Mem. S.A.It. Vol. 82, 605 © SAIt 2011 Memorie della

Turbulent flow and stirring mechanisms in the cosmological large-scale structure

L. Iapichino

Zentrum für Astronomie der Universität Heidelberg, Institut für Theoretische Astrophysik, Albert-Ueberle-Str. 2, D-69120 Heidelberg, Germany e-mail: luigi@ita.uni-heidelberg.de

Abstract. Halo mergers and shock waves play a crucial role in the process of hierarchical clustering. Hydrodynamical simulations are the principal investigation tool in this field for theoreticians, and predict that a by-product of cluster formation and virialisation is the injection of turbulence in the cosmic flow. Here I will summarise results from a series of recent works focused on the main stirring mechanisms acting on baryons: minor and major cluster mergers, and curved shocks. Unresolved turbulence has been treated with the implementation of a subgrid scale model. Recent simulations show that the production of turbulence differs significantly for the warm-hot intergalactic medium (WHIM) and the intra-cluster medium (ICM), because of different stirring mechanisms acting in the two gas phases.

Key words. Hydrodynamics – Methods: numerical – Turbulence – Cosmology: large-scale structure of Universe – Galaxies: clusters: general

1. Introduction

The driving of turbulence in the intergalactic medium is a natural consequence of the hierarchical growing of the large-scale structure. Interestingly, turbulence is both linked to the thermal properties of the cosmic baryons (as a by-product of the virialisation mechanism) and to the non-thermal diffuse cluster emission, because of the role that turbulence plays in the acceleration of cosmic rays (Ferrari et al. 2008; Brunetti & Lazarian 2011) and in the amplification of magnetic fields (Subramanian et al. 2006; Ryu et al. 2008).

The study of turbulence in the framework of the physics of galaxy clusters turns out to be challenging. From an observational viewpoint,

Send offprint requests to: L. Iapichino important progress has been made by measuring resonant scattering suppression (Churazov et al. 2004; Werner et al. 2009) and with XMM- Newton observations of clusters with a compact core (Sanders et al. 2011). Numerical simulations, on the other hand, have to cope with the big scale separation between the integral length scale for turbulence injection and the Kolmogorov scale, where the kinetic energy is dissipated by viscous effects. In grid-based hydrodynamical codes the use of adaptive mesh refinement (AMR) can only partially cure this issue; many efforts have been put in designing refinement criteria suitable for turbulent flows (Schmidt et al. 2009; Iapichino & Niemeyer 2008; Vazza et al. 2009). Although recent simulations finally reach a fairly large dynamical range (e.g., Vazza et al. 2010), it is not possi-

Fig. 1. Visualisation of a region of 12.8 Mpc h^{−1}, centred on a cluster (M = 5.95 × 10^{14} M_⊙ h^{−1} at z = 0), at z = 0.209. In the left-hand panel a volume rendering of the baryon density is reported, whereas in the right-hand panel a projection of the SGS turbulence energy is shown. Simulation details in Maier et al. (2009). This is a snapshot from a full movie of the simulation, available at the website http://www.ita.- uni-heidelberg.de/~luigi/movies.html.

ble, even with AMR, to resolve the whole turbulent cascade down to the dissipative length scale. For this reason, turbulence subgrid scale (SGS) models (Scannapieco & Brüggen 2008; Maier et al. 2009) provide the most physically motivated way of studying the effect of unresolved turbulence on the system (see also Schmidt & Federrath 2011 for a thorough discussion on this point).

In the following I will briefly summarise some recent results on the study of the main driving mechanisms of turbulence in the cosmic flow at cluster scales: mergers and curved shocks. The work is based on hydrodynamical simulations performed with the ENZO code (O’Shea et al. 2005). In this code framework, a subgrid scale model was implemented and coupled both with the equations of fluid dynamics at resolved length scales, and with the AMR (Maier et al. 2009). The resulting numerical scheme has been called FEARLESS (Fluid mEchanics with Adaptively Refined Large Eddy SimulationS), and combines the adaptive refinement of regions where turbulent flows develop with a consistent modelling of the unresolved turbulence. This tool has proved to be extremely useful in the modelling of turbulent clumped flows, like those in galaxy clusters. The reader is referred elsewhere (Maier et al. 2009; Iapichino et al. 2011) for numerical details and tests of the SGS model and of FEARLESS. Recent developments and improvements in the modelling of astrophysical turbulence are described by Schmidt & Federrath (2011).

2. Simulations of cluster mergers

Galaxy clusters evolve mainly by accretion of smaller clumps; in this process, turbulent kinetic motions are driven in the ICM. In case of minor mergers, the shearing instability develops at the interface between the ICM and the subcluster gas, resulting in the injection of turbulence in the region past the subcluster motion. The problem has been studied by means of high-resolution, idealised hydrodynamical simulations (e.g., Heinz et al. 2003; Takizawa 2005; Iapichino et al. 2008), and is relevant for the physics of merger cold fronts (Markevitch & Vikhlinin 2007).

Minor mergers have been also explored in full cosmological simulations of cluster evolution. In Maier et al. (2009) we used the FEARLESS approach to study the role of merger-induced turbulence in the ICM. Since the flow in the ICM is subsonic, we found that gas kinetic energy (either resolved or SGS) is just a minor part of the cluster energy budget. The production of turbulence is closely correlated with mergers: this is clearly visible in Fig. 1, where a projection of the SGS turbulence energy (computed using FEARLESS) is compared with a volume rendering of the baryon density, showing the cluster substructure. For example, one can observe the small subcluster immediately on the left of the cluster core, which is moving downwards around the centre and has stirred the ICM in its turbulent wake, as indicated by the large value of the SGS turbulence energy in that region. The dissipation of unresolved turbulence results also in a larger core temperature and a higher core entropy.

The importance of mergers and mergerinduced turbulence for the cluster energy budget is apparent from the study of major merger simulations performed by Paul et al. (2011). From the study of a sample of mergers, it was found that the ratio of the turbulent to total pressure in the cluster core is larger than 10% for about 2 Gyr after a major merger. The scaling of the turbulence energy with the cluster mass (Fig. 2) in the sample is consistent with M^{5/3}, which is the same scaling expected for the thermal energy in the self-similar model. This result highlights again that virialisation and turbulence injection are two faces of a same physical process, the hierarchical formation of cosmological structure.

3. Turbulence production in the intergalactic medium

There are several mechanisms that are able to stir the baryons and inject turbulence in the cosmic flow at cluster scales. In the previous Sect., cluster mergers were presented. If the effects of galaxy motions in the IGM and AGN outflows are neglected, a remaining stirring mechanism is provided by the baroclinic vorticity generation (Kang et al. 2007). In filaments and cluster outskirts the unprocessed gas is accreted and shock-heated in the forming structures, and the injection of turbulence is a by-product of this gas accretion at curved shocks.

Both stirring mechanisms were studied in detail in Iapichino et al. (2011), by means of a FEARLESS simulation in a cosmological box with a volume of (100 Mpc h^{−1})^3. The analysis was focused on baryons with temperature larger than 10^5 K, and a distinction was done between gas in collapsing structures with baryon overdensity δ > 10^3 and less dense material. For consistency with previous studies in this field, it was chosen to refer to these two baryon phases as to ICM and warm-hot intergalactic medium (WHIM), respectively.

In Fig. 3 the time evolution of the specific internal and SGS turbulent energies is shown for both baryon phases. The production of turbulence has clearly a different redshift dependence in the ICM and WHIM. We argue that this difference is due to the mechanisms of turbulence generation that are dominant in the two baryon phases. In the ICM, turbulence is produced mainly by merger events: for this gas phase, the broad peak of e_t at redshift between 1.0 and 0.65 is consistent with the major merger phase of halos in the mass range 10^{13} M_⊙ < M < 10^{14} M_⊙ (e.g., Giocoli et al. 2007). For the WHIM gas, residing in cluster outskirts, smaller clumps and filaments, the evolution of turbulence is related to the

Fig. 2. The turbulence energy is plotted against the merger mass, for the merging clusters of the sample of Paul et al. (2011). The solid line is the best fit to the data points, corresponding to a scaling law E_{turb} ∝ M^{1.66}, computed after excluding an outlier cluster (the point at M = 10^{14} M_⊙).

Fig. 3. Time evolution of the mass-weighted averages of specific internal (solid lines) and SGS turbulent (dotted lines) energies, for the two baryon phases under investigation. The two lines in the upper part of the plot refer to the ICM, and the other two to the WHIM. The lines are scaled according to the factors in the legends, in order to be accommodated in the same plot.

amount of kinetic energy processed by the external shocks (Skillman et al. 2008), where turbulence is injected by the baroclinic mechanism. For further details, and for a discussion about the effects of dynamical pressure support on the gravitational contraction of the gas, we refer the reader to Iapichino et al. (2011).

Acknowledgements. The ENZO code is developed by the Laboratory for Computational Astrophysics at the University of California in San Diego (http://lca.ucsd.edu). The data analysis was performed using the yt toolkit (Turk et al. 2011). Thanks to my collaborators involved in the projects mentioned above, in particular to J. Niemeyer, W. Schmidt and S. Paul.

References

Brunetti, G. & Lazarian, A. 2011, MNRAS, 410, 127 Churazov, E., Forman, W., Jones, C., Sunyaev, R., & Böhringer, H. 2004, MNRAS, 347, 29 Ferrari, C., Govoni, F., Schindler, S., Bykov, A. M., & Rephaeli, Y. 2008, Space Sci. Rev., 134, 93 Giocoli, C., Moreno, J., Sheth, R. K., & Tormen, G. 2007, MNRAS, 376, 977

Heinz, S., Churazov, E., Forman, W., Jones, C., & Briel, U. G. 2003, MNRAS, 346, 13 Iapichino, L., Adamek, J., Schmidt, W., & Niemeyer, J. C. 2008, MNRAS, 388, 1079 Iapichino, L. & Niemeyer, J. C. 2008, MNRAS, 388, 1089 Iapichino, L., Schmidt, W., Niemeyer, J. C., & Merklein, J. 2011, 1102.3352 (MNRAS, accepted) Kang, H., Ryu, D., Cen, R., & Ostriker, J. P.

2007, ApJ, 669, 729 Maier, A., Iapichino, L., Schmidt, W., & Niemeyer, J. C. 2009, ApJ, 707, 40 Markevitch, M. & Vikhlinin, A. 2007, Phys. Rep., 443, 1 O’Shea, B. W., Bryan, G., Bordner, J., et al.

2005, in Lecture Notes in Computational Science and Engineering, Vol. 41, Adaptive Mesh Refinement – Theory and Applications, ed. T. Plewa, T. Linde, V. G. Weirs (Springer), 341 Paul, S., Iapichino, L., Miniati, F., Bagchi, J., & Mannheim, K. 2011, ApJ, 726, 17 Ryu, D., Kang, H., Cho, J., & Das, S. 2008, Science, 320, 909 Sanders, J. S., Fabian, A. C., & Smith, R. K.

2011, MNRAS, 410, 1797 Scannapieco, E. & Brüggen, M. 2008, ApJ, 686, 927 Schmidt, W. & Federrath, C. 2011, A&A, 528, A106 Schmidt, W., Federrath, C., Hupp, M., Kern, S., & Niemeyer, J. C. 2009, A&A, 494, 127 Skillman, S. W., O’Shea, B. W., Hallman, E. J., Burns, J. O., & Norman, M. L. 2008, ApJ, 689, 1063 Subramanian, K., Shukurov, A., & Haugen, N. E. L. 2006, MNRAS, 366, 1437 Takizawa, M. 2005, ApJ, 629, 791 Turk, M. J., Smith, B. D., Oishi, J. S., et al.

2011, ApJS, 192, 9 Vazza, F., Brunetti, G., Gheller, C., Brunino, R., & Brüggen, M. 2010, ArXiv e-prints, 1010.5950 Vazza, F., Brunetti, G., Kritsuk, A., et al. 2009, A&A, 504, 33 Werner, N., Zhuravleva, I., Churazov, E., et al.

2009, MNRAS, 398, 23