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Cosmological MHD simulation of a cooling flow cluster
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ABSTRACT

Context. Various observations of magnetic fields in the Intra-Clutedium (ICM), most of the time restricted to cluster congsint towards
field strength of the order of a fewG (synchrotron radiation from radio relics and radio hailmggrse Compton radiation in X-rays and Faraday
rotation measure of polarised background sources). Betlotigin and the spatial structure of galaxy clusters magfietids are still under
debate. In particular, the radial profile of the magnetiafiélom the core of clusters to their outskirts, is of gregpamance for cosmic rays
propagation within the Cosmic Web.

Aims. In this letter, we highlight the importance of cooling preses in amplifying the magnetic field in the core of galaxystts up to one
order of magnitude above the typical amplification obtaifuech pure adiabatic evolution.

Methods. We have performed a “zoom” cosmological simulation of a 3 ké\ster, including dark matter and gas dynamics, atomidingo
UV heating and star formation using the newly developed MidDes in the AMR code RAMSES.

Results. Magnetic field amplification proceeds mainly through gratiiinal contraction. Shearing motions due to turbulenogige additional
amplification in the outskirts of the cluster, while magnetconnection during mergers causes magnetic field difsipa the core.
Conclusions. Cooling processes have a strong impact on the magnetic frelttsre in the cluster. First, due to the sharp rise of thedgasity
in the center, gravitational amplification is significargiynplified, when compared to the non—radiative run. Secamelta cooling processes,
shearing motions are much stronger in the core than in tlabatic case, leading to additional field amplification andgigaificant magnetic
reconnection. Cooling processes are therefore of greairtiaupce in determing the magnetic field profile in galaxy s
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1. Introduction of these cosmic rays (sée Lemdine 2005; Kotera & Lemoine
[2007] Globus et al. 2007).
Clusters of galaxies are known to be magnetized (see review Simulations of galaxy clusters with magnetic fields
by [Govoni & Feretti 2004). The existence of magnetic fieldsave been performed using Smooth Particle Hydrodynamics
has been determined either by direct methods likisé syn- (SPH) codes [ (Dolag etla 99, 2005), grid-based codes
chrotron radio or inverse Compton hard X-ray emission or i 1. 1999; Miniati et al. 2001; Sigl et al. 2004;
indirect method like Faraday Rotation Measures (RM). Thiasaj et al.[ 2007) and Adaptive Mesh Refinement (AMR)
all suggest thatG fields lie in central regions of galaxy clus-codes|(Briiggen et Al. 2005), using both cosmological simul
ters up to several 10G magnetic fields in large cooling flowstions (Dolag et dl. 1999 Miniati et Al. 2001 Sial et al. 2004
clusters. Magnetic field strength carffdi from a method to |Dolag et al.| 2005), or idealized simulatio%bta
another: direct methods usually capture large scale fields @999/ Asai et all_2007). In this letter, we report the first-cos
eraged over large volumes, while RM are derived from thfological simulation with AMR that includes atomic cooling
analysis of background point sources, and are thus semsitiw heating and star formation physics, with a full treatment
to small scale variations (cold filaments, shear flows, sbockf the ideal MHD equations. We have also performed a refer-
galaxy stripping, galaxy winds...) In order to shed lighttbe ence adiabatic run in order to compare our results with preyi
magnetic topology found in cosmic structures, it is of gre@jorks and to point out the fierences with the radiative case.
interest to perform direct, self-consistent numerical igan
tions of galaxy clusters. Magnetic fields in clusters ar® alz?_ Simulations
of great importance to determine the deflection angle o&ultr
high energy cosmic rays, since they probabily host the souM/e have performed a “zoom” cosmological simulation of
a galaxy cluster using the AMR code RAMSEsier
@%). Gas dynamics is computed using a second—order tinspli
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12006;| Fromang et al. 2006), while collisionless dark matter V&'f:/
particles are evolved using a Particle—Mesh solver. Galsngpo 2.0
and heating are taken into account as source terms in the en-

ergy equation. The cooling and heating functions are coatput
for a primordial H and He plasma, using the Haardt & Madau
) background model. Radiative losses leads to the for-
mation of high density, (low temperature) regions, wheagsst
are allowed to form according to a Schmidt law: = ep/tg

if p > po. The density threshold for star formation was set
to po = 10PQupc(2). The star formation ficiency was set to

€ = 5%. The simulation comoving box length was chosen
equal to 80 h! Mpc with aACDM cosmology withQ, = 0.3,

Q) =0.7,Qp = 0.045 andHo = 70kms 1. MpcL. A spherical
region of radius 1% h™! Mpc around our simulated cluster was
defined as our high-resolution region, with feetive resolu- « (Mpe)

tion of 512. A coarser grid with anféective resolution of 256

was used to cover the inner 46thMpc, and finally an even Fig. 1. Logarithm of the column density map of the gag at0
coarser 128grid was used to cover the whole box. The mags units of the mean baryons density).

of dark matter particles on each coarse grid are respegtivel

2.9x 10*°M,, 3.6 x 10° M, and 45 x 10 M,,. Only the finest Value/

grid was allowed to trigger new refinements during the course —— _15

of the simulation, up to 7 additional levels of AMR cells. We

used a quasi-Lagrangian criterion: each cell is indivitjuad-

fined if the number of dark matter particles exceeds 8, or if
the baryonic mass exceeds 8 times the initial high-reswoiuti
mass resolution. We solved the full set of ideal MHD equation
using a new scheme based on a Godunov implemenation of
Constrained Transport and presented in Teyssier et al6§200
and| Fromang et all (2006) and we used the HLLD Riemann
solver from %&é;m & Kusarlo[(2005). Theomoving mag-
netic field was set initially to a constant valug, ~ 10! G,

as suggested In Dolag et al. (2005) to reproduce.tBdields

in cluster cores. With these parameters, in the course of the
simulation, the plasmA = Pgas/Pmag Never decreased below
1000: the dynamicalféect of the magnetic field can therefore
be considered as negligible, even in the core of our simdilateig. 2. Logarithm of the mass—averaged magnetic field ampli-
cluster. tude atz = 0 in units ofuG.
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3. Results p-|B| plane, within 2 Virial radii around the cluster. The dashed

Figure[d shows the column density distribution of the gas féne shows the mean amplitude as a function of density for the
the cooling run az = 0. We see in figur€l2 that the mag+adiative case, while the dotted line is for the adiabatiseca
netic field amplitude are well-correlated with the densiis-d (0?2 is also shown for comparison). For densities lower than
tribution with mass-averaged values Bf ~ 107G in the 10%, the magnetic field amplification is one order of magni-
cluster core, galaxies witB ~ 1072uG in satellite clumps tude higher than for pure gravitational compression. As dis
and B ~ 1034G in filaments. We define the virial masscussed in Dolag et al. (2005), this is likely due to shearirg m
as Mygg = 200 x 47r/3pcR§OO, where p. is the critical den- tions in the cluster atmosphere, due to turbulence and émqu
sity. For the adiabatic simulation, we found for our clusier mergers. At higher densities, the radiative run divergesgly

z = 0 the following propertiesR’;‘E’)0 ~ 1hMpc, Mggo ~ from the adiabatic case. The gravitational compressiontaue
2.7 x 10*h~*M,, and T;d ~ 3.4keV. In the radiative case,the cooling flow provides additional field amplification ireth
we obtaineRag = 1.1 h™tMpc, Mag = 3.5x 10"*h™*M, and  high—density tail. As we will see below, cooling also prazsd

Tx =~ 5.1keV. The magnetic field amplification of a collapsa sustained turbulent regime in the core and the correspgndi
ing three dimensional gas sphere with infinite conductiisty additional field amplification. Based on the Zel'dovich appr
given byB « p?/3, for the magnetic flux to be conserved. Thusnation of gravitational dynamics, King & Coles (2006) pre-
a subsequent increase (or decrease) of the magnetic figld wliitted that a cosmological magnetic field should evolve as a
respect to this purely gravitaional amplification shoulde@ B o« %8, due to anisotropic collapse in a Gaussian random
other amplification or dissipation mechanisms. Figure 3wshofield. This compares favorabily with the low density part af o
the mass—weighted historgram if the radiative simulatioié simulation (see Fid.]3).
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Fig. 3. Histogram of the mass fraction for the cooling run asEig. 4. Mean magnetic field as a function of the normalised ra-
function of the normalised density and the magnetic amgditudius. The black lines are the?’® collapse amplification, the
atz = 0. The black solid line is the?® collapse amplification, green lines are respectively the run values for the adiabati
the averaged magnetic field as a function of the normalised dédotted) and cooling (solid) runs at 0.

sity for the cooling case (dashed line) and the adiabatie cas

(dotted line) are also plotted.

At higher density, in the core of our simulated cluster, the
situation is more complex. In the adiabatic case, the mag-
netic field amplitude decread®low the expected value for
pure compression. The mean magnetic field is of the order
of 1072 uG, far below the typical observed values of magnetic
field amplitude in observed cluster cores. It is also apfdnen
the magnetic field profile plotted in figuré 4, for which a dip in
the field strength is visible in the cluster core. If shear §ae
able to sustain additional magnetic amplification in outat®
of the cluster > 150 rtkpc, we find magnetidissipation in
the cluster core. Identified first by Roettiger et al. (1998)js
effect is due to magnetic reconnection occuring during merger T e o0 e
events. Since we are not considering any microscopic psoces /a0
here, this reconnection is due to our numerical schemedpat c_.
tures the weak solution of the ideal MHD equations. AIthoug}JﬁI
magnetic reconnection probabily occurs in nature within-co
verging flows, the exact amplitude of the dissipation isliike
to depend on the microphysics. In the present numerical 58—56
proach, results should depend strongly on the spatialutsol
and on the numerical scheme used. It is however interesting
to analyze in this respect th&ect of cooling. As can be seen
in Figure[4, magnetic reconnection in the cluster core is sup dissipated in the core, and magnetic reconnection ocburs
pressed. The magnetic field stren U&E% is now more com- the cooling case, gravitational contraction resumes, disase
patible with observation 01). Magnetipiim shearing motions, so that magnetic amplification is now more
fication in the core now proceeds in the same way than in thetive in the core. RM maps at= 0 of the adiabatic simula-
outer parts, with gravitational compression and sheariog ntion and the cooling simulation shown in figlide 6 strongly dif
tions. Only in the very center (below 3%kpc, close to the res- fer. In the adiabatic case, we obtain RM values of 30mad
olution limit), do we see magnetic reconnection again. in the cluster centre, whereas in the radiative case, wehreac

To illustrate this point further, we show in Figurk 5 veloc1000 radm~2 in the very centerr( < 10 irtkpc) and we ob-
ity profiles in the adiabatic and in the cooling case. Theaiaditain RM values of 100 rach~? in the core. RM results of the
velocity dispersion is a signature of turbulent motions &ndcooling simulation are consistent with the Clarke etlal.0f?0
is not a surprise to see that a strong velocity dispersion asample (200 radch~?) and also with the maximum values found
given radius corresponds to an excess of field amplificationiathe cluster sample of Taylor etlal. (2002) (up to 1800mad
the same radius (see figlde 4). In the adiabatic case, tundmilefor the hot gas cluster).

0.5. Mean radial velocity (black), radial velocity dispersion
lue) and sound speed (red) for the adiabatic (solid) aad th
cooling (dashed) runs at= 0 in units ofV,q for the adiabatic
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Vg;f:/ when one considers the fundamentatetiences existing be-
100.0. tween grid—based and particle—based codes. Using a MHD ver-

sion of GADGET, Dolag et all (2005) found in their adiabatic
run much larger magnetic field strength for a subset of their
simulated particles. They report mean field values one artler
10.0 magnitude larger than median field values, in apparent aentr
H diction with our present result. Magnetic reconnectionespp
therefore much lessflgcient in the SPH case. On the other
hand, using the grid-based code ZEUS, Roettigerlet al. 1999
1.0 report results very similar to ours, with strong field disdipn
occuring in converging part of the flow. One interesting out-
come of the present work is that radiative cooling dradiical
changes theftect of magnetic reconnection, since turbulence

x (kpe)

0.1 and gravitational compression easily counterbalance gke-a
T TR0 e 00 ciated dissipation.
Value/ Ngvertheless, this Ia_rge additiona_ll amount of mag_netic en-
wofolor ergy in the core of cooling clusters is & crucial §te_p in deter
’ . mining the structure of the cosmological magnetic field.as h

a direct consequence on the propagation of high energy cos-
mic rays in the universe. Since we have no direct obsention
of magnetic fields outside of cluster cores, only cosmolkalgic
H numerical simulations can address this problem. Their weak
ness is that the initial magnetic field value must be norredliz
a posteriori in order to fit the observed values. We have shown
that for the same seed field, the final magnetic field stremgdh i
cooling cluster core is one order of magnitude higher thainen
adiabatic case. Cooling processes are therefore of greatim
tance if one wants to describe the proper evolution of magnet
fields in the Universe.
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