius	
  

•  Decrease	
  in	
  bias	
  as	
  
clusters	
  relax	
  

•  Only	
  inner	
  most	
  
regions	
  reach	
  zero	
  
bias	
  even	
  aoer	
  8	
  Gyr	
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Figure 3. Top: the time evolution of the mass bias (top) for three clusters, CL10, CL104, and CL6 at three radii r2500 (red, dotted), r500 (black, solid), and r200 (blue,
dashed). Bottom: the mass accretion history of the three clusters at r500, normalized by M500 at z = 0. The vertical gray line marks the beginning of the latest major
merger for each of the clusters. The red ticks mark the epochs in CL10 corresponding to the panels in Figures 1 and 2.
(A color version of this figure is available in the online journal.)

time following the merger, with a delay of approximately
∼0.5 Gyr between r2500 and r500 and between r500 and r200,
reflecting the shock propagation we observed in panels (d) and
(e) of Figure 2. Immediately following the peak, the hydrostatic
mass again underestimates the true mass and this negative bias
holds but steadily diminishes to z = 0.

For comparison, we also show in Figure 3 the evolution
of two clusters selected from our full sample of 16. CL104
is a massive cluster that forms from a complicated triple
merger at z ≈ 1.5 and remains mostly quiescent thereafter.
CL6 is intermediate in mass between CL10 and CL104, and
experiences a nearly one-to-one merger at z ≈ 0.6. Despite the
differences in merger history and z = 0 mass, the clusters show
remarkable similarity in their evolution. All three clusters have
peaks ∼1 Gyr following the identified merger, and show similar
relative offsets between the different radii.

Cluster CL104 shows less prominent merger characteristics
than seen in the other two clusters due to the triple merger,
resulting in broader and smaller amplitude peaks at each radius.
Following the major merger at z ≈ 1.5, CL104 also undergoes
a minor merger at z ≈ 0.25. However, this merger only has
a mass ratio of 10:1. Consequently, the minor merger does not
impact the cluster enough to have a significant effect of the mass
estimate.

By z = 0, the mass bias for all three clusters approaches
zero. However, it is important to note that even at z = 0 the
hydrostatic mass bias within r500 is still biased low by 5%–10%
in the outskirts.

3.1. General Trends in the Hydrostatic Mass Bias

The post-merger evolution in Figure 3 exists for all 16 clusters
in our simulated sample. This is shown explicitly in Figure 4,
where the average evolution in the hydrostatic mass bias is
plotted for the entire sample. The final major merger is identified
for each cluster (see Table 1) and used to define a common point

Figure 4. Averaged mass bias as a function of time elapsed since last merger
(in Gyr) for the 16 clusters. A more detailed discussion of this figure is located
in Section 3.1. The biases are plotted at radii r2500 (red, dotted), r500 (black,
solid), and r200 (blue, dashed). The error bars show the 1σ error on the mean at
r500.
(A color version of this figure is available in the online journal.)

between clusters with varied accretion histories. The hydrostatic
mass bias is measured at three separate radii, r2500, r500, and
r200, linearly interpolated to equally spaced times relative to the
last major merger, and averaged over the entire sample. Error
bars denote the error on the mean for r500. The error bars for
r2500 and r200 are comparable, and omitted for clarity. Note that
clusters that undergo low-redshift mergers will only contribute
to the low-tmerger portion of the figure. Consequently, while the
behavior exhibited in the early epochs of Figure 4 is an average
over the entire sample, the later epochs are necessarily biased to
a small number of early forming objects. We plot the evolution
of the mass bias to 9.25 Gyr following the last merger, at which
point fewer than three clusters contribute to the average.

5
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Figure 3. Top: the time evolution of the mass bias (top) for three clusters, CL10, CL104, and CL6 at three radii r2500 (red, dotted), r500 (black, solid), and r200 (blue,
dashed). Bottom: the mass accretion history of the three clusters at r500, normalized by M500 at z = 0. The vertical gray line marks the beginning of the latest major
merger for each of the clusters. The red ticks mark the epochs in CL10 corresponding to the panels in Figures 1 and 2.
(A color version of this figure is available in the online journal.)

time following the merger, with a delay of approximately
∼0.5 Gyr between r2500 and r500 and between r500 and r200,
reflecting the shock propagation we observed in panels (d) and
(e) of Figure 2. Immediately following the peak, the hydrostatic
mass again underestimates the true mass and this negative bias
holds but steadily diminishes to z = 0.

For comparison, we also show in Figure 3 the evolution
of two clusters selected from our full sample of 16. CL104
is a massive cluster that forms from a complicated triple
merger at z ≈ 1.5 and remains mostly quiescent thereafter.
CL6 is intermediate in mass between CL10 and CL104, and
experiences a nearly one-to-one merger at z ≈ 0.6. Despite the
differences in merger history and z = 0 mass, the clusters show
remarkable similarity in their evolution. All three clusters have
peaks ∼1 Gyr following the identified merger, and show similar
relative offsets between the different radii.

Cluster CL104 shows less prominent merger characteristics
than seen in the other two clusters due to the triple merger,
resulting in broader and smaller amplitude peaks at each radius.
Following the major merger at z ≈ 1.5, CL104 also undergoes
a minor merger at z ≈ 0.25. However, this merger only has
a mass ratio of 10:1. Consequently, the minor merger does not
impact the cluster enough to have a significant effect of the mass
estimate.

By z = 0, the mass bias for all three clusters approaches
zero. However, it is important to note that even at z = 0 the
hydrostatic mass bias within r500 is still biased low by 5%–10%
in the outskirts.

3.1. General Trends in the Hydrostatic Mass Bias

The post-merger evolution in Figure 3 exists for all 16 clusters
in our simulated sample. This is shown explicitly in Figure 4,
where the average evolution in the hydrostatic mass bias is
plotted for the entire sample. The final major merger is identified
for each cluster (see Table 1) and used to define a common point

Figure 4. Averaged mass bias as a function of time elapsed since last merger
(in Gyr) for the 16 clusters. A more detailed discussion of this figure is located
in Section 3.1. The biases are plotted at radii r2500 (red, dotted), r500 (black,
solid), and r200 (blue, dashed). The error bars show the 1σ error on the mean at
r500.
(A color version of this figure is available in the online journal.)

between clusters with varied accretion histories. The hydrostatic
mass bias is measured at three separate radii, r2500, r500, and
r200, linearly interpolated to equally spaced times relative to the
last major merger, and averaged over the entire sample. Error
bars denote the error on the mean for r500. The error bars for
r2500 and r200 are comparable, and omitted for clarity. Note that
clusters that undergo low-redshift mergers will only contribute
to the low-tmerger portion of the figure. Consequently, while the
behavior exhibited in the early epochs of Figure 4 is an average
over the entire sample, the later epochs are necessarily biased to
a small number of early forming objects. We plot the evolution
of the mass bias to 9.25 Gyr following the last merger, at which
point fewer than three clusters contribute to the average.
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Figure 5. Top: fractional contribution of random motions to the total effective pressure (left) and pressure gradient (right). Bottom left: the components of the total
ICM energy. Bottom right: averaged corrected mass bias as a function of time elapsed since last merger (in Gyr) for the 16 clusters. In all figures, the quantities are
plotted at radii r2500 (red, dotted), r500 (black, solid), and r200 (blue, dashed). Our sample is divided into relaxed and unrelaxed clusters at tmerger = 4 Gyr (marked by
the vertical dashed line). The error bars show the 1σ error on the mean at r500.
(A color version of this figure is available in the online journal.)

energy. Since the total energy remains constant, we can directly
associate the decrease in random kinetic energy with the increase
in thermal energy. This thermalization is in agreement with the
findings of Vazza et al. (2011) who show that the fraction of
turbulent energy to thermal energy increases with decreasing
time since major merger. This evolution in the thermal energy
has important implications for the behavior of cluster mass
proxies such as the integrated SZ flux (e.g., Nagai 2006; Shaw
et al. 2008; Yang et al. 2010) or the X-ray temperature (e.g.,
Ritchie & Thomas 2002; Rowley et al. 2004; Rasia et al. 2011),
which are sensitive to the thermal energy content of the ICM,
and will be explored in greater detail in future work.

It is interesting to ask at what point the large bulk velocities
associated with the merger progenitors reach equilibrium with
the new gravitational potential. We produce a corrected mass
estimate, Mtot, using Equation (3) and measuring the terms due
to random motions and rotation.

The lower right panel of Figure 5 shows the evolution of
Mtot following the merger. The period up to ≈2 Gyr following
the merger shows rapid evolution, with the mass bias ranging
from a positive 20% bias to a negative 10% bias. This is driven
primarily by the evolution in MHSE caused by the outwardly
propagating merger shock seen in Figure 1. The mean Mtot after
4 Gyr is essentially unbiased, with a mean of 0.3% and ≈8%
scatter at r500. This indicates that the velocities at this radius
have reached equilibrium with the cluster potential.

4.1. Correcting the Hydrostatic Mass Bias at z = 0

The dependence of Mtot on the time since major merger
suggests that a promising division between “relaxed” and
“unrelaxed” clusters may be obtained by splitting a sample
between objects that have and have not experienced a major
merger within the past 4 Gyr. This results in a sample of 10
relaxed clusters at z = 0 (see Table 1). Note that this includes all
six clusters in Nagai et al. (2007b) identified as relaxed clusters
based on morphological classification. Our relaxed subsample
also contains an additional four clusters that were missed by the
morphological classification scheme. This suggests that these
clusters, while dynamically relaxed, appear morphologically
disturbed in the X-ray images.

Figure 6 shows the average MHSE (solid red line) and Mtot
(solid black line) radial profiles for our relaxed clusters at z =
0. The inclusion of Mrot and Mrand in the calculation of Mtot
removes the bias that is apparent for MHSE out to ≈1.5 r500,
with a slight increase in scatter from 8% to 11% at r500 and 9%
to 10% at r200.

Since Prand is not accessible observationally, we propose
a model based on the average Prand profile measured in our
simulations. We neglect the contribution from rotation, which
is !2% of the mass correction beyond 0.7 r500, and also assume
velocity anisotropy, β = 1 − σ 2

t /2σ 2
r , is zero. While β is

nonzero and increases radially, we find that the inclusion of β as

7

Non-­‐thermal	
  pressure	
  due	
  to	
  random	
  gas	
  mo/ons	
  is	
  one	
  of	
  the	
  most	
  dominant	
  sources	
  of	
  
systema/c	
  uncertain/es	
  in	
  the	
  HSE	
  mass	
  es/mates	
  of	
  galaxy	
  clusters	
  (Nelson	
  et	
  al.	
  2012).	
  



Non-­‐thermal	
  Pressure	
  from	
  	
  
Random	
  Gas	
  Mo/ons	
  

By	
  accoun/ng	
  for	
  non-­‐thermal	
  pressure	
  from	
  random	
  gas	
  mo/on,	
  it	
  is	
  possible	
  to	
  
recover	
  the	
  true	
  mass	
  for	
  clusters	
  with	
  tmerger	
  >	
  4	
  Gyr	
  (Nelson	
  et	
  al.	
  2012).	
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Figure 5. Top: fractional contribution of random motions to the total effective pressure (left) and pressure gradient (right). Bottom left: the components of the total
ICM energy. Bottom right: averaged corrected mass bias as a function of time elapsed since last merger (in Gyr) for the 16 clusters. In all figures, the quantities are
plotted at radii r2500 (red, dotted), r500 (black, solid), and r200 (blue, dashed). Our sample is divided into relaxed and unrelaxed clusters at tmerger = 4 Gyr (marked by
the vertical dashed line). The error bars show the 1σ error on the mean at r500.
(A color version of this figure is available in the online journal.)

energy. Since the total energy remains constant, we can directly
associate the decrease in random kinetic energy with the increase
in thermal energy. This thermalization is in agreement with the
findings of Vazza et al. (2011) who show that the fraction of
turbulent energy to thermal energy increases with decreasing
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proxies such as the integrated SZ flux (e.g., Nagai 2006; Shaw
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Ritchie & Thomas 2002; Rowley et al. 2004; Rasia et al. 2011),
which are sensitive to the thermal energy content of the ICM,
and will be explored in greater detail in future work.

It is interesting to ask at what point the large bulk velocities
associated with the merger progenitors reach equilibrium with
the new gravitational potential. We produce a corrected mass
estimate, Mtot, using Equation (3) and measuring the terms due
to random motions and rotation.

The lower right panel of Figure 5 shows the evolution of
Mtot following the merger. The period up to ≈2 Gyr following
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from a positive 20% bias to a negative 10% bias. This is driven
primarily by the evolution in MHSE caused by the outwardly
propagating merger shock seen in Figure 1. The mean Mtot after
4 Gyr is essentially unbiased, with a mean of 0.3% and ≈8%
scatter at r500. This indicates that the velocities at this radius
have reached equilibrium with the cluster potential.

4.1. Correcting the Hydrostatic Mass Bias at z = 0
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suggests that a promising division between “relaxed” and
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between objects that have and have not experienced a major
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relaxed clusters at z = 0 (see Table 1). Note that this includes all
six clusters in Nagai et al. (2007b) identified as relaxed clusters
based on morphological classification. Our relaxed subsample
also contains an additional four clusters that were missed by the
morphological classification scheme. This suggests that these
clusters, while dynamically relaxed, appear morphologically
disturbed in the X-ray images.

Figure 6 shows the average MHSE (solid red line) and Mtot
(solid black line) radial profiles for our relaxed clusters at z =
0. The inclusion of Mrot and Mrand in the calculation of Mtot
removes the bias that is apparent for MHSE out to ≈1.5 r500,
with a slight increase in scatter from 8% to 11% at r500 and 9%
to 10% at r200.

Since Prand is not accessible observationally, we propose
a model based on the average Prand profile measured in our
simulations. We neglect the contribution from rotation, which
is !2% of the mass correction beyond 0.7 r500, and also assume
velocity anisotropy, β = 1 − σ 2

t /2σ 2
r , is zero. While β is

nonzero and increases radially, we find that the inclusion of β as
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FIG. 2.— Projected mass-weighted temperature map of a relaxed (top) cluster and an unrelaxed (bottom) cluster with the velocity (left) and acceleration (right)
vector fields overlaid. The black circles denote r500 of the clusters. Both the maps and vector fields are mass weighted along a 200 kpc/h deep slice centered on
their respective cluster centers.

cluster is that of a quiescent system smoothly accreting matter
from its environment. The vector field points predominantly
toward the center of the system with larger velocities outside
of r500 and smaller velocities towards the core. In addition
to the gas inflow, clockwise rotation of the ICM can be seen
in the velocity field within r500. On the other hand, the un-
relaxed cluster has a much more varied velocity field. There
is an outwardly propagating merger shock in the bottom left
region of the map at about r ⇡ 1.4r500 with large associated
velocities. As the shock passes through the ICM, it converts
the bulk of the kinetic energy of the gas into thermal energy,
decreasing the magnitude of the inward flowing gas veloc-
ity. This can clearly be seen in contrast between the small
velocities of the gas in front of the shock and the large out-
ward flowing velocities within the shock. This results in lo-
calized net outward acceleration seen in the acceleration field
and hence a negative Maccel (Equation 10). A second shock

can be seen in this system at the top right within r500. This
shock is not propagating in the plane of the map and therefore
appears to have less ordered acceleration vectors in this slice.
In addition to the two shocks, the cluster has large gas accel-
erations throughout r500 induced by the ongoing merger. The
corners of the map with very small acceleration vectors show
regions in the outskirts of the cluster thus far untouched by
the merger. Conversely, the acceleration field of the relaxed
cluster has very small magnitudes to the point of being almost
non-existent in the core of the system. While the velocities in
both systems have comparable magnitudes, the acceleration
vector fields paint very different pictures for the two clusters,
suggesting that there exists gas dynamical information that
cannot be probed with kinematic measurements alone. It is
this additional gas dynamical information that we will char-
acterize below.

The top row of Figure 3 shows the hydrostatic mass bias
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FIG. 2.— Projected mass-weighted temperature map of a relaxed (top) cluster and an unrelaxed (bottom) cluster with the velocity (left) and acceleration (right)
vector fields overlaid. The black circles denote r500 of the clusters. Both the maps and vector fields are mass weighted along a 200 kpc/h deep slice centered on
their respective cluster centers.
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cannot be probed with kinematic measurements alone. It is
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Mock Astro-H observation of a relaxed 
cluster - similar to A1795

Single component fit works reasonably well for a relaxed cluster
(including the inhomogeneous gas density, temperature, and velocity 

structures in the ΛCDM simulated clusters)
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Fig. 5.— Mock ASTRO-H analysis of a relaxed cluster CL104
for the NR run. Top panel: Mock ASTRO-H images in 5� 10 keV
band. The region shown is 2.6 Mpc across. Bottom panel: Mock
ASTRO-H spectra of the central region with 50 ksec exposure. The
red line shows the best fit spectrum.

ample deep ASTRO-H observational program to map out
the gas velocity dispersion as a function of radius out to
r ⇠ r

500c. From inside out, we allocated 10, 30, 100, 300,
and 500 ksec exposure, such that the measurement errors
are roughly comparable in size, shown in the top panel.
The total integration time is 940 ksec. It is evident that
detailed characterization of the gas velocity profile out
to r ⇡ r

500c requires of order 1 Msec of ASTRO-H time,
with a significant time spent on the outer most radial
bins. The data points in the bottom panel shows the gas
velocity dispersion extracted from the spectral fitting of
the ASTRO-H spectra extracted from the radial shell,
where the extraction region of the spectra is indicated
by the horizontal errorbar. Interestingly, the measured
gas velocity is in good agreement with the 3D cumula-
tive mass-weighted velocity dispersion profile, and it is
slightly (⇠ 30 � 50 km/s) smaller than the di↵erential
mass-weighted velocity dispersion within the projected
radial bin. The di↵erence is partly due to the fact that
the measured velocity is spectrally-weighted. This leads
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Fig. 6.— Mock ASTRO-H analysis of a relaxed cluster CL104
for the NR run. Top panel: Mock ASTRO-H images in 5� 10 keV
band. The region shown is 2.6 Mpc across. Bottom panel: ASTRO-
H measurements of the gas velocity dispersion as a function of
radius with 10, 30, 100, 300, 500 ksec exposure inside-out. The
solid black line is the di↵erential mass-weighted profile in a spher-
ical shell �

mw

. The dashed black line is the projected di↵erential
mass-weighted gas velocity dispersion profile.

to an underestimate of the gas velocity dispersion relative
to the mass-weighted ones, because the spectral weight-
ing give more weight toward the inner regions where the
gas density is higher but the gas velocity is smaller.

3.4. Studying Substructures in Merging Galaxy Clusters
with Astro-H

ASTRO-H analysis of merging galaxy clusters is more
involved, requiring multiple components for spectral fit-
ting. Figure 7 shows one such example: the mock
ASTRO-H analysis of a merging cluster CL101, which
consists of two merging sub-clusters 1 and 2. A brute-
force single component spectral modeling leads to under-
estimate of the cluster peculiar velocity (due to the can-
celation of peculiar velocities associated with two merg-
ing components with opposite sign) and overestimate of
the gas velocity dispersion. Two component fits provide
a much better description of the data, yielding accurate

Measuring	
  Gas	
  Veloci/es	
  and	
  Non-­‐
thermal	
  Pressure	
  with	
  ASTRO-­‐H	
  

X-­‐ray	
  spectroscopy	
  can	
  measures	
  gas	
  veloci/es	
  along	
  the	
  	
  
line-­‐of-­‐sight	
  through	
  the	
  Doppler	
  broadening	
  of	
  Fe	
  lines.	
  

18	
  
(Nagai,	
  Lau,	
  Avestruz,	
  Nelson,	
  Rudd,	
  2013,	
  ApJ,	
  777,	
  137)	
  

Mock	
  ASTRO-­‐H	
  Simula/on	
  

6 Nagai et al.

Mock Astro-H observation of a relaxed 
cluster - similar to A1795

Single component fit works reasonably well for a relaxed cluster
(including the inhomogeneous gas density, temperature, and velocity 

structures in the ΛCDM simulated clusters)

zobs=0.068

FOV~3arcmin~235kpc
Spectral Fit in 5-10keV

50ksec exposure

Best-fit:
TX = 9.6±0.2keV
vshift = 181±9km/s
σ = 123±10km/s

r500c

CL104: Relaxed
Tx=7.7keV

Mock Astro-H observation of a relaxed 
cluster - similar to A1795

Single component fit works reasonably well for a relaxed cluster
(including the inhomogeneous gas density, temperature, and velocity 

structures in the ΛCDM simulated clusters)

zobs=0.068

FOV~3arcmin~235kpc
Spectral Fit in 5-10keV

50ksec exposure

Best-fit:
TX = 9.6±0.2keV
vshift = 181±9km/s
σ = 123±10km/s

r500c

CL104: Relaxed
Tx=7.7keV

Fig. 5.— Mock ASTRO-H analysis of a relaxed cluster CL104
for the NR run. Top panel: Mock ASTRO-H images in 5� 10 keV
band. The region shown is 2.6 Mpc across. Bottom panel: Mock
ASTRO-H spectra of the central region with 50 ksec exposure. The
red line shows the best fit spectrum.

ample deep ASTRO-H observational program to map out
the gas velocity dispersion as a function of radius out to
r ⇠ r

500c. From inside out, we allocated 10, 30, 100, 300,
and 500 ksec exposure, such that the measurement errors
are roughly comparable in size, shown in the top panel.
The total integration time is 940 ksec. It is evident that
detailed characterization of the gas velocity profile out
to r ⇡ r

500c requires of order 1 Msec of ASTRO-H time,
with a significant time spent on the outer most radial
bins. The data points in the bottom panel shows the gas
velocity dispersion extracted from the spectral fitting of
the ASTRO-H spectra extracted from the radial shell,
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solid black line is the di↵erential mass-weighted profile in a spher-
ical shell �

mw

. The dashed black line is the projected di↵erential
mass-weighted gas velocity dispersion profile.

to an underestimate of the gas velocity dispersion relative
to the mass-weighted ones, because the spectral weight-
ing give more weight toward the inner regions where the
gas density is higher but the gas velocity is smaller.

3.4. Studying Substructures in Merging Galaxy Clusters
with Astro-H

ASTRO-H analysis of merging galaxy clusters is more
involved, requiring multiple components for spectral fit-
ting. Figure 7 shows one such example: the mock
ASTRO-H analysis of a merging cluster CL101, which
consists of two merging sub-clusters 1 and 2. A brute-
force single component spectral modeling leads to under-
estimate of the cluster peculiar velocity (due to the can-
celation of peculiar velocities associated with two merg-
ing components with opposite sign) and overestimate of
the gas velocity dispersion. Two component fits provide
a much better description of the data, yielding accurate
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Figure 19. Kinetic pressure-to-total pressure is weakly mass-dependent,
Pkin/Ptot ∝ M

1/5
200 as indicated by the scaling of the y-axis. Shown is the median

of Pkin/Ptot as a function of radius for the AGN feedback simulations for various
mass bins with the 25th and 75th percentile values illustrated by the dotted lines
for the lowest mass bin at z = 0. For comparison, we also show the model for
Pkin/Ptot by Shaw et al. (2010), which has been fit to match AMR simulations
(dash-dotted). Therefore, ignoring this mass dependence results in a 60% dif-
ference in this ratio for an order of magnitude change in the cluster mass. The
median of Pkin/Pth scales as M

1/3
200 , which results in a larger difference.

(A color version of this figure is available in the online journal.)

Pkin/Ptot (Shaw et al. 2010) does not include a mass dependence,

Pkin

Ptot
(r, z) = α(z)

(
r

R500

)nnt
(

M200

3 × 1014 M⊙

)nM

, (A1)

where α(z) ≡ α0(1 + z)β for low redshifts (z ! 1) and the fit
parameters are α0 = 0.18 ± 0.06, β = 0.5, nnt = 0.8 ± 0.25,
and by construction, nM = 0. In Figure 19 we compare the
fitting function for Equation (A1) and Pkin/Ptot, split by different
mass bin which have been scaled by M

1/5
200 , i.e., nM = 1/5, that

minimizes our χ2. We chose a normalization of 3 × 1014 M⊙ to
match the fitting function of Shaw et al. (2010). Thus, the median
difference between Pkin/Ptot of a 1015 M⊙ and a 1014 M⊙ cluster
is ∼60%. The ratio in Equation (A1) is similar to what is shown
in Figure 1, however, Pkin/Pth depends more sensitively on mass.
We find that the mass dependence for this ratio amounts to M

1/3
200 .

APPENDIX B

DOWNWEIGHTING THE SUBSTRUCTURE IN THE
MOMENT-OF-INERTIA TENSOR

For both the gas density and pressure weighting of the
moment-of-inertia tensor, the inclusion of an additional x−2

weighting has a relatively minor influence on cluster shapes (see
Figure 20) and we do not see large differences in the axis ratios
at the larger radii. The x−2 weighting weakens the influence of
substructure which we have seen to be important at radii beyond
R200, but it does not remove it or isolate its signal. This would
be a non-trivial task for any stacking analysis as it was recently
suggested by Zemp et al. (2012).

APPENDIX C

CLUSTERS IN VELOCITY SPACE AND A DYNAMICAL
RADIUS DEFINITION

The radial trends over redshift seen in Figures 1 and 10 call
for re-examination of the choice for the working definition of
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Figure 20. Shown is the relative difference between axis ratios with and without
the r−2 weighting for the gas-density (red line), DM-density (blue line), and
gas-pressure (green line) weightings. Additionally including the r−2 weighting
in the definition of the moment-of-inertia tensor downweights the contribution
at larger radii by ! 15%, thus reducing the effect of substructure.
(A color version of this figure is available in the online journal.)

radius, which is directly related to the definition of the cluster
mass (see White 2002 for a more thorough discussion of cluster
mass definitions in dissipationless simulations). It has been the
common choice by both observers and theorists to define the
mass within radii where the average overdensity is greater than
a large multiple of a given background density, such as ρcr(z)
and ρ̄m(z). For low-redshift observations, the more popular
definition has been the ρcr(z) as the isodensity surface, since no
prior knowledge of Ωm is required. The question remains what
definition is physically more intuitive when comparing across
various redshifts. At late times (z < 1), clearly the inclusion
of the dark energy greatly influences the redshift evolution
of the critical density compared to the mean matter density.
For a hypothetical isolated non-accreting cluster using the R∆
definition will result in the cluster radius shrinking as time
approaches present day. Using the R∆,m scaling we find that the
radial regions at which kinetic pressure is in equipartition with
thermal pressure and the sharp break found in the ICM ellipticity
align at ∼200R∆,m (see Figure 21). In BBPS5 we show that the
velocity anisotropy has the same radial trends as in Figures 1
and 10 and that 200R∆,m traces a distinct dynamical region of
clusters, the splash-back radius, i.e., caused by the turn around
of earlier collapsed shells which minimizes the radial velocity
component such that the tangential components dominate the
velocity.

APPENDIX D

GAUSSIAN OR LOG-NORMAL SCATTER?

Previous approaches quantified the scatter around the best-
fit Y–M scaling relation with a log-normal distribution, i.e.,
they characterized the distribution of δ log Y∆ = log Y∆ −
log Y∆,fit with a Gaussian. Deviations from this log-normal
distribution were computed with the Edgeworth expansion,
introducing substantial higher-order moments, such as skewness
and kurtosis (e.g., Yang et al. 2010). Using a nonlinear least-
squares approach (Markwardt 2009) we fit a Gaussian to both
the δ log Y∆ and δY∆/Y distributions. In Figure 22 we show that
δY∆/Y distribution for the simulations with AGN feedback is
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Summary	
  and	
  Future	
  Work	
  
•  New	
  Omega	
  500	
  high	
  resolu/on	
  cluster	
  sample	
  
–  65	
  simulated	
  massive	
  clusters	
  from	
  500	
  Mpc/h	
  box	
  

•  Cluster	
  masses	
  are	
  biased	
  by	
  presence	
  non-­‐thermal	
  
pressure	
  from	
  gas	
  mo/ons	
  (both	
  veloci/es	
  and	
  
accelera/ons)	
  for	
  all	
  dynamical	
  states	
  

•  Non-­‐thermal	
  pressure	
  frac/on	
  is	
  universal	
  when	
  defined	
  
with	
  respect	
  to	
  the	
  mean	
  density	
  of	
  the	
  universe	
  

•  Future	
  Work:	
  Dynamical	
  state	
  of	
  a	
  cluster	
  has	
  a	
  significant	
  
effect	
  on	
  non-­‐thermal	
  pressure	
  support	
  and	
  effects	
  of	
  
different	
  accre/on	
  modes	
  need	
  to	
  be	
  well	
  quan/fied	
  

23	
  



Removal	
  of	
  Gas	
  Inhomogenei/es	
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Zhuravleva	
  et	
  al.	
  2013;	
  	
  
see	
  also	
  Roncarelli+13,	
  Vazza+13	
  

Gas	
  “inhomogenei/es”	
  consist	
  of	
  (1)	
  
bulk	
  component	
  +	
  (2)	
  high	
  density	
  
tail.	
  



Origin	
  of	
  ScaNer	
  in	
  the	
  Non-­‐thermal	
  
Pressure	
  Profiles	
  in	
  Clusters	
  

LiNle	
  or	
  no	
  mass	
  dependence.	
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