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Abstract. We investigate the magnetic field power spectrum in the cool core galaxy cluster
A2199 by analyzing the polarized emission of the central radio source 3C 338. We use Very
Large Array observations at 1.4, 5, and 8 GHz to produce detailed Faraday rotation measure
and fractional polarization images of the radio galaxy. By comparing the observations and
the predictions of 3D magnetic field models with a Bayesian approach, we constrain the
strength and structure of the magnetic field associated with the intra-cluster medium.
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1. Introduction

Linearly polarized radiation propagating
through a magnetized plasma experiences a
rotation of the plane of polarization which is
proportional to the thermal gas density and the
magnetic field strength along the line-of-sight.
Indeed, it is possible to obtain important
information about the intra-cluster magnetic
fields by combining polarization images of
radio sources located inside or behind galaxy
clusters with X-ray observations of the thermal
gas.

In this contribution, we investigate the
magnetic field power spectrum in the nearby
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galaxy cluster A2199 by analyzing multi-
frequency polarization observations of the cen-
tral radio source 3C338. A2199 is an inter-
esting target for Faraday rotation studies be-
cause of the presence of X-ray cavities asso-
ciated with the radio galaxy lobes (Johnstone
et al.| [2002), indicating that the rotation of the
polarization plane is likely to occur entirely
in the intra-cluster medium (ICM), since com-
paratively little thermal gas should be present
inside the radio emitting plasma. A previous
rotation measure (RM) study has been done
by IGe & Owenl (1994) based on 5 GHz Very
Large Array (VLA) data. By combining the
information from this RM image with de-

! 2=0.0311 (Smith et alll [1997), 1"=0.61 kpc



Vacca et al.: A2199

-
: ; RAD/M/M

393340
393320

393300

DECLINATION (J2000)

393240

393220

162842 162839 162836
RIGHT ASCENSION (J2000)

162833

Fig. 1. Total intensity radio contours of 3C 338
at 8 GHz overlaid to the RM image of the radio
galaxy 3C 338. The angular resolution is 2.5 x2.5”.
Contour level are drawn at: 0.06, 0.12, 0.24, and
0.96 mJy/beam.

projected ROSAT data, and assuming a very
simple magnetic field model,
(2002) inferred an averaged magnetic field
value along the line of sight of 15 uG.

In this work we try to improve upon the
previous estimate by analyzing additional data
and by performing a numerical modeling of
the intra-cluster magnetic field fluctuations.
Following (2004), we simulate
Gaussian random 3D magnetic field models
with different power law power spectra and we
compare the synthetic and the observed images
in order to constrain the strength and structure
of the magnetic field associated with the ICM.

2. Faraday rotation analysis

The presence of a magnetic field in an ionized
plasma creates a difference in the phase veloci-
ties for left versus right circularly polarized ra-
diation. As a consequence, the polarized emis-
sion from a radio source propagating through
the plasma experiences a phase shift between
the two components. This corresponds to a ro-
tation in the polarization angle. For a com-
pletely foreground screen, as we expect here,
the rotation is

Pops () = Wine + °RM, (1)

where Wops(4) is the observed position angle
at wavelength A, and Wi, is the intrinsic po-
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larization angle of the polarized emission. By
considering an electron density 7., a magnetic
field B, and a path length 1, the Faraday RM is:

1
RM = 812 f Nefem-31BiuG) - Alikpe; Tad m™2(2)
0

We produced the Faraday RM image by run-
ning the FARADAY code 2004).
The RM image is created by fitting pixel by
pixel the observed polarization angle W, ver-
sus the squared wavelength A% (see Eq.[I) for
all the frequencies.

The final RM image of 3C338 is shown
in Fig.[[l with total intensity contours at 8 GHz
overlaid. The image has a resolution of 1.5 kpc.
The RM has a patchy structure, and its dis-
tribution is characterized by a mean value
of (RM) =-54rad/m? and a standard devia-
tion ogy =460 rad/m?. Unresolved RM struc-
tures in the foreground screen cause a progres-
sive reduction of degree of polarization of the
source (i.e. depolarization, see §[)), because of
an incoherent sum of the radio signal.

3. Magnetic field modeling

We choose to model a power law power spec-
trum with index n of the form

[Byl* oc k7" 3)

in the wave number range from kpin t0 kmax
and O outside. Moreover, we suppose that the
power spectrum normalization varies with the
distance from the cluster center such that the
average magnetic field strength scales as a
function of the thermal gas density according
to

n
I’le(l’)] 4)

no

(B(r) = (Bo>[

where (Bg) is the average magnetic field
strength at the center of the cluster and n.(r)
is the thermal electron gas density, taken from
(2002).

Overall, our magnetic field model depends
on five parameters: the strength at the cluster
center (By), the radial slope 7, the power spec-
trum index n, and finally the minimum and the
maximum scale of fluctuation, Apin = 27/ kmax
and Anax = 27/ kmin, respectively.
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Fig. 2. Top left panel: Bayesian analysis of the RM
structure function. The dots represent the data (error
bars are comparable to the size of the symbols). The
shaded area represents the population of synthetic
RM structure functions from the posterior distribu-
tion. The dashed line corresponds to the most prob-
able value for the model parameters. Top right, and
bottom panels: 1-dimensional (histograms) and 2-
dimensional (colors and contours) marginalization
of the posterior for the model parameters. The con-
tours are traced at 0.9, 0.75, and 0.5 the peak value.

4. Results from 2D and 3D analysis

To constrain the magnetic field strength and
structure, we proceeded in two steps. First, we
performed a 2D analysis of the RM fluctua-
tions and of the source depolarization to con-
strain the slope n and the range of scales of
the power spectrum. Second, we performed 3D
numerical simulations to constrain the strength
of the field and its scaling with the gas density.
In both cases, we made use of the FARADAY
code to produce synthetic polarization images
of 3C338 and to compare them to the ob-
served ones by means of the Bayesian infer-
ence, whose use has been first introduced in
the RM analysis by [EnBlin & Vogi (2003).
The synthetic images are gridded to the same
geometry as the data and are convolved to the
same angular resolution. Moreover, we masked
the synthetic images using the observations in
order to reproduce the window function im-
posed by the shape of 3C338, and we added
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Fig.3. Top left panel: Bayesian analysis of the
source depolarization. The dots represent the data.
The shaded area represents the population of syn-
thetic polarization from the posterior distribution.
The dashed line corresponds to the most proba-
ble value for the model parameters. Top right, and
bottom panels: 1-dimensional (histograms) and 2-
dimensional (colors and contours) marginalization
of the posterior for the model parameters. The con-
tours are traced at 0.9, 0.75, and 0.5 the peak value.

Gaussian noise, in order to mimic the noise of
the observed RM image.

In particular, we characterize the RM im-
age by its structure function Sgwm(r.), which
is obtained by averaging RM values corre-
sponding to pixels located at the scale distance
r,. We then applied the Bayesian method by
choosing uniform priors for the four free power
spectrum parameters: the normalization norm,
the minimum and the maximum scale of fluctu-
ation Apyp, and Ay, and the slope n. In Fig[.ﬂz
we show the results of the Bayesian analysis
of the RM structure function. The maximum
scale of fluctuation, the normalization, and the
slope of the power spectrum appear to be char-
acterized by a peak that corresponds to the
maximum posterior probability for that config-
uration of parameters, while for the minimum
scale of fluctuation we have just an upper limit.

The power spectrum used to model the RM
image should also be consistent with the ob-
served depolarization of the radio source at in-
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Fig.4. Bayesian 3D analysis of the RM struc-
ture function for the model with (right) and with-
out (left) cavities. Top panels: The dots represent
the data (error bars are comparable to the size of the
symbols). The shaded area represents the population
of synthetic RM structure functions from the pos-
terior distribution. The dashed line corresponds to
the most probable value for the model parameters.
Bottom panels: 1-dimensional (histograms) and 2-
dimensional (colors and contours) marginalization
of the posterior for the model parameters. The con-
tours are traced at 0.9, 0.75, and 0.5 the peak value.

creasing wavelengths. In Fig. B]the posterior
from the depolarization analysis is shown for
the five free parameters: the intrinsic degree of
polarization FPOL,, the normalization norm,
the slope n, the minimum, and the maximum
scale of fluctuation Ay, and Apax of the mag-
netic field power spectrum. All the model pa-
rameters appear to be well constrained, and
their values are consistent with the structure
function analysis.

Overall, the combined 2D analysis,
RM image and depolarization, allowed us
to constrain the power spectrum index to
n=(2.8+1.3), and the minimum and maximum
scale on the range from Ap, =(0.7£0.1)kpc
to Amax = (35£28) kpc. In the next step we fix
these values and we constrain the strength of
the magnetic field and its scaling with the gas
density with the aid of 3D simulations.

661

The result of the Bayesian analysis for
3D magnetic field models is shown in Fig.
(left panels) for the two free parameters: the
strength at the cluster center (By), and the ra-
dial slope n. The two parameters appear well
constrained. We found a magnetic field with a
central strength (Bo)=(9.6+2.3) 4G, and a ra-
dial slope n=(0.7+0.2).

Hence, we tried to improve our analy-
sis by including the X-ray cavities in the
3D modeling. In particular, we removed from
the 3D simulations the gas density inside
two ellipsoidal regions centered on the ra-
dio lobes. We repeated the Bayesian analy-
sis including the cavity information and we
found (B()=(10.1+£2.6)uG, and 7=(0.8+0.2)
(see Fig. £]right panels).
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