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ΩDE

X-ray Cluster Cosmology
Vikhlinin et al. 2009 (also Allen+08, Mantz+10, Rozo+10)

Many talks yesterday, including A. Mantz’s review talk

σ8=0.813(ΩM/0.25)-0.47±0.013(stat)±0.024(sys)
w0=-0.991±0.045(stat)±0.039(sys)

ΩDE=0.740±0.012

Local (z<0.1) sample of 49 clusters + 37 high-z clusters 
from the 400d X-ray selected cluster sample

Systematics, Systematics, Systematics…
(1) Mass Calibration & (2) Selection Function

PROBLEM: Cluster Astrophysics

Planck Cosmological Constraints 
from CMB vs. Cluster counts

Planck 2013, Paper XX

Possible Solutions: 
• Cluster mass calibration is biased by 45%

• Planck CMB results may be biased

• Sum of the neutrino masses is ~0.2eV

• Combination of the above 

KEY: Robust Mass Proxy Yx (excluding cluster cores)

Era of Precision Cluster Cosmology



Weighing the Giants with Gas

Estimate the enclosed total mass (dark matter+gas+stars) within the sphere 
by assuming gas is in hydrostatic equilibrium with the gravitational 

potential of dark matter

Ideal Gas Law: P=nkBT



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

Simulation performed by the Yale BulldogM HPC cluster



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 ∆ times the critical or 

mean reference background mass 
density of the Universe.  

In this talk, I will consider three 
radii: ∆=500c, 200c, 200m.

R500c: R200c: R200m = 1: 1.4: 3
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Working Definition of Cluster Outskirts: r>R500



Radial profiles of X-ray emitting ICM 
Simulations vs. Chandra X-ray Observations

TemperatureGas density

Modern hydrodynamical cluster simulations reproduce observed 
ICM profiles outside cluster cores (0.15<r/r500<1).

Nagai+07

Core physics still remains uncertain
Radiative cooling, AGN feedback, thermal 

conduction, CRs, magnetic field

Cluster outskirts are modeled 
remarkably well

also Borgani+04; Kravtsov & Borgani 2012 for a recent review
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Recent X-ray and microwave observations have detected the hot gas 
in the outskirts of galaxy clusters



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
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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

?

?

K/
K(

0.
3r

20
0)

specific entropy for monoatomic gas



Omega500 Simulation Project

• 500h-1 Mpc zoom-in cosmological hydrodynamical simulations of 65 galaxy clusters with M500 > 
3x1014 h-1 M☉ in WMAP5 cosmology (Nelson et al. 2014, ApJ, 782, 107) 

• Focus on non-radiative run with electron-proton equilibration process with the Spitzer rate
• Check baryonic effects with re-simulation of 16 clusters with cooling and star formation 
• Full Omega500 runs with radiative cooling and star formation (with or without AGN) are underway

Philosophy: establish the importance (or lack thereof) of cosmic 
accretion in the absence of cooling, star formation, and feedback, 
as a stepping stone to physical understanding of cluster formation.

Erwin Lau  
(Yale)

Kaylea Nelson  
(Yale)

Camille Avestruz 
(Yale)

Highlights: Results from Four Papers
K. Nelson, E. Lau, D. Nagai, “Hydrodynamical Simulation of Non-
thermal Pressure Profiles in Galaxy Clusters” (astro-ph/1404.4636) 

C. Avestruz, E. Lau, D. Nagai, A. Vikhlinin, “Testing X-ray 
Measurements of Galaxy Cluster Outskirts with Cosmological 
Simulations” (astro-ph/1404.4634) 

C. Avestruz, E. Lau, D. Nagai, K. Nelson, “Non-equilibrium 
Electrons in the Outskirts of Galaxy Clusters”, (astro-ph/1410.8142) 

E. Lau, D. Nagai, K. Nelson, “On the Self-Similarity of Gas Profiles 
in Galaxy Clusters”, in prep.

N-body+Gasdynamics Cosmological Simulation with  
Adaptive Refinement Tree (ART) code on Yale’s OMEGA HPC Cluster 

Box size = 500/h Mpc; DM particle mass ≈ 109h-1M☉, Peak Spatial Resolution ≈ 3.8 h-1 kpc



0.1 1
r/r200c

0.1

1

10

S
/S

20
0c

z = 0.0

z = 0.5

z = 1.0

z = 1.5

0.1 1
r/r200m

0.1

1

10

S
/S

20
0m

z = 0.0

z = 0.5

z = 1.0

z = 1.5

“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=1.4R200m 

accretion 
shock

Lau, Nagai, Avestruz, Nelson, 
Vikhlinin et al, in prep.

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



• Accretion rate changes 
location of accretion shock

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

Mass Accretion breaks Universality
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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



Hydrodynamical simulations predict significant gas motions in clusters. 
Main source of bias for hydrostatic cluster mass estimate and SZ power spectrum modeling.  

Dolag+05, Lau+09,  Vazza+09, 11, Suto+13, Lau+13, Nelson+12,14a,b, Shi+14a,b

Missing Cluster Astrophysics #1 
Merger-Induced Gas Motions in Clusters

Observationally, we know very little about gas motions in clusters.

Major Merger 
V~1000 km/s 

(transonic flow)

Minor Merger 
v~300 km/s 

(subsonic flow)

Velocity field overlaid on 
the temperature map

R500

Nelson+14a



Non-thermal pressure due to gas motions introduces bias in the hydrostatic mass 
estimate at a level of 5-35% at R500. The mass bias is larger for disturbed clusters. 

Also Rasia+06, Vazza+09, Battaglia+11

Gas motions is one of the dominant sources of 
systematic bias in SZ/X-ray cluster mass estimates

Hydrodynamical simulations predict the ratio of kinetic energy in turbulent gas 
motions to thermal energy content of galaxy clusters in ΛCDM models
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Evolution of the HSE 
mass bias 

Spherical analysis for 
a sample of 16 clusters
from Nagai et al. 2007



Non-thermal Pressure Fraction Profiles

Nelson+14Lines = mean
Shades = scatter

Non-thermal pressure fraction is more universal when halos are 
defined with respect to the mean density than the critical density.

5

FIG. 3.— Dynamical state dependence of the Prand/Ptotal profiles at z = 0. The sample has been divided into three equal sized mass accretion rate bins as denoted
in the legend, shown in red, green and blue from most slowly to most rapidly accreting clusters. In the right panel the profiles have been renormalized by the ratio
of Eq 7 to Eq 8 for the mean � value in each bin, respectively, in order to remove the dynamical state dependence. The shaded regions denote the 1-� standard
error on the mean in each bin.

file with gas cooling and star formation physics. The average
� profiles are all within 1� between cluster samples with dif-
ferent physics between 0.1  r200m  1.5.

4.4. Fitting Formulae
In this section, we provide fitting formulae for the univer-

sal non-thermal pressure fraction and gas velocity anisotropy
profiles discussed in the previous sections. By using r200m for
the halo radius, our universal non-thermal pressure profile is
well-described by the following fitting formula,

Prand

Ptotal
(r) = 1 - A

⇢
1 + exp


-
✓

r/r200m

B

◆���
(7)

where the best fit parameters are A = 0.452 ± 0.001, B =
0.841±0.008, and � = 1.628±0.019. This formula provides
a good description of the mean profile with the accuracy of
about 10% in the radial range of 0.1  r/r200m  1.5 out to z =
1.5. The best fit line is plotted in the right panel of Figure 1.
In the Appendix, we also supply the adjusted fitting formula
for the scaling of radii with respect to critical. Despite using
r�c, we are still able to provide an accurate fit out to z = 1,
since the formula is based on the universal r�m profile.

As shown in the left panel of Figure 3, the varied mass ac-
cretion histories of the clusters in our sample is a major source
of scatter in the non-thermal pressure fraction profile. To ac-
count for the mass accretion rate, we provide a correction fac-
tor for the normalization of our fitting formula at z = 0 using
� as a parameter,

Prand

Ptotal
(r;z = 0)

= 1 - (0.491 - 0.024�200m)
⇢

1 + exp


-
✓

r/r200m

B

◆���
,

(8)

where we keep our best fit parameters B = 0.841 and � =
1.628 obtained earlier by fitting in the radial range of 0.1 
r/r200m  1.5. We use the best fit A (Equation (7)) values for
the profiles of each of the 65 clusters in our sample, with B
and � fixed at our best fit values, to determine the function of
�. In the right panel of Figure 3, we show the same three �
bins as in the left panel but renormalized using Equation (8),
fit using the mean � value in each bin respectively. The in-
clusion of this normalization correction factor decreases the
scatter in our sample at r200m from 0.067 to 0.053.

Previous attempts to characterize the non-thermal pressure
fraction have used the r200c (or r500c) as the cluster radius and
therefore have included an additional factors to account for
its strong redshift evolution (Shaw et al. 2010) and mass de-
pendence (Battaglia et al. 2012). We have confirmed that the
r200c profiles for our data are well fit by their fitting formulae
at z = 0.0 in Section A.

Lastly, we provide a fitting formula for the universal gas ve-
locity anisotropy profile shown in the right panel of Figure 4.
We adopt the following fitting formula,

�(r) =
(r/rt)-a

(1 + (r/rt)b)c/b , (9)

fit between 0.2  r/r200m  1.5, where the best fit param-
eters are rt = 1.083 ± 0.028, a = 2.643 ± 0.211, b = -5.637 ±
0.183 and c = -4.090 ± 0.169. The profile is well fit with the
accuracy of about 20% between 0.3  r/r200m  1.3 out to
z = 1.5.

5. SUMMARY AND DISCUSSION

In this work we presented the redshift and mass inde-
pendent non-thermal pressure fraction profile using a mass-
limited, cosmologically representative sample of 65 massive
galaxy clusters from a high resolution hydrodynamical cos-
mological simulation. This result is relevant in accounting for

At R500c 
18% at z=0 

30%  at z=1.5 

Redshift evolution!

1σ scatter



Astrophysical Uncertainty in the SZ power spectrum
Thermal SZ power spectrum contains significant contributions from outskirts 

of low mass (M<3x1014 Msun), high-z (z>1) groups at l<5000
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Dark Matter StructuresEnergy injection from Stars 
and SMBHs

Gas Motions in Clusters Evolution of Gas Motions

NO MASS CALIBRATION!!
Non-thermal pressure is a dominant source of systematic uncertainty.

Shaw+10; also Battaglia+10, Trac+11, McCarthy+14

α(z)=α0(1+z)β

Red: fiducial model: εf =10-6, α0=0.18, β=0.5, nnt=0.8

Secondary CMB anisotropy 
probes the intervening cosmic 

structures

�Tcmb

Tcmb
� f�(x)y =

�
kB�T

mcc2

⇥ ⇤
ne(l)Tc(l)dl

Calibrated with hydro. sim.



New models with cosmic 
gas flows

An old model without 
cosmic gas flows

 Non-thermal pressure alleviates the tension in  
cosmological constraints

New SZ model with non-thermal pressure yields results consistent 
with the cluster abundance measurements: σ8=0.8±0.2
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Shirokoff+10; also Reichardt+12

Battaglia et al. (2010)

Shaw et al. (2010)
Trac et al. (2010)

Sehgal et al. (2010)
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  Best-fit Clump1:  
TX=8.5keV 
vshift=+152km/s 
σ=219km/s

Clump1+Clump2 (composite)
Best-fit Clump2: 

TX=11keV 
vshift=-342km/s 
σ=361km/s

0.3r500

Clump 2

Clump 1

Merging Cluster with 
Tx=10keV

R500

zobs=0.068

Measuring Gas Motions in Galaxy Clusters  
with Astro-H X-ray mission

Astro-H (2015)

Astro-H will measure peculiar velocity and turbulent gas flows in  
massive galaxy clusters via shifting and broadening of Fe line.

Mock Astro-H photon maps in 6-7keV

Nagai+14

New Technique: Density - Velocity Power Spectra
(Gapari+14, Zhuravleva+14)



Astro-H Measurements of the HSE mass bias

Measuring both bulk and random gas 
velocities recovers the total cluster mass

Thermal Pressure

Bulk gas motion 

Random gas 
motion

Gravity

Lau, Nagai, Nelson+13



Recovery of Gas Motions with ASTRO-H

ASTRO-H gives remarkable recovery of  
both bulk and random motions 

r2500

r500

r2500

CL104
Tx=7.7 keV

z=0.068 Bulk

Random
FOV

Ota, Lau, Nagai, in prep.



Azimuthal Variations in Gas Motions

Measurements of Bulk and Random motions 
depend on region’s size and geometry 

How does it affect mass recovery? 

r2500

Bulk

Random

r500

r2500

CL104
Tx=7.7 keV

z=0.068

FOV

Ota, Lau, Nagai, in prep.
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Irreducible Hydrostatic Mass Bias

• Unmeasurable mass bias term 
due to gas acceleration (Suto
+13, Lau+13, Nelson+14a)

• Introduces < 1% bias at ~ r500c

Black: True mass
Red: Thermal pressure only
Green: Thermal pressure + Bulk and 
random gas motions
Blue: Full recovery including gas 
acceleration

Full equation:

“acceleration”

Lau, Nagai, Nelson+13

relaxed clusters at z=0



Mock Chandra X-ray simulation of 
a ΛCDM cluster

R500

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

Missing Cluster Astrophysics #2 
Cluster outskirts are very clumpy

Avestruz, Lau, Nagai, Vikhlinin, 
arXiv:1404.4634

filaments

clumps

Nagai & Lau 2011



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 clumping



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

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
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Evidence for Gas Clumping & Filaments in 
Cluster Outskirts

2.4Msec Chandra XVP observation of A133

79 clumps detected

A transition of the smooth state in the virialized region to a clumpy 
intergalactic medium in the infall region outside of r ≈ R500c

Vikhlinin et al. in prep.

Flat-fielded, background-subtracted, map 3 Filaments



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+14
Talk by E. Rasia

AGN	  SPH	  

CSF	  AMR

CSF	  SPH	  	  



Avestruz, Nagai, Lau, Nelson, submitted to ApJ 
(astro-ph/1410.8142)

Spitzer 1962, Takizawa 1999, Chuzhoy & Loeb 2004, 
Rudd & Nagai 2009, Akahori & Yoshikawa 20104 6 8 0.2 0.6 1.0
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Missing Cluster Astrophysics #3 
Electron-Proton Equilibration in Cluster Outskirts

Rudd & Nagai 2009

5% at R500c

30% at R200m
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Data Points: Tspec 
Line: Tmg

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



PREDICTIONS: Hydrodynamical 
Simulations of Galaxy Cluster Outskirts 

(1) Gas motions - becomes increasingly 
important at large radii (r>>r2500c)

(2) ICM inhomogeneities in both gas 
density and temperature 
❖ the former important at r>r500c
❖ the latter important even in 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; 
poster outside!) 

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



Future Direction: Gravitational Lensing
Gravitational Lensing of Galaxy Clusters taken by Hubble Space Telescope

Subaru HSC SDSSBig Questions 
What are dark energy & dark matter? 

How do galaxies form and evolve? 

Big Challenge 
The physics of baryons (galaxy formation)? 



CHALLENGE: DM-Baryon Interaction
Effect of Baryons on Cluster Mass Profiles

• Baryon condensation in center changes inner DM profiles 
• Can be erased by strong AGN feedback in clusters

Gnedin+04,11

Martizzi+12
also Velliscig+14

Cooling On

Cooling On

AGN On



Baryon dissipation also affects gas and DM shapes

Lau+11; 
also Fang+09, Zemp+12

CHALLENGE: DM-Baryon Interaction
Effect of Baryons on Cluster Shape

Kazantzidis+04



Cui+14

CHALLENGE: DM-Baryon Interaction
Impact on Halo Mass Functions

Martizzi+14

AGN feedback can mitigate the impact of baryon dissipation, 
but still ~5% effect on M500

also Stanek+09, Sawala+13, Cusworth+14
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AGN feedback is important for mitigating the “overcooling problem” and 
reproducing the mass and colors of cluster galaxies.

e.g., Sijacki+06,07, 08; Booth & Schaye 09, 11; Dubois+10,12

Missing Cluster Astrophysics #4 
AGN feedback in Cluster Cores

Sijacki+07
Booth & Schaye+09           

+SN

+AGN

Subgrid modeling of BHs
(1) Seeding & Merging

(2) Gas Accretion: Bondi-like prescription
(3) Energy Injection: Thermal vs. Mechanical



T500

Puchwein+08

AGN feedback helps reproduce the observed Lx-Tx relation, but 
has little effect on the Yx-M relation.

Fabjan+11
also Battaglia+12, 

Le Brun+14
Talk by Fabjan

LX-TX relation
sensitive to cluster cores

YX-M relation
not so sensitive to cluster cores

Missing Cluster Astrophysics #4 
Impact of AGN feedback on Cluster Scaling Relations



Planelles+13; also Battaglia+13 (both SPH)

Major Challenge: Can simulations predict the baryon/gas evolution 
of the depletion factor to better than 10% level?

Redshift Evolution of Gas & Baryon Fractions

Baryon/Gas Depletion Factor



Missing Baryon Problem in Galaxy Clusters 
Recent improvement in the Stellar Mass Estimate 

Better photometry leads to a factor of ~3-4 increase in 
stellar mass of brightest cluster galaxies!

long-dashed line =  
single Sersic fits

solid lines =  
SDSS mosaic photometry 

triple Sersic fits

Kravtsov+14

Kravtsov+14



WMAP cosmology 

Chabrier IMF 

no mass correction 

dot-dashed line: 
baryon fractions 
In SPH Gadget-3 

simulations with AGN 
feedback  

by Planelles et al. 2013 

stellar mass fractions 
from Planelles et al. 2013 
Gadget-3 simulations with 

AGN feedback 

baryon fraction from AMR simulations 
with AGN feedback by Martizzi et al. 2013   

Missing Baryon Problem in Galaxy Clusters

Challenge: Can simulations predict the baryon/gas evolution 
of the depletion factor to better than 10% level?



Temperature

The question is not whether AGN feedback is important, rather how 
its energy is transferred to heat the surrounding ICM.

Sijacki+08

Models with CR bubbles can better 
reproduce the observe profile 

Cluster outskirt is 
unaffected by AGN

Challenges: Modeling AGN feedback in 
Cluster Cores
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Outstanding Challenges in Cluster Cosmology

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)  
Sweet Spot for Cluster Cosmology, but the 
physics of cluster outskirts affects this region.

R500c

Systematics, Systematics, Systematics…
(1) Mass Calibration & (2) Selection Function

PROBLEM: Cluster Astrophysics


