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Abstract. We test the effects of magnetic fields on the masgdrostatic equilibrium. In some clusters these different meth-
determination of galaxy clusters with the X-ray method. Asds yield masses which can differ up to a factor of three in
this method takes into account only thermal pressure, additiottag central region of the cluster with the lensing mass be-
non-thermal pressure support, e.g. caused by a magnetic figid,typically larger, e.g. A2218 (Kneib et al. 1995; Squires et
can result in an underestimation of the mass. SPH modelsabf1996), MS0440+0204 (Gioia et al. 1998), RXJ1347-1145
galaxy clusters including magnetic fields of various strengt{Bischer & Tyson 1997; Schindler et al. 1997; Sahu et al. 1998),
in two different cosmologies are used for the test. We compa¢0939+4713 (Seitz et al. 1996; Schindler et al. 1998). Vari-
the true mass of the model clusters with the mass determirsed reasons for these discrepancies have been suggested. The
from simulated X-ray images of the same models. The effgutesence of substructure and cluster mergers are obvious ways
of the magnetic field on the mass in relaxed clusters is foutw explain the differences, but tests with numerical simula-
to be negligible compared to other uncertainties, even at sntahs showed that the assumptions of hydrostatic equilibrium
radii, where the strongest effects are expected. However in @&l spherical symmetry are well justified in relaxed clusters of
model, in which the cluster is in the process of merging, we firghlaxies (Evrard etal. 1996; Schindler 1996) and cannot account
an effect of up to a factor of 2 caused by the magnetic field. for the large discrepancies in relaxed clusters. Also the effects
relaxed clusters the mass estimate, averaged over many moaéksmall-scale density variations were found to be much smaller
is at most 15% smaller in models with relatively high magnetiban the observed discrepancies (Mathiesen et al. 1999). As a
field of 2.G compared to models without a magnetic field with further possibility for the discrepancies, in particular in the clus-
small dependence on the cosmology chosen. Therefore we den€entres, Loeb & Mao (1994) suggested that the intra-cluster
clude that the presence of a magnetic field cannot be responsgae might not only be supported by thermal pressure, but also
for the discrepancies of a factor of 2-3 found between X-ray abgt considerable magnetic pressure. As magnetic pressure is not
lensing mass in the central regions of relaxed clusters. taken into account in the X-ray mass determination method it
potentially leads to an underestimation of the mass.
Key words: galaxies: clusters: general — galaxies: intergalac- Whereas Loeb & Mao (1994) suggested that strong mag-
tic medium — cosmology: observations — cosmology: theorynetic fields can be hidden to Faraday rotation measurements if
cosmology: dark matter — X-rays: galaxies the magnetic fields are tangled, Dolag et al. (1999) found in
simulations that even clusters with an overall small magnetic
field can be penetrated partially by regions of high magnetic
fields. These simulations are based on a consistent model for
the cluster magnetic field and therefore lead to realistic mag-

Clusters of galaxies — the most massive bound objects in fdic field configurations within the assumed cosmological sce-
universe — are excellent diagnostic tools for cosmological paarios. Here the magnetic fields strengths and structure is given
rameters. In particular, measuring the masses of clusters ghpthe formation of the cluster in a cosmological environment.
vides a way to determine the amount and the distribution 6fthough on average the magnetic pressure in there models is
dark matter and thug,,,. The comparison with the baryonicmuch smaller than the thermal pressuei(o Dolag 2000, the
component yields an estimate f4,,yo., Which is another im- models show some scatter around this mean value. There are do-
portant cosmological parameter, as current measurements'8#ns of high magnetic fields approaching or sometimes even
in contradiction with primordial nucleosynthesis fofla= 1 €xceeding equipartition with the thermal energy. The simula-
universe (White et al. 1993). tions predict the number, locations and sizes of these domains

Cluster masses can be measured in various ways, via gepending on the formation history and dynamical state of the
gravitational lensing effect, via the assumption of virial equfluster, which provides the possibility to test the importance of
librium and with X-ray observations using the assumption of

1. Introduction
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Table 1. Parameters of the EdS and the FlatLow models. Table 2.Initial magnetic fields (column 2) and the resulting final mag-
netic field strengths in the clusters (column 3 and 4 for EdS and FlatLow
model Hy Qo A s 20 foaryon models, respectively). The final values are an average of the magnetic
EdS 05 10 00 12 15 5% field over the central region (within a radius of 350 kpc) of all ten
Flatow 07 03 07 105 20 10% clusters for each cosmology.
model Bini (Binal)ape  (Bfinal)rpue "
these domains. So far the influence of these domains on the niess 0.0G . — —
determination is not clear. low B 0.2x107 G 0.4 puG 0.3 pG
In this work we use the models by Dolag et al. (1999) to te§edium B 1.0 x 107 G 1.1 uG 0.8 uG

-9
the influence of such magnetic fields on the mass determinatibe’ B 5.0 x10 G 2.5 uG 2.0 pG

with the X-ray method. We compare the true cluster mass, which
is known exactly for the model clusters, with the mass derived
from a simulated X-ray observation of the same model clustéiie final field structure is determined by the dynamics of the

After the description of the method in Sect. 2 we present tibuster collapse, and (i) the initial field strengthsoédium B
results in Sect. 3 and the conclusions in Sect. 4. at the starting redshift (see Talple 1) are adequate to reproduce
the Faraday-rotation statistics by Kim et al. (1991). The simu-
lated and the observed rotation-measure distributions could not
be distinguished significantly by a Kolmogorov-Smirnov test.
We use the cosmological MHD code described in Dolag Efowever, the scatter is large because of the relatively small
al. (1999) to simulate the formation of magnetised galaxy clusumber of simulated clusters per set (only 10 cluster for each
tersfrom aninitial density perturbation field. The code combinessmology) and because of selection effects both in the simu-
the merely gravitational interaction of a dark-matter compondations and the observations. We therefore allow for a range of
with the hydrodynamics of a gaseous component. The graviiaitial magnetic field strengths resulting in a range of synthetic
tional interaction of the particles is evaluated on GRAPE boarBaraday-rotation distributions which are all well in agreement
(Sugimoto et al. 1990), while the gas dynamics is computdth the observed data. The steep power spectrum of these mag-
in the SPH approximation (Lucy 1977; Gingold & Monaghanetic fields suggests that the contribution to the energy density
1977). It is supplemented with the magneto-hydrodynamiy fields tangled on scales smaller than the resolution of the
equations to trace the evolution of magnetic fields which asenulation (2 30kpc) is negligible. A detailed description of
frozen into the motion of the gas due to its assumed ideal eltftese models and a comparison with rotation measures is given
tric conductivity. The back-reaction of the magnetic field ontim Dolag et al. (1999). With a realistic model for distributing rel-
the gas is included. The code assumes the intra-cluster medatiwistic electrons in the simulated clusters, the simulations are
to be an ideal gas with adiabatic index of= 5/3. Radia- also able to match the properties of observed radio halos very
tive cooling is not included. As the surroundings of clustemsell (see Dolag & Ensslin 2000). As both initial conditions are
are important because their tidal fields affect the overall cluseguivalent for the final clusters we choose the homogeneous
structure and the merging history, the simulation volumes drttial field set-up, because it is numerically easier to handle.
surrounded by a layer of boundary particles whose purpose it is Due to compression and turbulence in the gas flow, the mag-
to represent accurately the tidal fields in the cluster neighbouetic field is highestin and near the centres of the simulated clus-
hood. Extensive tests of the code were performed and descriterd. Here the thermal pressure has also the highest values, which
in Dolag et al. (1999). Various test problems could be solvéelds to almost constant ratio of magnetic to thermal pressure
successfully, and’ - B is always negligible compared to thesupport across a large range of cluster-centric radii, which can
magnetic field divided by a typical length scale. amount tox 5% for EdS cosmologies and slightly lower values

Two different kinds of cosmological models are used, Ed8 the FlatLow cosmologies (Dolag 2000). The overall structure
and FlatLow (see Tabld 1). We set up cosmological initial conf the magnetic field in the outer regions of the clusters differs
ditions at redshift = 15 (for EdS) andz = 20 (for FlatLow) from that near the cluster centre. Accretion and merger events
and follow the formation of the clusters including the magnetarrange the magnetic fields in the outer cluster regions in coher-
field. For each cosmology we calculate ten different realisatioest patterns on fairly large scales. Near the cluster centre, the
which result in clusters of different final masses and differegas flow pattern is almost randomised, and the magnetic field is
dynamical states at redshift= 0. consequently tangled and bent on fairly small scateg{kpc).

We simulate each of these clusters with different initial magdthough the magnetic pressure can be considered isotropic at
netic fields, listed in Tablel 2, yielding a total of 80 cluster modbr near the cluster centre, it may well be anisotropic in the outer
els. Since the origin of magnetic fields on cluster scales is yrarts. Even though the fraction of the magnetic pressure rela-
known, we use either completely homogeneous or chaotic itiire to the thermal pressure, averaged over spherical shells, is
tial magnetic field structures. The evolution of the intraclustapproximately constant across the cluster, the detailed effects
fields is then computed during cluster collapse. Previous warkmagnetic pressure on the gas flow depend on the direction of
showed that (i) the initial field structure is irrelevant becausbhe magnetic field relative to other locally preferred directions,

2. Method
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Fig. 1a and b.Percentage of particles for which the ratio between magnetic and thermal pressure exceeds of 5% as function of position in the
cluster (thick lines). Shown is the average over all FlatLow modglarfd all EAS modeldy. The different line types distinguish the different
magnetic fields, with the solid line representing a high, the dashed line a medium and the dotted line a low magnetic field. The thin lines are the
RMSs between the models of the same class. The radial distance to the cluster centre is in units of the virialgadius R

like e.g. the orientation of filaments surrounding a cluster, the To minimize all non-magnetic effects we select 6 out of the
local path of matter infall, or the orbit of a merging sub-clumg=latLow models and 7 out of the EdJS models, which look round
Therefore, the same overall magnetic pressure can have diftard relaxed and are not in the process of merging at the moment
ent effects on the local dynamics of gas flows, depending ofithe mass determinatioa & 0).
whether the magnetic field is ordered on scales comparable toTo calculate X-ray masses from these model clusters, we
the cluster scale, and on the orientation of the magnetic fiepifoject the model clusters onto X-ray images in three projec-
Furthermore in an intra-cluster medium with a small averagédn directions. We use the ROSAT energy range (0.1-2.4 keV)
fraction of the magnetic relative to the thermal pressure may foe these projections, because for typical cluster temperatures
well regions, in which the magnetic field gives much strongéne observed countrate in this range is almost independent of the
pressure support. Fig. 1 shows the mass fraction inside sphnmperature. We calculate maps of projected emission-weighted
cal shells which have more than 5% magnetic pressure supptammperature as well. Both projections are binnef® x 200
Note that there is even a small nhumber of regions where thiels with a resolution of 20 kpc. The bin size determines the
magnetic pressure is twice as high as the thermal pressure.smallest possible radius for our mass analysis. We can measure
In this work we concentrate on the effects of the magnetigcasses only at radii larger than about 2 pixels,4€50 kpc.
field on the mass determination via the X-ray method. Effed&som X-ray and temperature maps we calculate surface bright-
like deviation from hydrostatic equilibrium due to mergers, posiess and temperature profiles centred on the X-ray centroid. We
sible shortcomings of thé model and others are not discussedleproject the surface brightness to three-dimensional densities
In order not to mix up the different effects we select for theith the 3 model (Cavaliere & Fusco-Femiano 1976). With the
mass tests only the models not suffering from the above messumption of hydrostatic equilibrium the integral mass within
tioned other effects, i.e. relaxed clusters. Otherwise even tlagliusr can be determined as
average over many models can be dominated by the strong de-
viations of a single model. Furthermore, a small magnetic fiejg .y — —kr (dlnp dlnT) (1)
can slightly alter the dynamical time scale of a simulated clus- pmpG- \dlnr — dlnr )’
ter. Therefore, when comparing simulated clusters with different ) ) )
magnetic fields at equal redshifts, they can be in slightly diffefith o andT" being the density and the temperature of the intra-
ent evolutionary stages according to their own time scale. WhlBISter gas, respectively, u, m,,, andG are the Boltzmann
this effect is irrelevant in relaxed clusters it can change the m&§§istant, the molecular weight, the proton mass, and the gravi-

estimate considerably for merging clusters. tational constant.
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Fig. 2a and b.Ratio of true and X-ray mass for 4 different magnetic field strengths in two different cosmologies. The bold lines are averaged
profiles, while the thin lines show the corresponding standard deviatiohe FlatLow model profiles are averaged over 18 configurations (6
modelsx 3 projections)b The EdS model profiles are averaged over 21 configurations (7 mad&fsrojections). In general there are only a
marginal trends to underestimate the mass with increasing magnetic field strength. This effect is much smaller than the standard deviation and
therefore not significant.

3. Results

For the comparison of the true masses of the models and the ,
masses derived by the X-ray method we calculate the ratio of °
both and plot this ratio versus radius. Fig.2a and b show the
comparison for FlatLow and EdS models, respectively. The ratio
profiles are averaged over various models and three projection
directions (but not over different initial magnetic fields). 5 .
There is an overall underestimation of the mass visible at™ "f
very large and very small radii, which is not due to the magnetic |
field, but to limitations of the? model. As shown in Fidll3 the 2
(£ model cannot fit every part of the profile equally well. Typ-?

ically, the 3 model is less steep than the actual profile in the 2

central region and at large radii. Therefore the density gradientso ° %% 1
are underestimated there, which leads to an underestimation of  f %%:
the mass in these regions according to Eq. (1). A detailed in- | 9

vestigation of different analytic deprojection methods will be
published in a forthcoming paper.

As expected the effects of the magnetic field are largestin theio™’
central regions because the magnetic field is generally stronger o & [Moc] 10
in the cluster centre as seen in simulations (Dolag et. al 1999) _ _ _
as well as in observations (Kim et al. 1990; Clarke et al. 1998y9- 3. X-ray surface brightness profile (diamonds) for one of the re-
Mostly profiles for high magnetic fields are slightly below th¢™ed clusters from the EdS modets. The ol fine shows the fit of

. g these data with @-model. Obviously, the? model is too flat in the
profiles for no or low magnetic field. The values of the mass . . .

. 50 k listed in Tatile 3. The diff b entral region as well as at large radii. Therefore the gradients are
rat"?s at .pC ar? 'S,te inta - Ihed erenc? etween liJ erestimated by th8 model in these regions, which results in an
profiles at this radius is only 10-15%. For comparison the stafligerestimation of the mass according to Eq. (1).
dard deviations of the profiles are shown as well. Clearly, the
differences between the profiles with different magnetic field are

much smaller than the scatter due to other effects like projectig curves are not even exactly ordered according to the mag-
effects. Therefore they are certainly not significant. Moreove{gtic field strength. At radii larger than 200 kpc there is no
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difference at all between the profiles of models with different, , Big9
magnetic fields. This comparison of the profiles shows that the

mass differences for different magnetic fields are negligible at

all radii.

One of the merger models, which is not used for the profiles
in Fig.[2, shows an interesting effect. The mass ratios are clearly
ordered according to the magnetic field (seeHig.4). As itis a
merger of two nearly equal subclusters, the mass estimate is
very sensitive on the exact density distribution in the centrél
region and the positions of the shocks and therefore mass ovgr =+
or underestimations are expected. But if these were the onrly s
effects one would not expect the profiles to be ordered according8 ’
to the magnetic field as seen in Hig). 4. Obviously, the magnetic ™ [
field can be important in such extreme merger cases. This is7 [
plausible because magnetic fields are enhanced during collisions
of clusters. 0.6

0.5 PR R

4. Discussion and conclusions

. g . . . R [M
A magnetic field can affect the mass determination in a cluster [Mpe]

of galaxies in principle in two ways, by the isotropic and theig. 4. Ratio of true and X-ray mass for one of the EdS models, in
anisotropic component of the magnetic pressure. The isotropitich the subclusters are in the process of merging. For each model,
component provides an additional non-thermal pressure st three projection directions are shown in the same line style. The
port, hence tends to lower the temperature in the cores of cl@glering from over- to underestimating the mass according to the mag-
ters. Depending on the gas mass fraction, this effect can amdifiic field strengths (different Iin_e s_tyles) is a result_of the combinatio_n
to~ 5% of the central temperatures for EJS cosmologies (DOI8 all effects due to the magnetlc field mentlont_ad in the text. For this
2000). Consequently, the mass is underestimated by the treme merger the magnetic eﬁeCt.S are Cons'.der‘?b'y '.arge.r than the
. .. . .usual scatter of mass profiles from different projection directions.
ray method because this additional pressure is not taken into
a(_:count. The anlsotroplc_component of the ma_lgn_etlc_ pre.SS%EIe 3. Ratio of true mass to X-ray mass &kpc for 4 different
.S“ghtly Changes the density and _temperature dlstrlbutlon n tFlu%gnetic field strengths in both cosmologies: Mean value and stan-
inner feQ'O“ of the cluster by re_d'reCtmg gas_ ﬂOWS_' _In .th's W%rd deviation of 21 and 18 model configuration for EdS and FlatLow,
the gas is prevented from reaching hydrostatic equilibrium. Th&pectively. For each model we use 3 projections.

may also lead to a possible misinterpretation of the X-ray emis-

sion when determining the mass. cosmology FlatLow EdS
To test these effects, we performed cosmological MHD sim-
. N . used clusters 6/10 7110
ulations of galaxy clusters in different cosmologies, to exam
ine the effect of magnetic fields in galaxy clusters on the mj}é%vBB (1)'32 i g'gé 8'2‘;’ i 8;’2
reconstruction via the X-ray method. The range of initial ma ~ediumB 098+ 026 096 & 0.43

netic field strengths was chosen so as to reproduce the obsefy
Faraday-rotation measurements at the final redshift-ef0.
We find one extreme merger model, in which the sum of all

effects caused by the magnetic field can reduce the reconstruetes factor of 2-3 are found. It is more likely that projection ef-
mass by a factor of 2 in the central region. This model clusterfiscts play an important role. As the gravitational lensing effect
in the process of merging and has therefore a particularly highsensitive to all the mass along the line-of-sight while the X-
magnetic field. As the mass determination for merging clusteeg mass determines only the mass in the potential well, other
canbe unreliable, because they are far from hydrostatic edg#iass concentrations along the line-of-sight can lead to a higher
librium, this adds up to already large uncertainties, so that Wéhsing mass compared to the X-ray mass (as probably seen in
can just emphasise again, that X-ray mass estimates of mergigs00-24 Schindler & Wambsganss 1997). Another effect can
clusters must be regarded with caution. be that cooling flows lead to wrong determinations of tempera-
In relaxed clusters magnetic fields do not generally lead figres when the temperature profile of the cluster is not available
any under- or overestimate of masses and they cannot be (fien 1998). Also the? model does not always provide a good
dominant reason for the mass discrepancy between X-ray mgs® the profile at all radii (Bartelmann & Steinmetz 1996). All

and lensing mass found in the central region of some clustatgese effects will be analysed in detail in a forthcoming paper.
The maximum difference of averaged mass profiles between

models with high magnetic field and no magnetic field is 15%cknowledgementsie thank Phil James for carefully reading the
while observational discrepancies between different methdtgnuscript.

B 1.02+0.22 0.77+0.32
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