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Testing two generic predictions of 
cosmological simulations of cluster formation



 
Simulations generically predict large fraction of baryons (30- 
50% within Rvir ) cooling and converting into stars. This is not 
confirmed by direct observations, but then there is baryon 
fraction puzzle. So this is worth checking using other means.  



 
Simulations predict ubiquitous subsonic turbulence. Little 
observational evidence for it so far. So any way to probe for its 
presence is very welcome!



the baryon fraction puzzle

Ettori 2003, McCarthy et al. 2007, 
Kravtsov et al. 2009
(arXiv/0903.0388) mass within radius enclosing overdensity

of 500 times the critical density crit (z)
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gas fraction in simulations  
(runs with cooling)

Observed gas fractions 
(Chandra and XMM)

[high-resolution Eulerian 
Adaptive Mesh Refinement N- 
body+gasdynamics 
simulations; Nagai, Kravtsov, 
Vikhlinin 2007]

stellar fractions in 
simulations with cooling

Observed stellar fractions 
(Gonzalez et al. 2007
Giodini et al. 2009)



Testing two generic predictions of 
cosmological simulations of cluster formation



 
Simulations generically predict large fraction of baryons (30- 
50% within Rvir ) cooling and converting into stars. This is not 
confirmed by direct observations, but then there is baryon 
fraction puzzle. So this is worth checking using other means.  



 
Simulations predict ubiquitous subsonic turbulence. Little 
observational evidence for it so far. So any way to probe for its 
presence is very welcome!



e.g., Evrard 1990; Norman & Bryan 1999; Nagai et al. 2003; Sunyaev et al. 2003; 
Rasia et al. 2004, 2006; Dolag et al. 2007; Vazza et al. 2008; Lau et al. 2009

Slice through gas density of ICM of a cluster formed in a cosmological simulation; 
short lines show magnitude and  direction of gas velocity 

simulations predict ubiquitous random gas 
motions in the ICM

Norman & Bryan 1999



http://www.ira.inaf.it/~vazza/movies.htmlMovie courtesy of Franco Vazza

color = absolute value of gas velocity 

7 Mpc

simulations predict ubiquitous random gas 
motions in the ICM




16 individual galaxy clusters simulated with and 
without cooling masses from 8x1013 to 1015h-1Msun

Cosmological N-body+hydrodynamics ART code
(Kravtsov 1999, 2003; Kravtsov et al. 2002)
mdm =3x108h-1 Msun, m* ~106-7h-1 Msun
peak resolution ~ 2h-1 kpc
2-4 x 107 mesh cells per cluster

Gasdynamics: Eulerian AMR (2nd order Godunov)
N-body dynamics of DM and stellar particles 

Radiative cooling and heating of gas: 
metallicity dependent taking into account 
atomic and molecular processes

Star formation using the Kennicutt (1998) recipe

Thermal stellar feedback 

Metal enrichment by SNII/Ia + Advection of metals

gas densitygas densitydm densitydm density

stellar densitystellar density gas gas TT

metallicitymetallicity gas gas entropyentropy

10 Mpc10 Mpc

simulated cluster samplesimulated cluster sample

Nagai (2006); Nagai, Kravtsov & Vikhlinin (2007)



Effects of dissipation on DM halo shape
baryon condensation makes dark matter halos more spherical

e.g., Katz & Gunn ‘91, Evrard et al ‘94, Dubinski ‘94, 
Kazantzidis et al. ‘04, Springel et al ‘04, Hayashi et al ‘07, Tissera et al ‘09

Non-Radiative Cooling+SF

halo simulated from the same initial conditions with and without baryon dissipation

Presenter
Presentation Notes
N-body simulations have demonstrated that CDM halos are triaxial in nature. However, halo triaxiaity can be modified by dissipation. Shown here is a cluster-size halo with and without radiative cooling. As gas cools and loses energy and condenses in te center of the halo, dragging along dm and making the center more concentrated. The more concetrated the halo the potential is more spherical and hence the shape of the DM distribution. Since DM is not directly observable it would be interesting to know if ths same can be seen of the X-ray emitting cluster gas. 
By measuring the shape of the observable hot gas, we propose that we can indeed see the change in shape due to dissipation





 

Cooling: ICM is more 
spherical in the outer regions 
similar to DM



 

ICM is more oblate in the 
inner regions



 

Gas shape follows 
isopotential surfaces outside 
the cluster core
(c.f., e.g. Buote & Tsai 94, 
95, 96)

Lau, Nagai, Kravtsov & Zentner 2010, ApJ submitted (arXiv/1003.2270)

cooling+sf non-radiative

effect of dissipation on the 3d ICM shapeeffect of dissipation on the 3d ICM shape
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Presenter
Presentation Notes
c/a shortest, b is the intermediate axis

Here is some result, where the axis ratios of DM, gas and potential are shown as a function of radius. Right panels show the profiles for clusters with out radiative physics, and the left panels show them with cooling and starformation. 

For DM, The effect of cooling&SF is to increase the axis ratio, making them more spherical, especially in the center. For gas, CSF increases as axis ratio in the outer region, making the gasesous ratio more spherical, while in the core, we see that the long-axis ratio increases but the short-axis ratio  decreases. This is just showing that the cooling results in the settlement of a gaseous oblate disk. 

Just a side note, the gas shape traces the potential shape well beyond the core, and indication that hydrostatic equ is a good approx. in these regions.



non-radiative cooling+sf

r500

Mock Chandra mapsMock Chandra maps
the differences in the ICM shape are still discernible in 2d X-ray emission

Lau, Nagai, Kravtsov & Zentner 2010, ApJ submitted (arXiv/1003.2270)

Presenter
Presentation Notes
To make predictions of gas shapes for observations, we analyse mock Chandra maps from the same cluster simulations, following the same reduction procedure as X-ray observers would do, masking out substructures and subtracting backgrounds. We then estimate ellipticities of the X-ray photon distribution. 
Here is a projection of the same cluster in non-rad and cooling+SF run which illustrate the formation disk in the centre of We see that while in the outskirts the ellipticities in the cooling run are more or less consistent the non-radiative clusters, but we see a marked difference in the center where the formation of oblate disk is apparent in the form of high ellitpicitiies in the central cluster region. 

with the We note that the  X-ray contours are more elliptical at small radii in the cooling run, but that depends in projections. For example, the X-projection is less elliptical at small radii in the cooling run than in the non-rad run. 



effect of cooling and gas turbulence effect of cooling and gas turbulence 
on the observable ICM on the observable ICM ellipticityellipticity


 

at 0.1<r/r500 <1 – the difference in the ICM shape between non-radiative and CSF 
simulations reflects the difference in DM halo shapes  



 

at r/r500 <0.1 – the difference is due to different gas motions (rotational motion in 
CSF, random, turbulent motion in the NR)

Lau et al. 2010, ApJ submitted (arXiv/1003.2270)



gas motions quantifiedgas motions quantified
velocity dispersion of random component of gas motions and rotational velocity

Normalized to the circular velocity Vcirc(r)=sqrt(GM/r)

Lau et al. 2010, ApJ submitted (arXiv/1003.2270)

Presenter
Presentation Notes
So it’s natural to see whether the difference bewteen gas and potential shape is actually cause by gas motions in the clusters. Here I show the ratio of random gas motions to the circular velocity. This is a measure of gas KE due to random motions against local gravity. Under HSE, this ratio should be zero. We see that this ratio is the lowest in the intermediate radial range, where the gas traces the potential shape best. When the random gas motions increases, it makes the gas more spherical as the gas orbits becomes more chaotic in the center. On the other hand, rotation motion can also cause difference between shape of gas and shape of potential, and the effect is opposite from that of random gas motions. The strong rotation in the center is a reflection of the cold gas disk formed in the center, being rotationally supported. In this way, one implication of studying gas shape is that we can constrain the level and the nature of gas motions in clusters.



confronting simulations 
against observations



 

Observations: sample of 31 local (z<0.1) clusters with ROSAT and Chandra images 
(25 of 31 clusters are classified as relaxed based on morphological appearance)  



 

Ellipticity profiles are constructed from the high-resolution Chandra images at small 
radii and ROSAT images at large radii

Lau et al. 2010, ApJ to be submitted

3 examples:



confronting simulations 
against observations



 

at 0.1<r/r500 <1 – ellipticities of observed clusters indicates much smaller amount of 
baryon condensation than occurs in the CSF simulations



 

at r/r500 <0.1 – observed clusters do not exhibit strong flattening due to rotation; 
instead the inner profile is consistent with predictions of the NR simulations and 
shows signature of random gas motions

Lau et al. 2010, ApJ to be submitted





 

effects of baryon dissipation on dark matter halo shape are 
also reflected in the observable ellipticity of the ICM at radii 
where gas is in hydrostatic equilibrium



 
comparison of observed ellipticity profiles of nearby clusters 

and simulations indicates that the observed clusters 
experienced much smaller baryon dissipation during their 
formation than clusters in simulations



 
the observed ellipticity profiles at r<0.1r500 match the 

corresponding profiles predicted in non-radiative simulations 
and hint at the presence of random gas motions in cluster 
cores.

summarysummary

Lau, Nagai, Kravtsov & Zentner 2010, ApJ submitted (arXiv/1003.2270)
Lau, Nagai, Kravtsov, Vikhlinin & Zentner 2010, ApJ to be submitted
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