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Look at Faraday Rotation Measures of Cluster Magnetic Fields

Strong magnetic elds (up to 40 G) havebeenclaimedfor the ICM in galaxy clusters,
especially those with strong cooling o ws, basedon studies of radio sourcerotation
measure§RMs). The suggestedevidenceis of two types|studies of variations in RM
acrossindividual radio galaxiesembeddedin clusters, and statistical studies of back-
ground sources.We have re-examinedthis evidence,and nd that no claims for such
strong, cluster-wide elds can be supported againstlikely alternativ e explanations for
the obsenations. We shaw that RM variations in embeddedsourceshave a signi cant
contribution from the medium local to the sourcesthemseles, which would have to
be removed before seekingevidencefor cluster-pervading elds. We nd that the sta-
tistical conclusionsare basednot on background sources,but on sourcesembedded
in the clusters and others with unreliable RMs. When sudc inappropriate sourcesare
eliminated from existing samples, only marginal evidenceremains for cluster-wide
elds from the RM data. Other indicators of cluster elds, sud asradio halos, sug-
gest eld strength valuesat levelsof G or less. At suc levels, the magnetic elds
probably do not directly a ect the dynamics of the intracluster medium, although
they may still be important, e.g.,for thermal conduction.

1. Intro duction

The roles of magnetic elds in cooling o w clusters of
galaxiesare largely unexplored, partly dueto the compli-
cations of incorporating them into physical models, and
partly dueto the lack of a clear obsenational picture. A
recen review article (Carilli & Taylor 2002) and se\eral
contributions to these Proceedings(Taylor 2004; En lin
2004; DeYoung 2004) seekto clarify this situation.

One of the key techniquesusedto estimate cluster eld
strengths and geometriesis the use of Faraday rotations
of radio galaxies. The Rot:f_lgion Measure (RM, in units

of rad/m ?) is a measureof neB d@l, determined by the
obsened changein the polarization position angle along
a given line of sight, as a function of observing wave-
length. The averageRM contains contributions from our
own Galaxy, and, if cluster elds are tangled on small
scales,would yield zeroin any case. Therefore, in the
method we term EMBEDDED , the spatial variations in
RM (i.e. RM ?i after subtracting RM i) acrossa well-
resolved galaxy are used to estimate the strength and
characteristic scalesize of cluster eld uctuations. A
second method, BACKGROUND, usesthe RM values
for sourcesbehind the clusters to estimate the cluster
elds. Again, lRMi should be zero on average,but the
dispersionin these values (hRRM 2i) should be higher for
sourcesseenthrough the ICM than for control sources
not seenthrough the ICM, if the cluster eld dominates
over that causingany local e ects.

There are magnetic elds in galaxy clusters: We see
them in isolated syndirotron-emitting patchesof plasma
(i.e. radio galaxies) at levels of 10sof G; we seethem
at the G levelin the thermal medium closeto or mixed
with radio galaxy plasmason the 50{100 kpc scale(the

Laing-Garrington e ect); we seethem in the detached
\relic" radio sourcesprobably represeriing energization
by shocks in the ICM. We also seethem on cluster-wide
scalesas syndirotron halos. The best estimatesfor the
strengths of cluster-wide magnetic elds, are G (Car-
illi & Taylor 2002). However, RM studies cite values for
cluster-wide elds up to 10sof G, (2{3 ordersof magni-
tude higher in magnetic pressure). In this contribution,

we briey outline the awsin those RM studies.

2. EMBEDDED  Studies

The primary aw in suc studies (e.g. Taylor et al.
1993;Feretti et al. 1999)is the untested assumptionthat
hRM ?i is dominated by contributions from a magnetic
eld pervading the overall ICM. A simple, and even
likely, alternative is that RRM ?i is dominated by con-
tributions local to the radio source,either a thin skin of
densewarm gasmixed into the edgesof the radio emit-
ting plasma, or in its immediate surroundings. The criti-
cismis often madethat athin skin of X-ray emitting gas
would be insu cien t to produce the obsened RMs (see
the summary, e.g.,in Eilek & Owen 2002); howeer, if the
accomparying warm gasis in pressureequilibrium with
the hot gas(seethe beautiful multi-phase medium, e.g.,
in Abell 2597,Koekemcer et al. 1999) then the available
densities are orders of magnitude higher. The presump-
tion that RMs comefrom the overall ICM, on scalesof
100sof kpc, asopposedto the medium immediately sur-
rounding the radio source,is wildly optimistic, given the
following well-establishedfacts (also seeFigure 1):

Many of the sourceswith high RMs haveradii < 30
kpc (e.g. seeTable 3 in Taylor, Fabian & Allen
2002: Virgo A, PKS 1246-410[Centaurus], 3C295,
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Fig. 1.

lllustration of aws in the use of embedded sources for cluster-wide eld determinations { small sizes, and interactions with

densewarm material. Left: PKS1246 410 in the Centaurus cluster, radio source overlaid on Digital Sky Survey image, annotated version
of gure from Taylor, Fabian & Allen (2002). Right: The bright compact radio galaxy in Abell 2597 overlaid on a galaxy-subtracted F702W

image, annotated version of gure in Koekemoer et al. (1999).

3C317 [Abell 2052], 4C26.42 [Abell 1795], 2322-
123 [Abell 2597]) sothe measuremets may tell us
something about their ISMs, but the relevance to
large-scalelCM elds is dubious.

Warm densegasis common around radio galaxies,
(Heckman 1981; van Breugel, Hedkman & Miley
1984;van Breugelet al. 1985;McCarthy et al. 1987;
Giraud et al. 1996; Clark et al. 1998; Tadhunter
et al. 2000;Bicknell et al. 2000), often shawing signs
of interactions (Ko ekemcer et al. 1999; Solorzano-
Irarrea & Tadhunter 2003),and even extending out
to hundreds of kpc (Reuland et al. 2003)

The presenceof dense, warm gas is assiated
with depolarization (i.e. extreme Faraday rotation;
Pedelty et al. 1989a,b; McCarthy & van Breugel
1989;Liu & Pooley 1991.

Faraday rotations originating local to the radio galaxy
are therefore a very plausible alternativ e to cluster-wide

elds to explain the RMs of cluster-enbedded sources.

In order to justify a claim that cluster-wide elds have
been detected, it would therefore be necessaryto rule
out e ects local to the radio galaxy. Therefore, the spu-
rious argumert is sometimesadvancedthat becausethe
obsened RM structure is not clearly related to the radio
sourcebrightnessdistribution, that the RM must be due
to the unrelated intervening cluster medium. This ar-
gumert ignoresthe fact that, if the RM comesfrom the
sourceitself, changesin the sourcemagnetic eld orien-
tation can changethe synchrotron polarization angleand
the RM without any changein the total intensity. There-
fore, a proper way to look for a connection betweenthe
magnetic elds intrinsic to aradio sourceand its obsened
RM would be through the polarization angle.

This is illustrated in Figure 2, based on Rudnick &
Blundell (2003a). In that paper, we report such an in-
vestigation of the PA-RM relationship, both dewveloping
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Fig. 2.| Cartoon of expected relationship between polarization
angle (PA) and RM, both plotted as a function of position along a
radio source. A simple Monte Carlo simulation was done with the
vector magnetic eld and the thermal density varying as a func-
tion of position. If the eld vector components are independent, no
correlation is seen. Here we imp osea correlation between the vari-
ations in the seweral vector eld components, resulting in a visible
correlation between PA and RM in some locations (shaded). The
bottom plot is from Rudnick & Blundell (2003a), showing a slice
in a selected region showing good correlation in the tailed radio
galaxy 3C75, using the data of Eilek & Owen (2002). The PA plot
is shown for two choices for the 180° phase ambiguity. Note that
the beam size is much smaller than the coherencelength of the PA
and RM, so this correlation is not due to random uctuations.
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a newtest to examinethe RM{source magnetic eld cor-
relation statistically, and also a more subjective seard
for correlated changesin other cluster sources.Our con-
clusion was that RMs in a number of sourcesare quite
plausibly causedby the mixing of sourcemagnetic elds
with a local thermal plasma, without any needto invoke
high cluster-wide elds. Enlin etal (2003)then pointed
out, as we had suggested,that some sophisticated, ad
hac, classesof cluster magnetic eld distributions could
explain our results on PKS1246 410. They could not,
however, develop any argumerts against the hypothesis
of RMs originating local to the source. The casefor RMs
as high as those claimed (e.g. Feretti et al. 1995, 1999;
Dolag et al. 2001;Taylor, Fabian & Allen 2002)). arising
from the large-scalelCM over and above those due to
local e ects remainsto be demonstrated.

2.1. Statistical Trends

A variety of statistical trends, such as increasing
hRM 2i with increasingX-ray surfacebrightness,or with
decreasingdistance to the cluster certer are usedto ar-
gue in favor of large-scalecluster eld cortributions to
the RMs (Dolag et al. 2001; Govoni et al. 2001). How-
ever, higher densitiesnear the cluster certer, especially if
there is pressurebalancewith the warm, densegas mix-
ing in with the magnetic eld of the radio source would
producethe samestatistical e ect. Another relationship
suggestedby Taylor, Fabian & Allen (2002) is between
the RM and the overall \cooling ow" rate, again point-
ing to cluster-wide elds. However, asreferencedearlier,
most of these sourcesare quite small, with only three
out of thirteen with radii larger than 50 kpc, and can
establish only what is happening in their own respective
ISMs.

Oneargumert cited in support of large scale elds out-
side of radio galaxiesis the Laing-Garrington e ect (Gar-
rington et al. 1988; Laing 1988; Garrington & Conway
1991), whereby the radio source lobe which is pointed
towards us (as determined by the presenceof a Doppler-
boostedjet) is lessdepolarized, on average,than the lobe
pointing away. The standard interpretation is that this
is due to a halo of thermal gas,threaded by a turbulent
magnetic eld, surrounding the radio galaxy. The path
length through this plasma, and therefore the amount of
depolarization, would be larger for the more distant lobe.

The result is statistically signi cant for somesamples,
but its relevance for a global ICM eld is unclear. It
is important to remenber that this e ect measuresthe
medium cenrtered on the radio galaxy, and on the scale
size of the radio galaxy. Garrington & Conway (1991)
derive valuesof lBBongi  1(40) 10 2 G cm 2 at low
(high) redshifts, with halo radii on the order of 50 kpc,
decreasingwith redshift. This leadsthem to estimates
of Boi 1 G for z> 1. Morganti et al. (1997) use
a sample of low-luminosity galaxiesto derive numbers
that they describe as agreeingwell with Garrington &
Conway (1991), although their halo radii, determined by
Monte Carlo simulations, comeout larger, at 150kpc.

Detailed mapping of three distant, powerful classical
double sourcesby Johnsonet al. (1995) note consistency
with the Laing-Garrington e ect, but alsoshow that the

most important trend is for increasing depolarizations
closer to the certer of each galaxy, as expected if the
thermal material were entrained in the lobes. There are
alsoother indications of intrinsic , asopposedto external,
causesfor some depolarization asymmetries (Ishwara-
Chandra et al. 1999). The Laing-Garrington e ect is
thus clearly important in some cases,but may or may
not be telling us anything about the ICM beyond the
radio galaxy itself.

2.2. Large-Sale Field Examples?

Someindividual casesof depolarization asymmetry are
quite striking, even on very large scales,drawing people
to the conclusion that global ICM elds are responsi-
ble. One such caseis HerculesA, most recertly mapped
at multiple frequenciesby Gizani & Leahy (2003). Al-
though their full polarization analysis is not yet avail-
able, these authors preview their support for a magne-
tized cluster halo. However, they do not mertion the
dramatic changein depolarization at the same position
as a changein the intrinsic polarization properties (see
their Figure 16, at +60%, a clear indicator of source-
related (not global ICM) e ects.

Taylor, Fabian & Allen (2002) cite Hydra A asperhaps
the most extreme signpost of a cluster-wide eld, with an
inferred strength of 35 G, and extending for hundreds
of kpc from the certer. Howewer, Chandra obsenations
have shonvn a bright rim of cooler X-ray emitting gas
around the radio galaxy (Nulsen et al. 2002). They ex-
plore the relationship betweenthe radio and X-ray plas-
mas, and suggest,for example, that moderately strong
hydrodynamic shocks increasethe local relative magnetic
eld. Another possibility involvesrelic elds from pre-
vious radio galaxy activity. The important physics for
the elds around Hydra A is the radio galaxy/ICM in-
teractions, not the unjusti ed leapto someglobal cluster
eld.

The strong Faraday e ects local to radio galaxiesthus
make it very dicult to usethem as reliable probes of
cluster-wide elds. This leadsus to the secondclass of
RM cluster studies, that of background sources.

3. Background RM Studies

If one had an unbiased sample of badkground sources,
themselvesnot in clusters of galaxies,it would be possi-
ble to look for the e ects of the ICM on the distribution
of RMs. Speci cally, one would seard for an increased
dispersionin RM wherethe background sourcesare seen
through a cluster medium. Hennessy Owen & Eilek
(1989, hereafter HOE) detected no cluster in uence, al-
though seeral studiespurport to have seensuch an e ect
(Kim et al. 1990;Kim, Kronberg & Tribble 1991;Clarke,
Kronberg & Beohringer 2001). Unfortunately, thesestud-
iessu er from fundamertal designerrors, aswell asother
problems.

The most striking aw is that the samples claiming
a cluster e ect include many sourcesactually embedded
in the clusters, although this is sometimesdicult to
ascertainfrom the papers. As we have seenabove, cluster
sourcesoften interact with densematerial, and in any
case,cannot provide an unbiasedsampleto comparewith
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Fig. 3. Top: RM (corrected for Milky Way contributions)
as a function of impact parameter to the cluster center, for the
combined sample. Reliable sourcesare shown in black; the various
red symbols show the published results for sourceswhich we found
to be problematic, as discussedin the text. Bottom: Flux biases
in the sample of true background sources.

distant, presumably non-cluster sources.Cluster sources
were presumably included becauseit is dicult to nd
su cien t numbers of su cien tly polarized background
sourcesin the directions of clusters. Unfortunately, these
embeddedcluster sourcesare alsoresponsiblefor the bulk
of the claimed \cluster excess."

Other problemswith thesebadkground studiesinclude
improper calculations of errors (Kim et al. 1994), com-
parisons made between maps with dierent visibility
plane coverage at dierent frequencies, dierent reso-
lutions and sets of frequenciesfor cluster and control
sourcesand the inclusion of sourceswith polarization be-
havior inconsistert with external Faraday rotation (Kim
et al. 1990;Kim, Kronberg & Tribble 1991;Clarke, Kro-
nberg & Bohringer 2001).

In order to seewhat could be salvaged, we combined
the data from two samples,those of Clarke, Kronberg &
Behringer (2001, hereafter CKB) and HOE (Rudnick &
Blundell 2003b). The HOE experiment, usingonly actual
badkground sources,found no evidencefor a cluster/ eld
di erence, although their clusters were not chosenin the
sameway asthe CKB sample. The combination of these
two samples,and the elimination of problematic sources,
is not ideal; it is however, the most reliable test of the
RM contribution from cluster elds possibleat present

The initial results from our combined sampleare shovn
in Figure 3. There is no signi cant e ect on the RM dis-
persiondueto a cluster alongthe line of sight (using only
the reliable sources,as shown in black). It is possibleto
make a variety of dierent cuts in the data, choosing
di erent impact parametersto distinguish betweenclus-
ter and eld samples,allowing someslightly questionable
sourcesbhadk into the samples,etc. Searding through
this parameter space,one can produce a marginally sig-
nicant cluster e ect. This comesat a sti price, how-
ever. First, we nd that there is a highly signi cant
di erence in the ux densitiesof sourcesat high and low
impact parameter, as seenin Figure 3 (bottom). This
arises largely becauseHOE had to go to fainter levels
to nd background sourcesin the directions of clusters.
It is not clear what biasesthis might causein the RM
distributions. A more seriousissueis that the combined
samplesof true badkground sourcesshow a highly signif-
icant excessof positive RMs in the directions of clusters,
whereasa mean of zero is expected. These results will
change slightly, when published in Rudnick & Blundell
(2003b), after correcting for sourceslisted in the original
papers at high impact parameters where another Abell
cluster is at a smaller impact parameter.

Our conclusion is that the high magnetic elds de-
rivedin the literature basedon RM studies are untrust-
worthy. Eventually, however, the cluster elds assai-
ated with halosand the remnants of deadradio galaxies,
should alsobe detectablethrough their RM e ects. Some
progressis possible with the VLA, but the real break-
throughs will probably comewith the SKA, and perhaps
LOFAR.
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