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Aurora’s talk

SUZAKU X-ray Key Project

X-ray+SZ measurements of cluster outskirts

Planck Coma

Planck Collaboration

6000 kpc

Recent X-ray and microwave observations have detected the hot 
gas in the outskirts of galaxy clusters
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Walker et al. 2012 
Gas density from Suzaku 

Pressure from Planck 

PUZZLES: Observed entropy and gas fraction profiles are strongly 
inconsistent with theoretical expectations

Entropy profiles of 11 nearby 
relaxed clusters

Simionescu et al. 2011 
from Suzaku

Suzaku+Planck measurements of cluster outskirts
Gas fraction profile in Perseus cluster

Cosmic Baryon Fraction

Expected Gas Fraction

Theoretical Expectation
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Theoretical Prediction of !
the ICM Entropy Profile

ROBUST PREDICTION: Gas entropy profile increases monotonically at large radii.

Santa Barbara Cluster Comparison Project (Frenk et al. 1999)

Non-radiative simulations with M200c=1015Msun and Tx=5keV

8Mpc

r200c 
(=2.7Mpc)

ROBUST

UNCERTAIN

also Voit et al. 2003; Mark Voit’s talk
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“Universal” Entropy Profile?

• Gas entropy profile is more universal when halos are defined with 
respect to the mean density than the critical density.!

• Alignment of accretion shocks at r=1.4R
200m

 

accretion 
shock

Omega500 Cluster Simulation Project (Nelson et al. 2014)

Mean Entropy Profiles of 65 simulated clusters at z=0 and their progenitors 

Lau, Nagai, Nelson et al. !
in prep

r200c



• Accretion rate changes 
location of accretion shock!
!

• Accretion shock penetrates 
deeper for faster accreting 
clusters because of their 
higher momentum flux 

Mass Accretion breaks Universality
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(Diemer & Kravtsov 2014)

Mass Accretion Rate



How well does gas trace DM?

• Gas density does NOT trace DM density perfectly!
• Gas lags behind DM near the location of accretion shocks

Dashed: DM 
Solid: Gas

Gas inflow is 
slower than that 

of DM

Infall 
Region

Gas-to-DM density ratio Radial Gas Velocity

outflow

inflow



Modern cosmological hydro simulations include the effects of baryons  (i.e., gas cooling, star formation, heating by 
SNe/AGN, metal enrichment and transport).  But, also remember limitations - e.g., a single fluid approximation!

N-body+Gasdynamics with Adaptive Refinement Tree (ART) code 
Box size ~ 80/h Mpc; Region shown ~ 2/h Mpc; Spatial resolution ~ a few kpc 

Cosmological Simulations of Galaxy Cluster Formation



Hydrodynamical simulations predict that most of the X-ray emissions from cluster outskirts 
(r>r500=0.7r200) arise from infalling groups from filaments

We measure X-ray emission: 
SX ~ <ngas2> = C <ngas>2 

But, we want the gas density <ngas>. 
It is commonly assumed that the gas 

is smoothly distributed (C=1), so  
<ngas> is biased high by C1/2.

Cluster outskirts are very “clumpy”
Mock Chandra X-ray simulation 

of a ΛCDM cluster

R500

Nagai, Vikhlinin, Kravtsov 2007

Nagai & Lau 2011

Hot X-ray emitting gas 
with T>106K



Hydrodynamical simulations predict that most of the X-ray emissions from cluster outskirts 
(r>r500=0.7r200) arise from infalling groups from the filaments

Observed profile 
affected by gas 
clumping
!
True profile

Cluster outskirts are very “clumpy”
Mock Chandra X-ray simulation 

of a ΛCDM cluster

R500

Nagai & Lau 2011

Nagai, Vikhlinin, Kravtsov 2007



SZ+X-ray Observations of Pressure Profiles 
in Cluster Outskirts  

Suzaku: PKS0745-191

Walker+12

Hydro simulations @ r>r500

Borgani+04 (SPH)

Nagai+07 (AMR)


Piffaretti+09 (SPH)

Lapi+12 (analytical)

X-ray Obs. @ r<r500

Arnaud+10 (XMM)


Corrected for clumping

SZ and X-ray observations provide complementary views of cluster outskirts; 
i.e., SZ signal is less sensitive to gas clumping, but affected by non-thermal pressure, while 

both SZ and X-ray signals are susceptible to non-thermal pressure or non-equilibrium electrons. 

also Eckert et al. 2013a,b; Khedekhar+13 

ROSAT: 31 galax clusters 
at z=0.04-0.2

Eckert+12

ROSAT data
Corrected for 

clumping

Not corrected 
for clumpingSilvano’s talk



Gas “Clumpiness” vs. “Inhomogeneities”

Zhuravleva et al. 2013; see also Roncarelli+13, Vazza+13

4 Zhuravleva et al.

Figure 2. Left: Sketch of ICM description used in the paper. The PDF of the density in a radial shell at 1.1-1.2 r500 in the relaxed
cluster CL7 (CSF run) is shown with the solid curve. The solid vertical line shows the median value of the density (see §3.1). The ICM
is divided (see §4) into two components (hatched regions): bulk, volume-filling component and high density inhomogeneities, occupying
small fraction of the shell volume. The bulk component in the paper is characterized by two main parameters: (1) the median value
of the density and (2) by the width of the density distribution. The separation of the components is based on the width of the bulk
component and on the deviation of the density from the median value (see §4). Right: Log-Normal approximation of the density PDF.
The solid curves show the density PDF in three radial shells: 0.9-1r500, 1.1-1.2 r500 (same as in the left panel) and 1.6-1.8 r500. For
comparison the dashed curves show the log-normal distribution centered at the median density value. The Full Width Half Maximum

of the log-normal distribution is calculated as W10(ne) = log10
ne,2

ne,1
, where the interval from ne,1 to ne,2 corresponds to 76 per cent of

the shell volume (see §3.2). With these definitions a log-normal distribution provides good approximation of the bulk component PDF
in each radial shell.

due to high density inhomogeneities one has to excise them
from the data. Often, when analyzing simulated data, the
high density gas clumps are removed by introducing some
threshold values in the density/temperature values and ex-
cising the regions where the ICM parameters violate these
thresholds (e.g. Lau, Kravtsov, & Nagai 2009; Vazza et al.
2011; Fabjan et al. 2011). The radial profiles are then calcu-
lated by averaging the density (or pressure/temperature),
over the remaining volume. However, the resulting mean
profiles are sensitive to the particular procedure of clump
removal. High density inhomogeneities can significantly shift
the mean density or temperature, causing distortions in the
mean pressure. We instead are seeking a method which will
be robust with respect to the presence of inhomogeneities
and does not require fine tuning of the clump removal pro-
cedure.

We propose to use median radial profiles of density,
temperature and pressure instead of their mean quantities
as is most commonly done. Given N particles in a radial
shell the calculation of the median is reduced to sorting par-
ticles in ascending/descending order and taking the value
corresponding to a particle with index N/2.2 White curves

2 In our case all particles are uniformly distributed over the vol-
ume and median is calculated with unit weight, automatically
giving us volume-weighted median. In case of SPH simulations

in Figs. 1 and Fig. 3 show resulting median radial profiles.
These median profiles can be favorably compared (Fig. 3) to
the mean and mode profiles. The median profile is smooth
and follows well the peak of the PDF even when contami-
nation by high density gas inhomogeneities is very severe.
Of course, this is true only as long as the fraction of volume
occupied by the high density component is small. The mean
density profile is reasonably smooth, but it is strongly af-
fected by clumps, which drive it well above the PDF peak.
The mode value by definition coincides with the peak of the
PDF, but it is not smooth. Its fluctuations reflect (possibly
small) variations of the PDF near the maximum.

Clearly the median value is an optimal choice if one
thinks of using it for the hydrostatic equilibrium equation. It
can be calculated straightforwardly from the PDFs in spher-
ical shells without need to select or tune procedure of high
density clumps removal. It characterizes directly the prop-
erties of the bulk component of the ICM and is not a�ected
by the presence of high density inhomogeneities, as long as
their volume fraction is small. The median pressure profile

one should use weights inversely proportional to local density to
obtain volume-weighted median instead of the mass-weighted me-
dian, since particles are distributed non-uniformly: the denser the
region is the more particles it contains.

c� 2012 RAS, MNRAS 000, 1–16

All Gas Only Bulk

Spatial Distribution of 
high-density tails

Gas “inhomogeneities” consist of (1) bulk component + (2) high density tail. 
Power spectrum analysis is a method of choice for the bulk component!

Radial Profile!
without high density tail

Radial Profile!
with high density tail



Gas Clumping Factors

Zhuravleva et al. 2013

Gas clumping factors depend on !
(1) input gas physics (CSF<NR) 
(2) details of clump excision 
(3) dynamical state (but only weakly) 

Gas clumping factors  
@ R200c=1.5R500c  !

(1) All gas (bulk+high density tail) !
CX = 3-4 (NR Relaxed) 
CX = 2.5 (NR Unrelaxed) 
CX = 1.6 (CSF Relaxed) 
CX = 2.0 (CSF Unrelaxed) !
(2) Only bulk component  !
CX = 1.5 (NR Relaxed) 
CX = 1.8 (NR Unrelaxed) 
CX = 1.4 (CSF Relaxed) 
CX = 1.3 (CSF Unrelaxed) 

Dashed: bulk+high 
density tail
!
Solid: only bulk

Nagai & Lau (2011)



Impact of ICM inhomogeneities on  
Non-thermal Pressure Support

Zhuravleva et al. 2013; also Kaylea Nelson’s talk yesterday

Dashed: bulk+high 
density tail
!
Solid: only bulk

Lau, Kravtsov, Nagai (2009)

Fast moving, high-density clumps occupy small mass and volume fraction in clusters,  
but contribute significantly to the non-thermal pressure support in cluster outskirts. 

1σ scatter



AMR have similar dispersion in gas density but significantly lower temperature than SPH runs.  
This is the origin of the differences in the predicted HSE mass bias: 

30% (SPH: Rasia+12) & 10-15% (AMR: Nagai+07)

Temperature “Inhomogeneities” 
SPH vs. AMR simulations

NR	
  SPH	
  

NR	
  AMRσT

σρ

Dispersions	
  in	
  logarithmic	
  gas	
  density	
  and	
  temperature	
  	
  
after	
  excluding	
  high-­‐density	
  gas	
  inhomogeneities

Rasia, Lau et al. 2014, ApJ, 791, 96	


(astro-ph/1406.4410) - Elena Rasia’s talk

AGN	
  SPH	
  

CSF	
  AMR

CSF	
  SPH	
  	
  



In the outskirts of galaxy clusters, the collision rate 
of electrons and protons becomes longer than the 

age of the universe.

Avestruz, Nagai, Lau, Nelson, in prep
!
Spitzer 1962, Takizawa 1999, Chuzhoy & Loeb 2004, 

Rudd & Nagai 2009, Akahori & Yoshikawa 2010
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Electron-Proton Equilibration in Cluster Outskirts

Rudd & Nagai 2009
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Data: Tspec 
Line: Tmg !
Assumed Spitzer value 
Upper Limit!

10% at R200c



PREDICTIONS: Hydrodynamical 
Simulations of Galaxy Cluster Outskirts 

(1) ICM inhomogeneities in both gas 
density and temperature !

❖ the former important at r>r500c!
❖ the latter important even in r<r2500c!

(2) Gas motions - become increasingly 
important at large radii (r>>r2500c)!

(3) Non-equilibrium electron - could be 
important at r>r200c of high-Tx, 
unrelaxed clusters, but the exact 
prediction depends on uncertain 
plasma physics!

(4) Observational bias (metallicity & 
multiphase temperature structure)  
- is a concern at r>r500c (Avestruz+14) 

Hydrodynamical Simulations of Galaxy Clusters

Mock Chandra X-ray simulation 
of a ΛCDM cluster

R500

Avestruz, Lau, Nagai, Vikhlinin,!
arXiv:1404.4634

filaments

clumps

R200

Chandra XVP observation of A133



C

BA

R200

Galaxy Clusters Outskirts: New Frontier and 
Crossroads of Cosmology & Astrophysics

Core 

Use R500m for 
Outskirts Work

✦Cluster Core (r<0.1R500c)        !
Heating, Cooling, & Plasma physics!

1. AGN feedback (Mechanical/CR heating)!
2. Dynamical Heating, Gas sloshing!
3. Thermal Conduction, Magnetic Field, He 

sedimentation!!
✦Cluster outskirts (r>R500c)           !

Gas Accretion & Non-equilibrium phenomena !

1. Gas inhomogeneities!
2. Gas motions!
3. Non-equilibrium electrons!!

✦ Intermediate Region (r~R500c)  !
Sweat Spot for Cluster Cosmology, but the 
physics of cluster outskirts affects this region.

R500c


