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Abstract. We apply a novel technique of Faraday Rotation meadRM) (map analysis to three galaxy clusters, Abell 400,

Abell 2634 and Hydra A, in order to estimate cluster magnetic field strengths, length scales and power spectra. This analysis —
essentially a correlation analysis — is based on the assumption that the magnetic fields are statistically isotropically distributed
across the Faraday screen. We investigate tfiecualties involved in the application of the analysis to observational data. We
derive magnetic power spectra for three clusters, i.e. Abell 400, Abell 2634 and Hydra A, and discuss influences on their shapes
caused by the observational nature of the data such as limited source size and resolution. We successfully apply various tests
to validate our assumptions. We show that magnetic fluctuations are probed on length scales ranging over at least one order of
magnitude. Using this range for the determination of magnetic field strength of the central cluster gasp@id#\Bell 2634,

6 uG in Abell 400 and 12:G in Hydra A as conservative estimates. The magnetic field autocorrelation lengts determined

to be 4.9 kpc for Abell 2634, 3.6 kpc for Abell 400 and 0.9 kpc for Hydra A. We show thaRteutocorrelation lengtiigu

is larger than the magnetic field autocorrelation lenggh- for the three clusters studied, we fourghyy ~ 2...41g — and

thus, they are not equal as often assumed in the literature. Furthermore, we investigate in a response analysis if it is possible to
determine spectral slopes of the power spectra. We find that integrated numbers can be reliably determined from this analysis but
differential parameters such as spectral slopes have to be treffigedrdly. However, our response analysis results in spectral
slopes of the power spectra of spectral indiees 1.6 to 2.0 suggesting that Kolmogorov specita< 5/3) are possible but

flatter spectral slopes than= 1.3 can be excluded.

Key words. radiation mechanism: non-thermal — galaxies: active — interplanetary medium — galaxies: cluster: general —
radio continuum: general

1. Introduction about~0.1...2uG (e.g. Feretti 1999; Brunetti et al. 2001).
: . . . Another possibility is the comparison of their synchrotron
Cluste_rs of galaxies are inhabited k,’y magnetlsed plasma. maiation fluxes with inverse Compton X-ray emission lead-
detection of difuse synchrotron emission observed as clusﬁﬂr to lower limits to the field strengths of about 0.2,u®
radio halos and radio relics is but one piece of evidence 9. Harris & Grindlay 1979; Rephaeli et al. 1987; EnRlin

the existence of cluster wide magnetic fields (for a review, s €Riermann 1998: Fusco-Femiano et al. 1998 Bagchi et al
Carilli & Taylor 2002). Still, their strengths, their structures an 998) ' ' ' '

their origin remains to be unveiled. ) . .
Although the cluster wide magnetic fields are not believed A different method to gain knowledge about magnetic fields

to influence the dynamics directly in most clusters because fﬁﬂ‘ée observatlpn of thg Fara_da_y rotatiafeet which arises
magnetic pressure is estimated to be too small compared to never.polansed_ ragw emission passes through a magne-
thermal pressure, they are still important for the understandi%?d m_edlym, causing its plane of poIansgﬂon. to rotate nf the
of the physics of the intra-cluster gas. Indirectly they are Iike% gnetic field component parallel to the direction of the light

an important cluster gas ingredient, e.g. cluster magnetic fie épagatlon is nonzero. If the Faraday active medium is exter-

suppress heat conduction as observed in cluster cold fronts ( fo th? source of the polarlsed radio emission one expects
rotation to be proportional to the squared wavelength. The

Markevitch et al. 2000; Vikhlinin et al. 2001). e lit anti lled the Farad tati
There are dferent methods to gain information about mairopor lonality constantis cafed the Faraday rotation measure

netic fields. One is to use the synchrotron radiation obser R(:N) which can be evaluated in terms of the line of sight inte-

as radio halos or relics to estimate the field strength. Ener%é?l over the product of the electron density and the magnetic

equipartition arguments for these clusters lead to strengths |‘d component along the line of sight.
Recently, Rudnick & Blundell (2003) claimed to have evi-

Send gprint requests toC. Vogt, dence for thdRM producing fields being local to the polarised
e-mail: cvogt@mpa-garching.mpg.de radio source as suggested by Bicknell et al. (1990). However,
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this conclusion was based on a biased statistic without perform- Another importantissue in previous analyses is the assump-
ing a proper null-experiment (Enf3lin et al. 2003). Furthermorton that theRM ordering scale readlobRM maps is equivalent
the assumption that the Faraday rotation is produced in tioethe magnetic field’s characteristic length scale, the autocor-
intra-cluster gas is also supported by independent evidence.Nlation lengthtg. This might have lead to underestimations of
mentioned already some of this evidence, the cluster wide ditld strengths in the past since the equation often used for the
fuse radio emission observed as radio halos and relics. Furtterivation of the magnetic field strength is
evidence is the observation of the Laing-Garringtfied. It
manifests itself by an asymmetric Faraday depolarisation gf,, (RM2>
double radio lobes located within galaxy clusters (Garringt Z> - m
et al. 1988; Laing 1988). This asymmetry is caused Ifkedi
ent path lengths for radio emission through the Faraday adhere (RM?) is the RM dispersion,L is the depth of the
tive medium between source and observer as suggestedrhyaday screermy = €°/(2rmic?), ne is the electron density
Garrington & Conway (1991). Thisfiect could also be ex- andJ, is a characteristic length scale of the fields. At this point
plained by an asymmetric mixing layer being thin close to thebecomes clear that the definition of the characteristic length
head side of a FR Il while becoming thicker on the back-floscaleA, is crucial for the derivation of magnetic field strength.
side of it. However, this explanation fails to give a convincinglhe assumption of a constant magnetic field throughout the
explanation for the larg@ M and depolarisation asymmetry ob<cluster leads to a definition of, = L and thus(B2) « L=2.
served for the FR | source Hydra A (Taylor & Perley 1993). The characteristic length scale for the cell model would be the
Further independent evidence for cluster wide magnetize of each celll, = I¢ey. Another definition one could think
fields is provided by a recent statistiddM investigation of of is the RM ordering scalel, = Ary. However, the correct
point sources performed by Clarke et al. (2001). It revealéshgth scale is the autocorrelation lengthof the zcomponent
largerRM values for sources observed through the intra-clustgfrthe magnetic field measured along the line of sight.
gas in comparison to a control sample of sources where no A purely statistical approach which incorporates the van-
intra-cluster gas was located between source and observer. Thithg divergence of the magnetic field was recently developed
suggests that the enhancement of fid towards the cluster by EnBlin & Vogt (2003). This approach relies on the assump-
centre results most probably from the magnetised cluster gagon that the fields are statistically isotropically distributed in
Thus, we believe that the analysis of Faraday rotation maparaday screens such that theomponent is representative for
of extended polarised radio sources located behind or embali-components. Starting from this assumption, a relation be-
ded in galaxy clusters allows us to understand the strength aneen the observationally accessiB#1 autocorrelation func-
to get some hints about the structure of cluster magnetic fielden and the magnetic autocorrelation tensor is established in
A naive analysis of such maps is to estimate a minimureal and in Fourier space such that one gains access to the
field strength by assuming a constant magnetic field througiewer spectrum of the magnetic field inhabited by the Faraday
out the cluster along the line of sight. However, close inspectigoreen.
of RM maps of extended extragalactic radio sources reveals EnBlin & Vogt (2003) demonstrated that in the case of
a patchy structure on small scales-#® kpc) which indi- isotropy the magnetic autocorrelation lengthin Eq. (1) is
cates that the fields are tangled. An improved analysis of tigen by, = 3/2 Ag, wherelg is the 3-dimensional magnetic
RM maps assumes the Faraday screen consists of cells whigtocorrelation length. Therefore, Eq. (1) becomes
have a constant size and a constant magnetic field strength but
the field direction varies randomly from cell to cell. The mean , N 2 (RM2>
RM which would be produced by such a screen builds up {:5 > =3 <BZ> - m.
a random walk and thus has a zero mean but a non vanishing ¢
dispersion. This dispersion will be proportional to the squafide length scalelg can be estimated from the measured
root of the number of cells along the line of sight, the ceRM power spectrum.
size, the electron density profile and the magnetic field strength Here we apply this statistical analysis to observational data
as shown by Felten (1996) and Feretti et al. (1995). Usilby reanalysing the Faraday rotation measure maps of three ex-
these proportionalities magnetic field strengths of the ordertehded extragalactic radio sources: Hydra A (Taylor & Perley
a fewuG for non-cooling flow clusters, e.g. Coma (Feretti et aL993), 3C 75 and 3C 465 (Eilek & Owen 2002) which were
1995), A 119 (Feretti et al. 1999), 3C 129 (Taylor et al. 2001kjndly provided by Greg Taylor, Frazer Owen, and Jean Eilek,
A 514 (Govoni et al. 2001), A 400 & A 2634 (Eilek & Owenrespectively.
2002), and of the order of a few L@ for cooling flow clusters, In Sect. 2, we outline shortly the idea of our approach,
e.g. Cygnus A (Dreher et al. 1987), 3C 295 (Perley & Tayldhe real and the Fourier space analysis and what possibili-
1991), A 1795 (Ge & Owen 1993), Hydra A (Taylor & Perleyties are given to test if the assumptions made are reasonable.
1993), were derived. Furthermore, we state the equations which were used in the
However, there are some drawbacks of the cell model. Fiestalysis while their derivation and more detailed discussion can
of all, the divergence of the magnetic field in such a Faradhg found in Enf3lin & Vogt (2003). In Sect. 3, the application of
screen would be nonzero which contradicts Maxwell's equtrese approaches to the observational data and fiieutties
tions. Secondly, a spectrum of scales for the cell sizes is mareolved are described. Emphasis is given to a critical discus-
likely than a single scale. sion of the strengths and limits of the approach. The results are
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presented and discussed in Sect. 4. Finally, the conclusions ardn the discussion so far, we ignored the fact that we are us-
drawn in the last Sect. 5. ing observational data and that tRM is also dependent on

Throughout the rest of the paper we assume a Hubble ca@tectron density and magnetic energy density on global scales
stant ofHg = 70 kms!Mpc?, Q, = 0.3 andQ, = 0.7 in which makes the introduction of a window function necessary.
a flat universe. All equations follow the notation of EnRlin & his window function can be interpreted as the sampling vol-
Vogt (2003). ume. It accounts for the limited size of the radio source and the
global properties of the cluster gas such as the electron density
and the average magnetic energy density profiles. A virtually
2. Method statistical homogeneous magnetic field can be thought to be
2. 1. Idea observed through this function.

The window function will be zero for points outside the

We assume that the magnetic fields in galaxy clusters &ume which is situated in front of the radio source. It will
isotropically distributed throughout the Faraday screen. If oggale with the electron density and the global magnetic field
samples these field distributions over dfiently large vol- energy distribution within the Faraday screen between radio
ume they can be treated as statistically homogeneous and sérce and observer. Furthermore if wanted the window func-
tistically isotropic. This means that the statistical average ou@in can contain noise reducing data weighting schemes.
any field quantity will not be influenced by the geometry or the The overall &ect of any finite window in real space is to
exact location of the volume sampled. smear out power in Fourier space. Furthermore, any analysis

One of the magnetic field quantities which is of interemploying a window function will be sensitive to magnetic en-
est here is its autocorrelation function since this function cafgies on scales smaller than the window size and insensitive
be used to calculate its correlation length and field strengtb scales larger than the window size. Therefore, understanding
Furthermore, the autocorrelation function is equivalent to thige influence of the window function is crucial for the evalua-
Fourier transform of the power spectrum as stated by then of the results obtained by applying of our analysis to ob-
Wiener-Khinchin Theorem (WKT). servational data. Possibilities to assess its influence are given

Since the magnetic field is a vector quantity, an autocori@-Sect. 2.4.
lation tensor has to be considered rather than a function. The
diagonal elements of this tensor are all equal in the case of
magnetic isotropy which we assume as stated above. On ‘ﬁ1 ’
other hand, its fi-diagonal terms consist of two numbers deFor a line of sight parallel to the-axis and displaced by,
scribing the symmetric and non-symmetric contribution. Theom it, the Faraday rotation measure arising from polarised
divergence-freeness of magnetic field&-(B = 0) couples emission passing from the sourcezax,) through a magne-

the symmetric components of the tensor which means that tid medium to the observer located at infinity is expressed by
knowledge of a diagonal element ensures complete knowledge

of the symmetric part (_)f the ten_sor. Introducing now slealar RM(X.) = ao f Dodz ne(X) B«(X), 3)
magnetic autocorrelation functiom(r) as the trace of the au- 7(x,)

tocorrelation tensow(r) = (B(X) - B(x + 1))y, field quantities
can be derived such as the magnetic autocorrelation length
average ma_gnetlc flel_d energies using this function. éh? line of sight.

The non-symmetric part of the tensor represents the mag Th " lation funci f the Farad tat
netic helicity. These ff-diagonal terms of the tensor do not en- € autocorrefation function ot the Faraday rotation map
ter in the definition of the scalar magnetic autocorrelation fung@" be defined as
tion w(r) and thus, do not have anyfect on the quantities of ¢\ /(r ) = (RM(x  )RM(x, + F))y, » 4
interest listed above.

The observable considered in our approach is the Faradéyere the brackets mean the map average with respegt.to
rotation which is related to the projected magnetic field distidowever, an observeM map is limited in size which leads
bution along the line of sight. It is possible to establish a relt® noise in the calculation of the correlation function on large
tion between the autocorrelation function of tRM map and scales since less pixel pairs contribute to the correlation func-
the autocorrelation function of the magnetic field as discusséen for larger pixel separations. For suppressing this under-

Real space analysis

reag = €/(2rmic), x = (x.,2), ne(X) is the electron
ensity andB,(x) is the magnetic field component parallel to

in more detail in the next sections. sampling, the observable correlation function was chosen to be
As stated above, the knowledge of the autocorrelation 1
function gives access to the power spectra using the WKI3(r.) = ™ fdzxL RM(X, )RM(X, + r.), (5)

However, any phase information is lost by measuring power

spectra. Therefore, it is possible thaffdient realisations of where the ared, of the region for which RM’s are actually
magnetic field structure have the same power spectrum. Thisasured is used as normalisation assumingRM(ix,) = 0
implies that not all information which might be contained in théor x;, ¢ Q. Furthermore, it is required that the meRM

RM maps are accessible by the analysis presented. Correlatorero since statistically isotropic divergence free fields have
functions of higher order statistic are needed to access thasmeanRM of zero to high accuracy. The non vanishing
information. meanRM in the observational data stems from foregrounds
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(e.g. the galaxy) in which we are not interested or has its origin TheRM autocorrelation lengthiry and the magnetic auto-
in large scale fields to which the approach is insensitive by carerrelation lengthlg can be calculated by integrating the cor-
struction in order to suppress statistically under-sampled lengétation functions:

scales. _ _ _ © (RM(X + re.) RM(X))y e

As stated in Sect. 2.1, the virtually homogeneous magnefiev = f d > — (11)
field component can be thought to be observed through a win- = <RM (X)>
dow functionf(x) which describes the sampling volume. One 0 C.(r) f"" drr w(r)
would chose a typical position in the clustes (e.g. its centre) = f dry c o - " = (12)
and defineney = Ne(Xrer) andBg = (B2(Xref))Y/%. The window e +0) f—oo dr w(r)
function can then be expressed as = f‘” r(B(x +1€) - B(X))xe (13)

B = 2
F() = L e Dz ey MXL) 90 () e (6) - (&0
| | - - [ ar D) _ 0 (14)

wherelcondition; IS €qual to one if the condition is true and zero e w(0) w(0) ’

if not. The dimensionless average magnetic field profilg =
(B2(x))Y/?/By is assumed to scale with the density profile su
thatg(x) = (ne(X)/Neg)*®. Reasonable values for the expone
ag range between 0.5 and 1 as suggested by Dolag et al. (2001).

The functionh(x) allows to introduce a suitable data weighting.3. Fourier space analysis

scheme and can be chosen to be unity if no data weightingi is _ . )
n Fourier space a similar formalism can be developed assum-

required. . A . P
As mentioned above, the magnetic autocorrelation funf9 statistical isotropy and relying on tiié- B = 0 condition.

tion w(r) can be defined as the trace of the magnetic field dﬁtter perf01m|lngt] atﬁéi/llm Iiouner ltr?nsfgﬁn'?f theRM ma.p,
tocorrelation tensoM;; = (Bi(x) Bj(x + r)) assuming isotropy one can caiculate autocorrelation in Fourier space.

C\ﬁheree ande, are 3- and 2-dimensional unit vectors, respec-
rp{vely, over which we are averaging.

w(r) = (B(x) - B(x + r)) = X; Mji, (e.g. Subramanian 1999). ) <|RAM(kL)|2>
However, the Faraday rotation is also related to the magneig(k,) = ~———", (15)
field via Eq. (3). Therefore anRM correlation contains also a1Ao
information on the autocorrelation of the magnetic field conmplied by the WKT which connects the 2-dimensional Fourier
ponent along the line of sight transformedRM maps with theRM autocorrelation function.
- In Fourier space Eq. (8), the relationship betweenRiW
C.(r)) = f dr;MzAr) (7) and the magnetic field autocorrelation function, can be ex-
1—°° . pressed by
= = draw(fr2 +r2), 8) . -
2 Lo AT ©® C.(k.) = MzAk.,0) = %w(kL,O). (16)

wherer = (r,,r;). Taking the @ect of the window function This equation states that tke= 0 plane of theVl,, component

in nt, we intr r.) = (C%®(r wher . .
o aCZC‘;“ t, we introduceq, (r.) .<CRM( 1))/a, where (see Eq. (7)) of the Fourier transformed magnetic autocorrela-
a; = agng L. The parametek can be interpreted as the char:; ; , : : :
.0 e tion,tensor is accessible by the 2-dimensional Fourier transfor-
acteristic depth of the Faraday screen and can be expresse

asL = Vi/Aq, WhereVyy is the probed fiective volume aion of theRM map. Since all diagonal elements of the au-
f B £2(x). tocorrelation tensor are equal in the case of statistical isotropy,

Using Eq. (8), one is now able to establish a relationshilP more information is required in order to reconstruct the full

] : :
between th&R M autocorrelation functiof, (r,) and the mag- rﬁagnehc autocorrelation.

i . 3l
netic autocorrelation function(r). This relationship can be ex- The.3 dlm.en3|onal power spectruntkj d*k is .related to .
pressed as the 1-dimensional magnetic energy spectrum in the Fourier

spacesPYk) dk by
2d ™ yCi(y) -
wr) = —=— dy——2 9) k2 (K
ardr J, 712 o) = 5z (275)3, (17)
_ 2 mdyL(y) (10) whereu(k) = (k) because of isotro
< = = w(k) = w py.

The combination of Eq. (15) and Eq. (17) leads to an equa-
where for the deprojection of Eq. (8) an Abel integral equatidiPn which relates the magnetic energy spectrum directly to the

was used assuming(r) stays bounded far — . Fourier transforme&M map

These two equations enable us to calculate not only the K2 o
magnetic autocorrelation function but also to obtain directlggbs(k) = 74f do |RAM (kl)|2, (18)
the average magnetic energy dengity) by using the relation a1 Aa (21)* Jo

(es) = w(0)/8r and thus, we are able to determine the magnetic pefining the Fourier transformation formadimensional function
field strength by calculating the value of the magnetic autoceex) such that:

relation function at point = 0: w(r = 0) = (B?). F(K) = [d'XF(x) € F(x) = o [ dkF(k) ek,
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which is equivalent to averaging over rings kispace. Higher values of?2 would arise for unsuited models and one

Therefore integration ovék yields the average magnetic enwould have to refine the model parameters.

ergy densityésgbs = fo‘x’ dksgbs(k) and thus, leads to a magnetic  The isotropy which is an important assumption for our anal-

field strength estimate. ysis can be assessed by the inspection of the Fourier trans-
Other quantities like the correlation length scalds, formedRM maps. The assumption of isotropy is valid in the

and Ary, can also be calculated via integrating over the cocase of a spherically symmetric distribution|/BM(K)|2.

relation function: A completely diferent problem is the assessment of the in-
© 4 A fluence of the window function on the shape of the magnetic
Jo~ dkid(k) .
Ary = 22 a (19) Power spectrum and thus, on the measured magnetic energy
fo dk ka(k) spectrum. As stated above, the introduction of a finite window
o0 . function has the féect to smear out the power spectrum and
fo dk ki (k)
g = Te————- (20) Eg. (16) becomes
o~ dk k2 (k)

. o : C™(k,) = }deq@(q) ﬁ M
From these two equations, it is obvious that Rl autocorre- ~+ ™/~ 3 ?  (27)Viq
lation lengthirm has a much larger weight on large-scale fluc- ) )
tuations than the magnetic correlation lenggh Therefore one 1"€ termai/g? < 1 in the expression above states some
expects thatirw > Ag in the natural case of a broadly peaketPSS Of magnetic power. Without this term, the expression
magnetic power spectrum. woulq describe the re.d|str_|but|on of magnet|c. power within
The autocorrelation function and the power spectrum dr@urier space, where in this case the magnetic energy would
related by a Fourier transform as stated by the WKT, therefd?® conserved. . .
one can derive a relation for the magnetic autocorrelation func- However, the expression can be employed as an estimator

(24)

tion w(r) in terms of the power spectrua(K) of the response of the observation to th_e magnetic power on a
. given scalep by settingu{q) = §(q — p) in the above equa-
w(r) = An f dk K (k) sin kr. (21) tion. Fpr an approximate treatment c_)f a realistic window and a
2n)3 Jo kr spherical data average, one can derive
The derivation of the functiom(r) employing the power spec- k+ag [ déW. (a(coss. sin
traw(k) can be used as a good test for proper numerics, singg’(k,) = 2p 9o _dPW.(4(cos 2 (25)
it can be compared to the deprojected magnetic autocorrelation T Jki—d \/4q2p2 - (qz +p2- k2 )2
functionw(r) determined in real space. . . _
Here the projected Fourier window was introduced
. . . f‘ k)2
2.4. Testing the model and assessing the influence W, (k) = (k) (26)

of the window function (2r)2A1,

There are dferent methods to assess the results obtained whereAr,) = [ d?x, f2(x,) while defining the projected win-

ing the approaches in real and Fourier space described abowsv function asf, (x,) = fdzfz(x)v[f]/AQ.

Besides the comparison of the numbers determined for the One can also require for the input power spectrum a field
characteristic length scales and magnetic field strengths in bstitength by settingu(t)) = 2% (B?/p?) 6(q — p) in Eq. (24).
spaces, there is also the possibility to evaluate the qualityTfe resulting power spectrum can be treated as an observed
the models used for the magnetic energy density and the lopawer spectrum and thus, a magnetic field strefgihcan be

tion of the radio emitting source within or behind the Faradajerived by integration following Eq. (17). The comparisorBof
screen. For this purposey-test function can be introducedand Bey, for the diferentp-scales yields a further estimate for

such that reliable ranges in k-space.
RM(x, )? So far the response power spectrum was derived for an
Yo(x)) = = (22) underlying magnetic spectrum located only on scge®ne

(RM(x.)%) could also add the particular response functions such that the

where the expecte®M dispersion is defined aR&M(x,)?) = actual observed power spectruni®k) would be matched.

0.5 a2nZB21s [ dzf2(x). If one averages this function radi-Typical power spectra, e.g. for turbulence, show a power

ally and examines it for any tendency in its spatial distribd@aw behaviour over several orders of magnitude. Therefore,

tion, one has a first test of the model. If there are any larg8€ would choose to weight the fiirent response func-

scale trends observed one should reconsider the model u&é@s Wy (k) derived using Eq. (25) by a power law while

Furthermore, the integration of this function should result iniategrating over them

value close to unity Prax D —a-2
A a0 = o [ dpagik) () @)

= [0 1 (23) P ) |

wherewg represents a normalisation constd@ta typicalk-
if the choice of the model is a suitable description of the globgpace length scale anpghin and pmax are upper and lower cut-
magnetic energy distribution and the geometry of the souroffs for the integration over the response functions. Ideally,
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one would choose the normalisation constagt= co B3/k3, 3. Application to existing rotation measure maps
wherecy is chosen such thaf dk® @®P(k) = B3. One would  of Galaxy clusters

vary the spectral index of the power law,By or wp and the . .
lower cutdf of the integrationpy,, in order to match the two Before we applied our analysis to the_ dgta any alue
functions uPbXK) anduwe(K). was subtracted from the@M maps. This is necessary as men-

One has direct access to the average magnetic energy &iéw_ed above, since we assume statistically isotropic fields and
sity eg by integrating Eq. (27) which results in the analytié erefore we haV(_a to remove aRp foregrognd V.Vh'Ch WOUld.
expression affect our analysis. Furthermore, very noisy pixels and pixel

areas exhibiting huge fierences in th&kM values on scales

wo k3 Pin\" ™ Prmax) smaller than the beamsize were removed from the data to de-
= 2003 @ -1) [( Ko ) - ( K ) } (28) crease the possible influences of observational artifacts.

The origin of thez-axis was placed in the cluster centre and
Following the definition of the magnetic autocorrelatiowas used as reference poiggs for the global distribution of
length 1z (Eg. (20)), one can derive an expression for thiglectron density and magnetic energy. The latter was assumed
length using the parameters determined in the analysis above scale with the electron density such thBf(x))Y/?/By =
" " (ne(X)/neg)?®. Unless stated otherwise, the parametgmwas
@ =1 Prin = Pmax_ (29) chosen to be unity. For the electron density distribution a stan-
@ P - P dardg-profile? was used.

B

/lB=7Z'

In the calculation of the expected respoﬁﬁép(kL) and thus,
#*P(k,) to an underlying magnetic power spectrungk)® 3.1. 3C 75, 3C 465 & Hydra A — the data

s(;areré thro;gh sg;n € (\;Véndoofwlé(nk%I_is&eszrisgggsby_tEﬁé (zn?l'he radio source 3C 465 (or NGC 7720) is located in the
( as. (. ). (67), (68) '. 9 ). | S hbell cluster 2634 of richness class |. The redshift of the ob-
been considered that the melaiM is subtracted from the ob-. ct is 0.0302 (Wegner et al. 1999). A detailed X-ray study of

o : . e
servetRMmaps before our analysis is applied to them in Ord%ﬁis cluster was performed by Schindler & Prieto (1997) using

to remove contr|but.|ops from foregrourﬁdw screens (e.g. the ROSAT PSPC data. They derive for the density profile a core
galaxy). We take this into account by noting that il value dius of 4.9 arcmin, g of 0.79 and an electron density at the

d . s . I
of a pixel a_th in the map will be changed only in the case 0flluster centre ofieg = 0.0012 cnt. Their analysis revealed
X, € Q, which can be written as

indications of a weak cooling flow in the cluster centre. The
§ d?x, , scenario of a weak cooling flow in Abell 2634 is also supported
RM(x.) = RM(x.) = RM(X,) - Lix, eq) f A RM(X}). by White (2000) who analysed ASCA X-ray data.
(30) The radio galaxy 3C 75 which is in the centre of
Abell 400 also of richness class | has a redshift of 0.02315
Using the properties of the Fourier transform of a function witfle Vaucouleurs et al. 1991). The X-ray properties of the clus-
compact support, one can show that ter have been studied by Reiprich &Bringer (2002) using
Aexp Aexp Aexp ) ROSAT PSPC data. They determine for the gas density profile
Crwr (K1) = Cay(Ki) = Cry(0u)lAa(kL )%, (31) 4 core radius of 3.9 arcmin,@of 0.54 and an electron den-
sity at the cluster centre oo = 0.0016 cn1®. There are no
indications of a cooling flow in Abell 400 (White 2000).
Ao(k,) = 1 deXLl{XiEQ} ghaxe (32) The details of the radio data reduction of R& maps for
Aq the two sources above can be found in Eilek & Owen (2002).
The typicalRM values observed for them ranging between
—250 rad m? and 250 rad r?. The beamsize for the map of

any input power spectra(k) (as long aszM(kl) is calculated %r(? ;?ﬁgg”:goﬂ 'SSSZrC;]ngVh'z] E;anisla:;tess mrto 1'4\};&0 f]lri]d
from it) which could be a delta-function, a power law, or could”_ > (Abe ) the beamsize is 3.8 arcsec chis
?guwalent to 2.3 kpc for the cosmology chosen.

have any other shape. Similarly, we can write for the sphefi ) .
cally averaged expected observed power spectrum Furthermore, it was assumed that the source plane is
parallel to the observer plane since no indication for the

Laing-Garrington &ect was found.

Hydra A (or 3C 218) is an extended extragalactic radio
o source located at a redshift of 0.0538 (de Vaucouleurs et al.
wherew™®(k) is given by Eq. (25). 1991) in the cluster Abell 780 of richness class 0. However,

The subtraction of the medtiM does not only remove un-ye vl refer to it hereafter as Hydra A cluster. Detailed X-
wanted homogeneous foregrounds, it also ensuressfi4)" 4y studies have been performed on it (e.g. Ikebe et al. 1997;
(or Cen (k1)) vanishes at the origin”™(0) = 0 (similarly peres et al. 1998; David et al. 2001). For the derivation of the
Cam(01) = 0). For a correct behaviour of the responses at
low k this correction is therefore crucial and will be taken into 2 Defined agi(r) = neo(1 + (r/rc)?)~ 2%, wherer. is called the core
account in the following. radius.

where

andC2(k, ) is the expected, uncorrected response(i). The

linearity of the problem ensures that this correction is valid f
exp

271
@7 P(k) = DP(K) — lf)exp(o)z—lﬂ d¢ |Aq(k(cosg, sing)l?, (33)
0
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10000 ¢

electron density profile parameter, we relied on the work by
Mohr et al. (1999) done for ROSAT PSPC data while using
the deprojection of X-ray surface brightness profiles as de-,
scribed in the Appendix A of Pfrommer & Enf3lin (2003). Since &
Hydra A is known to exhibit a strong cooling flow as observedg 1000
in the X-ray studies, we assumed a doybirofile® and used .
for the inner profilengy(0) = 0.056 cnT® andre; = 0.53 ar-
cmin, for the outer profile we usa®,(0) = 0.0063 cnT® and
rc1 = 2.7 arcmin and we applied@= 0.77.

The details of the radio data reduction can be found irf;
Taylor & Perley (1993). The beamsize of the map is 0.3 arcsec
translating into 0.3 kpc. The source consists of two lobes,

a northern and a southern one. TypiddM values in the 10
north lobe are in the range betweeri000 rad m? and

+3300 rad m? whereas in the south lobe also values of down

to —12 000 rad m? were observed. Fig.1. RM autocorrelation function|Cgru(r.)| of Abell 400,

We concentrated our analysis on the north lobe of thidell 2634 and Hydra A obtained using Eg. (5). Note that the cor-
source because the signal-to-noise ratio in the data of fgkation function for Hydra A was divided by 100 for representing
south lobe does not seemfcient enough for our purposesPUrPOSes.

Furthermore, the application of the data filter to remove big

steps between data pixels leads to a splitting oRMdata in

the south lobe into a lot of small spatially disconnected aref41Ning is involved. Therefore the determination of the point

Such a fragmented window function can heavily obscure af§f = 0) IS not accurate and one should be careful with the

power spectrum measured. interpretation of the values derived by this method. The be-

For Hydra A, there is a clear depolarisation asymmetry B]awc_)ur (_)f the magnetic autocorrelation around 0 is exhib- _
the two lobes observed as described by the Laing-Garring# in Fig. 2 for fche case of Abell 2_634’ where th‘? magn_et|c
effect. Taking this ffect into account and following the anal-'€'d autocorrelation functions(r) derived by employing vari- -
ysis of Taylor & Perley (1993), we first rotated the coordinat®Us methods are §hown. One can .see.that the steeper the |r_1|t|al
system about an angle of 110 degrees such that-thés was slope of th_e funcjuon the _Ies_s precise it becomes to determine
parallel to the jet axis. Afterwards the source plane was rota {§ = 0) since slight deviations in the slope can lead to very

about the new-axis by an inclination angkof 45 degree such ifferent results. o ) )
that the north lobe would point towards the observer. One should keep this in mind when calculating the value
of the magnetic field autocorrelation lengtp which was de-

_ termined to be 6.0 kpc for Abell 2634, 3.9 kpc for Abell 400
3.2. Real space analysis and 1.4 kpc for Hydra A using Eq. (14), where for the value of

- 0) = B2 i -
After the meanRM subtraction and the noisy pixel filtering,_ul_)ﬁ]r ~ ?% _f'B|O dthte extrt:;\]polatlon dOft Eq._(9) dt[t) _bo W;a\sbusedA.f
the RM autocorrelation functio@gwm(r ) was determined us- us, the field strengths were determined to be of abqb

ing Eg. (5) choosing the described normalisation scheme. 'If Eﬁbzll 2234}? abOlljt AG forAbleII_400 and of about 12G
resulting correlation function for Abell 2634, Abell 400 an orHydra A inthe real space analysis.

Hydra A are exhibited in Fig. 1, where the correlation func-

tion of Hydra A was divided by 100 for better display. The3.3. Fourier space analysis

integration of these functions employing Eq. (12) leads to the ] ) . ] .
information on theRM correlation lengthlry which was de- For the calculations in Fourier space a 2-dimensional Fast
termined to be 7.9 kpc for Abell 2634, 5.3 kpc for Abell 4ocfourier Transform (FFT) algorithm was employed while set-
and 1.9 kpc for Hydra A. ting all blanked values in the origin&M map to zero. The

The determination of the magnetic autocorrelation functighM autocorrelation functiog, (k,) was then obtained by sum-
in real space(r) achieved by the deprojection of theM au- MiNg over rings nk-_space. Since the magnetic flelq autocorre-
tocorrelation is numerically éiicult due to the term in the de-lation functionui(k) is related to th&RM autocorrelation func-

nominator\/m of Eq. (9) and Eq. (10) which representjion in Fourier space simply by multiplying tHRM correlation

MX)RM(x+n)>| [

100 |

r [kpc]

an integrable singularity and can in principle be avoided by'@ctionC.(k.) by two (Eq. (16)), there is no numericalfh

well selected coordinate transformation culty involved deriving this function and thus, the results for the
However. the numerical calculation. especially the dete[p_agnetic field quantities are more precise than those obtained

mination of the value for = 0 of the magnetic autocorrelationapplymg_ the rea_l space analysis. b )
functionw(r) is difficult because an extrapolationtto= 0 of The integration of the power spectrun®®k) following

the functionuw(r) being itself subject to extrapolation and datkd- (19) and Eg. (20) yields the correlation lengths. Thus, the
RM autocorrelation lengtiiry was calculated to be 8.0 kpc

3 Defined asne(r) = [MZ0)(1 + (r/ra)?)™¥ + n2,0)(1 + for Abell 2634, 5.3 kpc for Abell 400 and 2.0 for Hydra A.
(r/re2)?)~¥1%2, The magnetic field correlation lengtiy was determined to be
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Fig. 2. The magnetic autocorrelation functiaifr) for Abell 2634 calculated using Egs. (9), (10) and (21). One can clearly see that the value
of w(r = 0) can deviate by a factor of two but for largeall methods yield almost the same results.

4.0 kpc for Abell 2634, 2.3 kpc for Abell 400 and 0.5 kpc for 110 ' ' b 2634 ]
Hydra A in the Fourier analysis. i i Ag% i

No numerical problem is involved in the determination of
the value of the magnetic autocorrelation functiofr) for
r = 0 if one uses Eq. (21) resulting in magnetic field strengths.
of about 5uG for Abell 2634, of about 1LG for Abell 400
and of about 23G for Hydra A. S 1es09

The application of Eq. (21) to the data translates the mag<
netic autocorrelation function in Fourier space to real space.
The comparison of the so derived function with the deprojected
functionsw(r) in real space is exhibited in Fig. 2 for the case
of Abell 2634. One can clearly see that at the origin there are / a
deviations by a factor of two due to the uncertainties connected 1€+08 ~— "= e e
to the extrapolation used in the real space approach. At higher K [kpc™}
separationg all three functions shown do notftér signifi- _ )
cantly from each other. It is remarkable that except at the oridji§- 3. Magnetic energy spectruraz’(k) derived for Abell 400,

all three independent approaches are in such good agreerﬁé)ﬁ 2634 and Hydra A. The Fourier transformed beamsikgsi=
which demonstrates reliable numerics. 7/lveam) @re represented by the thick vertical lines. The other straight

lines describe the slope (dashed line represepts k and the dot-
The knowledge of the 3-dimensional power spectiui) ~ ted representsg o k™2) of the increase in the energy density for the

also allows calculating the magnetic energy spectaghs(k) largestk.

by employing Eq. (17). The results for the three clusters are

shown in Fig. 3. The magnetic energy spectra are suppressed at

smallk by the limited window size and the subtraction of the

meanRM (smallk in Fourier space translate into largan real in Fig. 3. Thus, we conclude that at the largesicales uncor-

space). A response analysis as suggested above is performeelited noise dominates the shape of the energy spectra.

Sect. 3.4 in order to understand this influence in more detail. |t seems reasonable to introduce an upper fEuty the

Another feature of these energy spectra is the increasing ertegration of the magnetic energy spectra in Eq. (17). In
ergy density at the largektvectors in Fourier space and thuskig. 3, the equivalent beamsize in Fourier spaggn= 7/lpeam
smallr in real space. They can be explained by uncorrelatégherelyeamis the beamsize in real space definedagHM) is
noise on scales smaller than the beamsize which possessespeesented by a vertical line for each cluster which is 1.4%pc
power spectrum ofg o k (EnRlin & Vogt 2003). The deter- for Abell 2634, 2.2 kpc! for Abell 400 and 10.0 kpd for
mination of the increasing slope of the energy densities fhlydra A. One can clearly see that the noise induced increase
largek revealed proportionalities afs « k*%-12 also shown of the energy density lies dascales beyonkhe.m Therefore, a

2CI’T]

(k)
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Fig. 4. Magnetic field strengttB dependent on the uppkscutaf in ~ Fig. 5. Testing the window function by calculating thé(x, ) distri-
the integration of Eq. (17). The equivalent beamsizgs, are repre- bution for all three cluster.
sented as vertical lines.

suitable upper cutbfor any integration of the magnetic energy  Furthermore, we varied the scaling parametgrin the

spectrum seems to tgeam scaling relation of the electron density to the magnetic energy
However, the influence of the upplecutaf in the integra- density. A value forag of 0.5 is still in the limit of reason-

tion can be seen in Fig. 4 which displays the magnetic fiedhle values as suggested by Dolag et al. (2001). Furthermore,

strengthB = v8r(eg) estimated from such a scaling parameter @ = 0.5 means that the magnetic
ke energyeg(X) « neg(x) and thus, the magnetic field would be
ea(k < ko) = f dk e (K). (34) Pproportional to the thermal energy of the cluster gas assum-
0 ing approximately isothermal conditions. However, in this case

(as = 0.5) one obtains fog2, a value of 1.2 and the magnetic
field strength is reduced to 1iG by integrating over the full
3.4. Test the model and assess the influence accessiblé-space.

of the window function One can not be sure that the cause of the trend in the

The various possibilities to test the window function and to a2 (x.) distribution is due to a geometry other than assumed
sess its influences on the results outlined in Sect. 2.1 were §1§§ause it could also be explained by a fluctuation similar to
applied to the data. Thé-function was derived by radially av- the one seen in t_hQZ(XL) distributions of Abell 2634 and
eraging they?(x, ) distribution resulting from Eq. (22), wherep_‘be" 400. There is no reason to change the initial assump-
for the magnetic autocorrelation lengtl the value derived tion for the geometry of Hydra A. However, we should keep
in the Fourier analysis was used since this approach seem¥1tgind that the central field strength given could be slightly
be more accurate. The resulting radially binned distributioR¥erestimated for Hydra A but it is not clear to what extent if
are shown in Fig. 5 determined for the three clusters. Theredisall:
no apparent spatial large scale trend visible for Abell 400 and A good test for the validity of the isotropy assumption is
Abell 2634 which indicates a reasonable model for the winddie inspection of the Fourier transformRé/ dataRM(K)|* as
function. In the case of Hydra A, there appears to be a trendsfown in Fig. 6 for Abell 400 and Hydra A. The FFT data look
higher values fog?(x, ) towards larger, comparable to small similar for Abell 2634. In this figure half of the Fourier plane
scale trends seen in thé(x.) distribution of Abell 2634 and is shown since the other half is symmetric to the one exhibited.
Abell 400. No apparent anisotropy is present in this figure.
Furthermore, thg?(x_ ) distribution was integrated follow- ~ We mentioned already that the magnetic energy spec-
ing Eq. (23) ang3, was calculated to be 1.0 for Abell 2634, 1.2rum %K) in Fig. 3 is suppressed by the limited window
for Abell 400 and 1.6 for Hydra A. A refinement of thesize for smalk-vectors in Fourier space. Therefore a response
model describing parameter does not seem to be requireddoalysis is necessary in order to understand the influence of
Abell 2634 and Abell 400. the window on the shape of the magnetic energy spectrum.
Since the value foy?2 of 1.6 for Hydra A is deviating For this purpose, the projected window function was Fourier
from 1, we varied the geometry of the source, i.e. we varitdnsformed by employing a FFT algorithm and inserted into
the inclination angl@ between source and observer plane frog. (25). We then compared the response functigti¥k) ob-
30 degree up to 60 degree resulting in field strength rangitagned to the observed power spectruf?Sk) as shown in
from 17 uG to 33uG and values fox?2, of 1.4 to 1.8, respec- Fig. 7 for the case of Abell 2634, where we chose for the nor-
tively. These values were derived by integrating over the futtalisation a magnetic field streng®of 5 uG. The correspond-
accessible unrestricted (without cffg) k-space. ing figures look very similar for Abell 400 and Hydra A.
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Fig. 8. Comparison between the expected magnetic field strébgh
the measured o8, for the particulap-scales for the three clusters.

Abell 400 on the left side and Hydra A on the right side. The image for
Abell 2634 looks similar. Only half of the Fourier plane is exhibited
the other half is point symmetric to the one shown.

differentp-scales. It can be seen that for the smalf@stthe
deviation between expected field strength and actual observed

levS9 W one is significantly but for largep they are almost equal sug-
tessg b 328:(11411 tgg 1] ge_sting tha_t on Fhesg scales the influence of the win_dow is neg-
p=0.30 kpc ligible. Taking Fig. 8 into account, the values determined above
less7 b Py T as lower cut@ kyin can be confirmed.
o Another possibility to assess the influence of the window
Ng 1e+56 | on the power spectra is to match the added response func-
= P tions and the actual observed power specft®(K). This was
o° 1ev55 | done by applying Eqg. (27) to a set of response functions gener-
% F ated for closely spacegtscales. The resulting functiasf*P(k)
levsd £ was matched to the actual observed power specirtiftk] for
Los53 each of the three clusters by varyiBg, the spectral index
of the power law in Eq. (27) to match the slope of the func-
1e452 L tions andpmin as lower cutff to fit the function at its turnover

for smallk-scales. The resulting functions are shown in Fig. 9
in comparison to the respective observed power spectra. The
Fig.7. Responses at various scalpsto the window function of shape of the power spectra was matched for Abell 2634 for
Abell 2634 assuming B = 5 4G in comparison to the observed mag@ SPectral index ofr = 1.6, for Abell 400 for ana = 1.8

netic autocorrelation functiom(k)_ and for Hydra A for amr = 2.0 whereas a lowek-cutof of

0.09 kpc! was used for Abell 2634, 0.08 kpcfor Abell 400

and 0.3 kpc! for Hydra A.

From Fig. 7, one can clearly see that the response to deltaThe spectral index can also be used to plot the respec-
function like input power spectra on smallscales in Fourier tive power law as represented by the straight lines in Fig. 9.
space (i.e. largein real space) is a smeared out function as orlde slopes of these lines clearly deviate from the respective ob-
would expect. The response for largesrecomes more strongly served power spectra suggesting that one cannot estimate dif-
peaked suggesting that kiscales larger than 0.3 kpcfor ferential parameters like spectral indeces directly from Fourier
Abell 2634 the influence of the window function becomeigansformedRM maps. More sophisticated approaches should
negligible. From similar plots for the other two clusters urlPe developed. However, our approach allows to exclude flat-
der consideration, scales of about 0.4 Kpior Abell 400 and ter spectral slopes tham = 1.3 still leaving a Kolmogorov
1.0 kpct for Hydra A are found. Thus, one would use thispectrum ¢ = 5/3) as a possible description. For attempts to
value as a lower cufbkm, for the determination of the mag-measure the magnetic power spectrum from cluster simulations
netic field strength. and radio maps see Dolag et al. (2002) and Govoni et al. (2002)

From the response power speatigk; ) calculated for dif- respectively.
ferent p requiring a magnetic field strengBy one can derive
a magnetic field strengtBey, by integration. In Fig. 8, the 4 The conventions describing the spectra mdiedin these articles
comparison between these two field strengths is plotted for tinem the one used here.

0.01 0.1 1 10
k [kpc™]
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Table 1. Values for the autocorrelation length scalkgsand gy and the magnetic field strengBy at the cluster centre obtained in real space
analysis, in Fourier space analysis and in restricted Fourier Space analysis are given fidetéetdiusters under consideration. The values
are calculated for two ffierent scaling parametess. Note that for position other than the cluster centre the average magnetic energy is given
by (B?(x))"/? = Bo (ne(x)/Neo) 8.

Real space Non-restricted Fourier space Restricted Fourier space
Cluster as  Arm[kpc] Aglkpc] Bo[uG] Arm[kpc] A [kpc]  Bo[uG]  As [Kpc] Bo [1G]
Abell 400 1.0 5.2 3.9 8 5.3 2.3 12 3.6 6
Abell 2634 1.0 7.9 6.0 4 8.0 4.0 5 4.9 3
Hydra A 1.0 1.9 1.4 13 2.0 0.5 23 0.9 13
Abell 400 0.5 5.2 3.9 7 53 2.3 10 34 6
Abell 2634 0.5 7.9 6.0 3 8.0 4.0 4 4.9 3
Hydra A 0.5 1.9 1.4 10 2.0 0.5 17 0.9 9
lets7 T AT RM maps and thus, represent most likely the magnetic field
properties of the cluster gas. Thus, one can derive field quan-
1e+56 3 tities such as magnetic field strengdly and autocorrelation
lengthAg from this intermediat&-range.
7 letss ] The suitable cutfis for the integration of the power spectra
N% in order to derive the magnetic field strength and autocorrela-
e tion length were determined in Sect. 3.4. Using for Abell 2634
T le+ss \ 3 a lower cutdf kyn of 0.3 kpct and an upper cufbof 1.4 kpc?t
AZESEOLA=LE Ny results in a magnetic field strength of &. Integrating the
1o+53 L A =18 e ] power spectrum of Abell 400 in the range from 0.4 kpto
Hydrz?;%g:A%fOZ.O e 2.2 kpc! yields a field s_trength of @G. The same was done
for the Hydra A cluster in the range from 1 kggdo 10 kpc?
le+5%_01 Ofl i " 00 which resulted in a field strength of 1&. The determination

of the magnetic field autocorrelation length by integration
_ _ _ over the power spectra in limitekispace yields 4.9 kpc for
Fig.9. Closely p-spaced response functions were integrated by empell 2634, 3.6 kpc for Abell 400 and 0.9 kpc for Hydra A.

ploying Eq. (27) and the resulting®®(k) are exhibited in compari- - .
son to the observed power spectruffik) shown as solid lines. The In trf:e .c;)lurse of ;[hﬁ respt;nse anarl1y3|s in order to esti
spectral indexr used for Abell 2634 is 1.6, for Abell 400 is 1.8 and formate the influence of the window on the power spectra, we

Hydra A is 2.0. The straight lines represent the power law assumiiptched the integrated response power spectfgk) with the
the spectral index determined from the response analysis. Note @gtual 3-dimensional observed power speat??i(K) and de-
the data for Abell 2634 are multiplied by 0.1 and the data for Hydi&rmined the spectral index co and the lower cutld pmin in
by 10 for representing purposes. Eq. (27). Using these values for the parameters in Eq. (28),
the direct integration in the limits Ofmin and Pmax = Kpeam
of the power spectra obtained by the response analysis results
4. Results in magnetic field strength of about 35 for Abell 2634, of

A summary of the values fdRM autocorrelation lengthpy, 220Ut 6uG for Abell 400 and of about 14G for Hydra A.
magnetic field autocorrelation lengils and the central mag- 1 1eS€ field strengths are in good agreement with the results
netic field strengthBy for the magnetised cluster gas ifobtained b_y the r_estrlcted Fourier space integration of the ob-
Abell 2634, Abell 400 and Hydra A, derived in Fourier spacgerved 3-dimensional power spectra.
and real space is given in Table 1. TRM autocorrelation ~ However, the values forlg were determined for the
length Arm determined in both spaces is almost equal whi&®MePmin and Pmax = Koeam applying Eq. (29). The resulting
demonstrates reliable numerics. Furthermore, it is found th@ue is 13 kpc for Abell 2634, 17 kpc for Abell 400 and 4 kpc
the RM autocorrelation lengthry is larger than the magneticfor Hydra A. They deviate by a factor of 4 to 5 from the mag-
autocorrelation lengthis. The deviation of the magnetic fieldnetic field autocorrelation lengthg determined from the re-
quantities between both spaces is caused by the numericalijcted Fourier space integration. The reason for this behaviour
complicated deprojection of the magnetic autocorrelation furgould be found in the sensitivity to the lower ctit@min and
tion w(r) in real space. Thus, the results in Fourier space dhe power law index.. We have already mentioned that our
more reliable and should be considered for any interpretatig¢thod might not be suitable at that stage to determitierei
and discussion. ential parameters such as a power law inde& more detailed

In Sect. 3.4, we discussed many possible influences on €gcussion which is beyond the scope of this paper is necessary
power spectra. We verified that for intermedikteanges ex- in order to understand this behaviour.
tending over at least one order of magnitude the power spec-However, the values of the magnetic field strenBghfor
tra are not governed by the window or the resolution of thibell 400 and Abell 2634 of about8s and 3uG, respectively,

k [kpc™]
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are larger compared to the initial analysis performed by Eilek & We applied this approach for the first time to observational
Owen (2002) for the case of a magnetic sheet with a thickneteta and derived not only reliable results for magnetic field
of 10-20 kpc. They discuss a variety of magnetic field modestrength and autocorrelation length but also we got insight into
and we refer to Table 2 of their paper for detailed numbers asilength and quality of any results obtained by applying this
description. new analysis to any observational data. In order to understand
For the Hydra A cluster, Taylor & Perley (1993) concludéhe possible impacts on the results we reanalysed the Faraday
in their analysis that there is a random magnetic field compotation maps of three extragalactic extended radio sources,
nent of about 3Q:G with a correlation length of 4 kpc. Thei.e. 3C 75 in the cluster Abell 400, 3C 465 in Abell 2634,
deviation by a factor of 3 of the field strength from the valuerhich were kindly provided by Frazer Owen and Jean Eilek,
revealed by our analysis might be explained by the usageaofd Hydra A in Abell 780, which was kindly provided by
an improved electron density profile for our analysis whicBreg Taylor. We performed the analysis in real and Fourier
also takes the cooling flow into account. Our value for thepace for these three Faraday rotation maps. While discussing
central magnetic field strengt, might be also lower due to the dificulties involved in the application to the data, we re-
the conservative approach of restricting khgpace integration alised that the calculations in Fourier space are more reliable.
range. Another explanation for theffidirence could be sought We tested the isotropy assumption and no indication of
in our exclusion of the south lobe from the calculation abovanisotropy was found. Furthermorg&test was performed in
Including the south lobe in our analysis leads to higher centater to assess the model adopted for the geometry of the sam-
field strength but given the influence of the very complicatqding volume incorporating the global electron density and av-
window function in the case of the south lobe, it is not clear #&rage magnetic energy distribution. In the case of Abell 2634
what extent the real power spectrum is resembled. and Abell 400, no indication was found that our model may
The estimation of the dynamical importance of the mage incorrect. However, in the case of Hydra A we found in-
netic fields derived for the cluster gas can be done by codieations that the window function needs refinement but the
paring the thermal pressurpy( = 2ne(0)kT¢ore) With the mag- indications were not strong enough in order to enforce this
netic pressurefg = Bg/(87r)). One can calculatpg/ pin which  refinement.
yields 0.08 for the case of Abell 2634 (assuming @ = We realised that the magnetic energy speeik) of the
1.2 keV, Schindler & Prieto 1997pg/ pi = 0.19 for Abell 400 three clusters investigated are dominated on the lakggsdles
(Teore = 1.5 keV, Eilek & Owen 2002) angbs/pi = 0.01 for (i.e. smallestr-scales) by uncorrelated noise. Therefore it
Hydra A (Tcore = 2.7 keV, David et al. 2001). It is astonish-seemed natural to introduce a highesutdf kqax for any inte-
ing that the value opg/py is smaller for Hydra A, which is gration ink-space necessary to derive magnetic field quantities
a cooling flow cluster, than for the non-cooling flow clustesuch as field strength and autocorrelation length. Being conser-
Abell 400 and Abell 2634. The values pk/pn = 0.1..0.2 vative, we used as highé&rcutdf the equivalent beamsize in
for the latter two clusters give an indication that for those cluBourier spacémax = 7/lpeamWhich is equal to 1.4 kp¢ for
ters the magnetic field is of some weak dynamical importanabell 2634, 2.2 kpc! for Abell 400 and 10 kpc' for Hydra A.
for the cluster gas. This will have the #&ect of loosing some power which is re-
distributed due to the window from smaller to these larger
k-scales.
On the smallesk-scales, i.e. the largestscales, power is
We presented the application of a new analysis of Faraday soppressed because of the limited size of the window. For the
tation maps recently developed by Enf3lin & Vogt (2003) to olassessment of the influence of this suppression on the power
servational data in order to estimate magnetic field strength aekctra, we applied a response analysis described in Sect. 2.4
autocorrelation length and in order to determine the magnetticthe observational windows. The response of the window
power spectra of the magnetised intra-cluster gas. We descritiedelta like input power spectra on smakscales is a wide,
that the analysis relies on the assumption that the magneticeared out function whereas the response on largeales
fields are statistically isotropically distributed throughout this a peaked function. This observation motivated the introduc-
Faraday screen. We introduced the window function througbn of a lowerk-cutof kn, in any integration irk-space. This
which any virtually statistically homogeneous magnetic fielhlue was determined to be 0.3 kpdor Abell 2634, 0.4 kpc*
can be thought to be observed. This window function descritfes Abell 400 and 1.0 kpc* for Hydra A. However, the mag-
the geometry of the source and the global properties of thetic field strengths derived are not sensitive to this lowerfEuto
intra-cluster gas such as the electron density, known from X-rdye to the smalk power suppression.
measurements, and the global average magnetic field distri-We verified that the intermediateranges betweeknmi,
bution, which we assume to scale with the electron densiandkmax extending over one order of magnitude can be used
Furthermore, we explained two possible approaches in real daddetermine actual magnetic field properties of the intra-
Fourier space and outlined the tests for the evaluation of any ahuster gas.
fluence especially arising from the observational nature of the Integrating over the response power spectra on particular
data such as limited source size, resolution and pixel noise pscales enables us to match the so determined power spec-
the results obtained. However, we stated that our analysista® and the actually observed power spectra in order to have
lows to measure average magnetic energies but it is not seasiindependent estimate for magnetic field strengths and spec-
tive to the particular realisation of the magnetic field structur&al slopes. For the three clusters under consideration, spectral
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